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Abstract 

My PhD thesis projects revolve around three main parts, namely synthesis, conformational 

analysis, and absolute configuration determination of a number of chiral Schiff base ligands and 

axial chiral binaphthyl type ligands or molecules and some of their transition metal complexes in 

solution. To obtain the structural information of these chiral systems in solution, chiroptical 

spectroscopic techniques, such as electronic and vibrational circular dichroism (ECD and VCD) 

spectroscopy, as well as the related linear spectroscopy, i.e., IR and UV-Vis spectroscopy, have 

been used as the main experimental tools. In addition, density functional theory (DFT) has been 

employed to perform all calculations for the conformational searches, geometry optimizations, 

and simulations of VA, VCD, UV-Vis, and ECD spectra. Comparison of the theoretical and 

experimental spectra has been utilized to provide detailed and rigorous spectral interpretations 

and therefore to extract essential structural properties of the targeted species in solution. To 

account for the bulk solvent environment, the implicit solvation approach, i.e. the polarizable 

continuum model (PCM), has been applied where no strong solvent–solute hydrogen-bonding 

interactions are expected. Initial conformational analyses of the systems studied have been 

performed using small basis sets, such as 6-31G(d). For the final calculations, several larger 

basis sets, namely 6-31++G(d,p), 6-311++G(d,p), and cc-pVTZ have been used for the C, H, N, 

O atoms and the LanL2DZ basis sets for the metal atoms. We found that flexible ligands, such as 

the multidentate nitrogen donor ligands, BINAP and related ligands, show a number of minima 

on their potential energy surfaces. Further coordination to one or more metal centers often 

introduces dramatically the structural rigidity and consequently results in a smaller number of 

minima. For example, in the case of Pd(BINAP)Cl2 and Pd(TOLBINAP)Cl2, a single 

conformation has been identified in solution. Especially for the VCD spectra observed, it has 
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been demonstrated that the gas phase models failed to capture the experimental optical responses 

properly, and the inclusion of solvent whether implicitly or explicitly has been shown to be of 

high importance. In addition, in the study of a triply axial chiral binaphthyl based molecule, it 

has been demonstrated that the solute concentration may play a crucial role on its conformational 

landscape as well as its axial chirality in solution. To probe structural properties including 

induced chirality at the metal centers, the bis(pyrrol-2-ylmethyleneamine)-cyclohexane (H2L) 

ligand and its five metal complexes (e.g. Ni (II), Cu (II), Pd (II), Pt (II), and Zn (II)) have been 

synthesized and their VA, VCD, UV-Vis and ECD spectra have been recorded and analyzed. We 

found that while M-Ni-(R,R)-L, M-Cu-(R,R)-L, M-Pd-(R,R)-L, and M-Pt-(R,R)-L complexes take 

on the mono-nuclear geometries, the [M-Zn-(R,R)-L]2 complex in solution exists in the di-

nuclear geometry. Furthermore, these metal complexes take on M-helicity as dictated by the 

chirality of the (R,R)-ligand.  
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Preface 

My PhD journey at the University of Alberta started in January 2009 and finished in December 

2013. I have taken a maternity leave in 2014. My thesis is composed of several chiroptical 

spectroscopic projects. Information regarding the contribution of each author is listed below. 

Chapter 2 of my thesis has been published as Zahra Dezhahang, Mohammad Reza Poopari, and 

Yunjie Xu, Chem. Asian J., 8, 6, 2013, 1205-1212 with the title of “vibrational circular 

dichroism spectroscopy of three multidentate nitrogen donor ligands: conformational flexibility 

and solvent effects”. This paper was chosen as the inside cover of the issue. I have done the 

syntheses and characterizations of three compounds, carried out the spectroscopic measurements 

and most of the spectral simulations as well as writing the first draft of the paper. Dr. Poopari 

contributed to the theoretical calculations. Professor Y. Xu was the supervisory author and was 

involved in the concept formation, data analysis, and manuscript composition. 

Chapter 3 of my thesis has been published in the Journal of Molecular Structure under the title of 

“hydrogen bonding interaction with the crystal water in [(R,R)-1,5-diaza-cis-decalin] copper (II) 

complex and its conformation: a combined experimental VA and ECD spectroscopic and DFT 

study”, as Zahra Dezhahang, Mohammad Reza Poopari, and Yunjie Xu, J. Mol. Struct., 2012, 

1024, 123-131. In this project, I was responsible for all solution measurements, theoretical 

calculations, data analyses, and preparation of the first draft of the manuscript. Dr. Poopari 

helped me to prepare the solid sample as well as running the solid measurements. Professor Y. 

Xu was the supervisory author and was involved in the concept formation, data analysis, and 

manuscript composition. 

Chapter 4 of my thesis has been published in Dalton Transactions with the title of “vibrational 

circular dichroism spectroscopy of two chiral binaphthyl diphosphine ligands and their palladium 
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complexes in solution” as Zahra Dezhahang, Christian Merten, Mohammad Reza Poopari, and 

Yunjie Xu, Dalton Trans., 2012, 41, 10817-10824. In this project, I was fully responsible for the 

experimental measurements, and partially for the theoretical calculations. Drs. Poopari and 

Merten helped me to finish the theoretical calculations. The manuscript was originally written by 

me. Professor Y. Xu was the supervisory author and was involved in the concept formation, data 

analysis, and manuscript composition. 

Chapter 5 of my thesis will be submitted to a journal shortly with the following title: “structural 

properties and induced helicity of a chiral pyrrol-2-yl Schiff base ligand and its five transition 

metal complexes in solution: combined vibrational and electronic CD, and DFT studies” by 

Zahra Dezhahang, Mohammad Reza Poopari, Joseph Cheramy, and Yunjie Xu. The syntheses of 

the ligands and their corresponding transition metal complexes were carried out by me, Dr. 

Poopari and Joseph Cheramy. I did part of the spectral simulations and data analysis, and wrote 

the first draft of the manuscript. Dr. Poopari did the other part of the spectral simulations. 

Professor Y. Xu was the supervisory author and was involved in the concept formation, data 

analysis, and manuscript composition.   

Chapter 6 of my thesis has been published in Physical Chemistry Chemical Physics with the title 

of “diastereomeric preference of a triply axial chiral binaphthyl based molecule: a concentration 

dependent study by chiroptical spectroscopies” by Zahra Dezhahang, Mohammad Reza Poopari, 

Eloy Florencio Hernández, Carlos Diaz, Yunjie Xu, Phys. Chem. Chem. Phys., 2014, 16, 12959-

12967. I was responsible for the experimental measurements and theoretical calculations as well 

as preparing the first draft of the manuscript. Prof. Hernández and Carlos Diaz from the 

University of Central Florida (UCF) provided the sample and scientific discussion of the project. 

Dr. Poopari helped me in data analyses and the modification of the manuscripts. This paper was 
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selected as one of the hot papers of the issue.  Professor Y. Xu was the supervisory author and 

was involved in the concept formation, data analysis, and manuscript composition. 
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In this thesis, a number of chiral molecular systems which include some organic ligands and 

transition metal complexes have been chosen and studied. Their structural properties and 

conformational distributions in solution have been investigated by using chiroptical spectroscopy, 

mainly vibrational circular dichroism (VCD) and electronic CD (ECD) spectroscopic techniques, 

complemented with ab initio quantum chemical calculations. In the following, I will first provide 

some background information on the molecular chirality. Second, a number of common chiroptical 

experimental techniques will be described with an emphasis on the VCD experimental set-up. 

Then I will discuss the theoretical basis of both VCD and ECD spectroscopic techniques and the 

related calculations. Finally, the objectives and scope of the current thesis will be presented.  

 

1.1. Molecular Chirality 

The term chirality or handedness comes from the Greek word for hand, kheir. Therefore, the 

straightforward examples of chiral species are human hands or feet. Chiral molecules exist in two 

mirror-inverted configurations which cannot be superimposed onto each other. Such two possible 

configurations are called a pair of enantiomers. A pair of enantiomers share all the same physical 

properties, as they only differ in spatial configuration of the atoms but not inter–atomic 

connectivity. It is this difference in spatial ordering that results in the enantiomer pairs to interact 

differently with a chiral species or a chiral environment. For example, a pair of enantiomers 

interact differently with a circularly polarized electromagnetic radiation to generate a pair of 

mirror-imaged chiroptical spectra. The structural elements directly associated with the molecular 

chirality are the chiral (or stereogenic) centers, axes, or helices. Therefore, a molecule may have 

“handedness” if one of these structural elements is present. For example, when a carbon atom is 

bonded to four different substituents, it becomes a stereogenic center. The mirror image of this 
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molecule is not superposable onto itself. Depending on the spatial arrangements, one enantiomer 

is called right-handed whereas the opposite one is named left-handed.  

The absolute configuration of a chiral molecule is labelled using the standard nomenclature. If a 

chiral species possesses several stereogenic centers, its absolute configurations at each stereogenic 

center is labeled according to the Cahn-Ingold-Prelog (CIP) priority rules and the precise spatial 

arrangements of the substituents at the specific stereogenic centers [1]. Based on the CIP rules, an 

atom with the higher atomic number takes higher priority. Also, if the first atoms of two or more 

groups attached to the stereogenic center are the same, then the second atom in each group is 

considered, following the same rules as for the first atom and so on. For example, the -OCH3 

moiety takes higher priority than the -OH group. Depending on the spatial arrangement around the 

stereogenic centers, the R and S labels are assigned to the right- and left-handed stereogenic 

centers, respectively. The same R and S labels are used for the axially-chiral species (See Figure 

1.1), although the assignment of the axial chirality follows a different strategy. Lastly, the P and 

M helical chirality labels are given to the clock-wise and counter-clockwise spatial arrangements, 

respectively. Figure 1.1 illustrates the general principles of naming strategies for the three types of 

molecular chirality discussed.  
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Figure 1.1. Molecular chirality: (I) stereogenic center where 1, 2, 3, and 4 denote the priority of 

the substituents, (II) axial chirality, and (III) helical chirality. 

 

Since my thesis deals mainly with organic ligands and transition metal complexes, some specific 

terminologies related to their chirality are included below. In the area of coordination chemistry, 

chirality is further characterized by how the ligands are arranged around one, or several metal 

centers. For example, Figure 1.2 shows two stereoisomers (optical isomerism) of the 

tris(ethylenediamine)cobalt(III) molecule. These stereoisomers are obtained as a result of the 

coordination of the cobalt ion with three bi-dentate ligands, producing a left-handed propeller twist 
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(Lambda Λ) and a right-handed propeller twist (Delta Δ). These stereoisomers are optically active, 

i.e., they can rotate the plane of polarized light with the same magnitude but in the opposite 

directions, and are not superposable onto their mirror images. Generally, the coordination 

complexes with the following point groups show optical activity: C1, Cn, Dn, T, O, and I. The 

geometrical structures belong to these point groups do not possess the symmetry elements of the 

second kind, i.e., a mirror plane, σ = S1, a center of inversion, i = S2, and a rotation reflection axis, 

S2n. [2]  

   

 

Figure 1.2. The representation of the lambda (Λ) and the delta (Δ) stereoisomers of 

tris(ethylenediamine)cobalt(III).  

 

Another aspect of my thesis revolves around the conformational landscapes and absolute 

configuration determinations of several organic and inorganic complexes possessing axial 

chirality. Axial chirality arises from the presence of the dissymmetric chiral planes that cannot 
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rotate along each other freely (see Figure 1.1). The two most-known examples in this regard are 

the allene and binaphthyl derivatives.  

Chiroptical spectroscopic techniques, which are in principle based on the interaction of the 

polarized light with a chiral medium, are well-suited experimental tools to investigate the chirality 

at the molecular level. These techniques allow one to explore the structural properties of the chiral 

species by comparing the experimentally observed and theoretically simulated optical responses. 

Currently, the most frequently-used chiroptical techniques are optical rotatory dispersion (ORD), 

ECD, VCD, and Raman optical activity (ROA). The following section describes some of these 

techniques that have been used for my thesis research in more detail.  

1.2. Experimental  

1.2.1. Chiroptical spectroscopy  

For my thesis research, I have utilized several chiroptical spectroscopic techniques including VCD, 

ECD, and ORD techniques. As outlined in Section 1.1., an enantiomer interacts differently with 

the right and left circularly polarized light. The following discussion highlights important 

experimental details of these measurements and the information they provide.  

1.2.2. Optical rotatory dispersion experiments 

The main difference between a pair of enantiomers is how they rotate plane-polarized light with 

the same magnitude but in the opposite directions. Therefore, a solution of equally-mixed 

enantiomers, i.e., a racemic mixture, will give rise to zero optical rotation. Figure 1.3 illustrates 

the measurements of the optical rotation for a pair of enantiomers and the corresponding racemic 

mixture. The direction and the magnitude of the angle of rotation are characteristics of a specific 

chiral medium if the dependence of magnitude on the path-length in which the light transverses in 
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the medium and the sample concentration has been accounted for. This phenomenon was first 

observed by Arago in 1811 using an α-quartz crystal. A few years later, Biot measured the optical 

rotation of some simple chiral organic liquids [3].  

 

Figure 1.3. A general schematic of optical rotation measurements of a pair of enantiomers and 

their racemic mixture.  

As plane polarized light passes through a chiral medium, the plane of polarization is being rotated. 

Plane polarized light can be viewed as the superposition of the left and right circularly polarized 

light, LCP and RCP, respectively. Since the LCP and RCP components experience different 

refractive indices, (i.e., nLCP ≠ nRCP), in a chiral medium, they acquire a relative phase difference 

after passing through the medium. The recombination of these two components after leaving the 

chiral medium, gives rise to a plane polarized light with a relative phase difference with respect to 

the entering plane polarized light. If the medium also absorbs light, then the transmitted light 
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becomes elliptically polarized because the LCP and RCP components have different absorption 

coefficients and propagation velocities.  

Optical rotation is the difference of the refractive indices of LCP and RCP components of the plane 

polarized light, i.e. Δn = nLCP - nRCP. Generally, the refractive index depends on the wavelength (λ) 

and the variation in optical rotation with the wavelength of the light is called optical rotatory 

dispersion (ORD) and is characteristic of the chiral medium. Such measurements are typically 

done with a commercial polarimeter that measures the optical rotation at different wavelengths. 

Figure 1.4 shows a generic illustration of a polarimeter. During an ORD measurement, un-

polarized light (e.g., the sodium D line at 589 nm) passes through a linear polarizer to generate 

plane polarized light. This plane-polarized light passes through the chiral medium and its 

polarization direction changes as a result of its interaction with the medium. A polarization 

analyzer allows comparison with the incoming polarized light source, and the angle of rotation can 

be determined.  

Although this technique is straightforward, currently its application in the determination of the 

chirality and other structural properties of chiral samples is very limited. One reason is that the 

experimental ORD values are strongly influenced by the solvent used. More importantly, accurate 

theoretical modeling for ORD is yet to be achieved.[4] Even for some simple chiral molecules 

such as propylene oxide, it is still challenging to achieve theoretical predictions with the correct 

sign and magnitude that agree with the experimental data. 
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Figure 1.4. A schematic diagram of a polarimeter.  

1.2.3. Electronic and vibrational circular dichroism experiments 

Circular dichroism measures the difference between the extinction coefficients of the LCP and 

RCP lights, i.e., Δɛ = ɛLCP - ɛRCP, accompanying an electronic or a vibrational transition. The sign 

of a CD band can be positive or negative and is determined by the structural properties including 

the chirality of the targeted compound, thus bringing about more structural information compared 

to the parent UV-Vis or IR spectroscopy. If a CD band is obtained as a result of electronic 

transitions in the UV-Vis spectral region, then it is called electronic CD; and if it is due to the 

vibrational absorption in the infrared region, then it is termed vibrational CD. While UV-Vis and 

IR spectra can be generally expected for any molecule, only chiral molecules exhibit mirror-

imaged ECD and VCD spectra for a pair of enantiomers. In contrast to chiroptical spectroscopy, 

the standard IR and UV-Vis spectroscopic techniques are insensitive to the chirality information, 

i.e. IR and UV-Vis spectra for a pair of enantiomers are identical. The relative magnitude of an 

ECD band to that of its parent UV-Vis band is typically about 10-2 ~  10-3, while this ratio is even 

smaller for the VCD and is in the range of 10-4 ~ 10-6.  
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Solution IR spectra in the finger print region generally provide numerous well-resolved bands, in 

contrast to the corresponding UV-Vis spectroscopy. VCD spectra, in general, tend to be even better 

resolved than its parent IR spectra because of the positive and negative signs. As a result, the VCD 

spectra can provide detailed insights into the chirality and the structures of the systems of interest. 

Because of the similarities between ECD and VCD techniques, I will only describe the VCD 

technique in more details.  

Historically, VCD phenomenon was first observed by Holzwarth et al. in 1974 [5] for the 

measurement of a vibrational mode of a neat liquid of 2,2,2-trifluoromethyl-1-phenylethanol. This 

was confirmed by Nafie et al. in 1975-1976 for the same sample. The latter authors also expanded 

the measurement to the other vibrational modes of the sample [6,7]. All these early experiments 

were carried out with a dispersive infrared spectrometer. The first Fourier transform VCD (FT-

VCD) measurement was reported by Nafie et al. in 1978 in the mid-IR region for the C-H 

stretching modes of camphor [8,9]. 

All vibrational absorption (VA) and VCD measurements in my thesis were carried out with a 

FTIR-VCD instrument consisting of a FTIR spectrometer (Vertex 70, Bruker) and a VCD module 

(PMA 50, Bruker). Figure 1.5 shows a schematic diagram of the FTIR-VCD instrument.   

 



11 | P a g e  
 

Figure 1.5. A schematic diagram of the FTIR-VCD instrument used in my thesis research.  

The un-polarized broadband IR light, e.g. Globar (silicon carbide), from the FTIR spectrometer is 

directed to the VCD compartment by using several steering mirrors. The heart of the FTIR 

spectrometer is a Michelson interferometer (Figure 1.6). A collimating mirror is positioned right 

after the light source to produce parallel rays which are transmitted to a beam-splitter at the center 

of the interferometer. At this stage, some of the light is transmitted to a fixed mirror while the 

others are reflected to a moving mirror. Thereafter, the light is reflected back from both mirrors 

and recombined at the beam-splitter. Depending on whether the two beams are in-phase or out-of-

phase, the constructive or destructive interferences occur, respectively. The recombined rays then 

proceed through the sample and finally are collected by a detector that measures the IR spectrum.  

 

Figure 1.6. A schematic diagram of a Michelson interferometer.  

For the VCD measurements, the recombined rays are directed to a wire grid linear polarizer to 

convert the randomly polarized light into the linearly polarized light. The photo-elastic modulator 
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(PEM), which is commonly made of ZnSe, is placed right after to convert the linearly polarized 

light to the left and right circularly polarized lights. The PEM consists of a piezoelectric transducer 

material, which is fused to a transparent bar of silica, and its modulator axis is aligned at 45 degree 

with respect to the incoming linearly polarized light. This piece of optics is responsible for 

producing the LCP and RCP light at a modulation frequency of 50 kHz. The linear polarized light 

is composed of two orthogonal components; one parallel and the other perpendicular to the axis of 

the PEM. The transducer material stretches or compresses when the modulated current at 50 kHz 

is applied, as a result of changing the birefringence of the material. Consequently, the propagation 

velocities of the parallel and perpendicular components of light are different. On the compress 

cycle, the perpendicular component of light is being retarded and the parallel component is left 

unaffected. When the optical device stretches, the parallel component is retarded while the 

perpendicular one stays unaffected. As a result, a phase difference of 90 degrees between these 

two components is generated as the light emerges out from the PEM and upon the recombination 

of two components the right or left circularly polarized lights at a modulation frequency of 50 kHz 

are produced. The resulting circularly polarized light then hits the chiral sample and the transmitted 

lights are captured by means of a liquid N2 cooled detector, in this case a MCT infrared detector. 

The double-modulation is needed since the VCD signal is inherently small, ~10-4 to 10-6 of the 

parent IR signal. Typically, signals from the MCT detector are filtered by using a low pass filter 

to obtain the dc signal and are converted to the IR signals by means of the electronics and computer 

software. Similarly, in case of VCD signal acquisition, the signals from the MCT detector are first 

filtered by using a high pass filter to attenuate the modulation due to the interferometer. These 

signals are then sent to a Stanford research systems lock-in amplifier (LIA) which is referenced to 

the PEM modulation frequency of 50 kHz to produce the demodulated ac signal. Eventually, the 
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VCD spectrum is generated by taking the ratio of the FT spectrum of the ac signal to the associated 

dc signal. 

For the VCD measurements, the concentration and the path-length of the sample should be 

adjusted so that the absorption intensity of the IR bands of the interest falls in the range of 0.2 – 

0.9. The optimization of the concentration and the path-length of the samples are two key factors 

to obtain the good-quality VCD signals. Typically, to get a reliable VCD spectrum, i.e. with 

adequate signal-to-noise ratio, the samples typically need to be highly soluble, usually in the range 

of 20 ~ 100 mg/ml. This requirement is a noticeable disadvantage of VCD spectroscopy.  

Although the commercialization of the FT-VCD spectrometers happened gradually, VCD 

spectroscopy has experienced drastic advances in its applications in the recent years to a wide 

variety of chiral organic, biological, inorganic, and nano systems. This is due in part to the 

significant advances made in the theoretical VCD predictions in the recent years. The following 

section aims at describing the theory of VCD spectroscopy. 

1.3. Theoretical 

1.3.1 Basics of the VCD spectroscopy and spectral calculations 

VCD is the differential absorbance of the left versus right circularly polarized lights by a chiral 

sample accompanying a vibrational transition: ΔA=AL — AR. For an infrared transition, the 

intensity is proportional to the quantity called dipole strength and can be expressed by using the 

following equation: 

𝐷0𝑎 = | < 𝛹0 |�̅�| 𝛹𝑎 > |2                                                                                                            (1) 
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where Ψ0 and Ψa are the wavefunctions for the ground and excited states, respectively, and �̅� is the 

electric dipole operator. Here, the term inside |  | is called the electric dipole transition moment or 

EDTM.    

The intensity and the sign of a VCD band depend on the following quantity called rotational 

strength. It is defined as the imaginary part of the scalar product of the EDTM and the magnetic 

dipole transition moment, MDTM, respectively: 

𝑅0𝑎 = 𝐼𝑚 {< 𝛹0 |�̅�| 𝛹𝑎 > ∙ < 𝛹𝑎 |�̅�| 𝛹0 > }                                                                             (2) 

where most terms are defined in the same way as in equation (1) and �̅� is the magnetic dipole 

operator.  Roa can also be rewritten as |µ|.|m|.cosθ, where |µ| and |m| are the magnitudes of the 

EDTM and MDTM vectors, respectively, and θ is the angle between these two vectors. If 0˚ < θ < 

90˚ and 270˚ < θ < 360˚, then cosθ is positive and therefore the VCD band will have a positive 

sign, if 90˚ < θ < 270˚, then cosθ is negative and therefore the corresponding VCD band will have 

a negative sign. If θ is exactly 90˚ or 270˚, then cosθ = 0 and therefore the related VCD band will 

show zero intensity. 

For the theoretical VCD intensity and sign calculations, one needs to take into account the 

contributions from both EDTM and MDTM. While the theoretical treatment of EDTM had long 

been developed and implemented into many software packages capable of calculating the 

electronic structure, such as Gaussian, the suitable theoretical treatment of MDTM was only 

developed more recently. A number of theoretical models were proposed from the early stage of 

the theoretical VCD developments, such as localized molecular orbital [10] and vibronic coupling 

models. [11] Unfortunately, their computational implementations were so difficult and these 

models have not seen wide applications. In these early models, it was found that the electronic 
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contribution to the vibrational MDTM vanishes upon the application of Born-Oppenheimer (BO) 

approximation. [12] This issue was overcome by Buckingham [13] and Stephens [14] when they 

proposed magnetic field perturbation (MFP) theory. In the MFP model, this issue was resolved by 

considering the first derivatives of the ground state wave-function with respect to the nuclear 

displacements and the applied magnetic field so that the MDTM can be evaluated precisely. The 

theoretical VCD calculations based on the MFP model have been implemented in most electronic 

packages such as Gaussian, Dalton [15], GAMESS [16], and others.  

One prerequisite to obtain high quality VCD predictions is to make accurate predictions for the all 

possible conformations of the targeted molecules. It is now generally well-accepted that the DFT 

method provides more accurate results than the HF method with similar computational cost. The 

applications of more accurate approximations such as Moller-Plesset (MP) perturbation theory, 

coupled-cluster (CC), and configuration interaction (CI) are not feasible for most large chiral 

systems, such as chiral transition metal complexes, due to the high computational demands and 

their own restrictions on the size of molecular systems. For DFT calculations, a large number of 

functionals and basis sets have been developed to date. The development of different functionals 

has passed through a number of stages, beginning with the “local”, and then “non-local” 

functionals and culminating with a class of functionals referred to as “hybrid” functionals. [17, 18] 

At the present time, hybrid functionals are well-known as the most accurate functionals for the 

calculations of a wide variety of molecular properties. The earliest hybrid functional is B3PW91 

and one of the most popular and commonly used hybrid functionals is B3LYP. [19]  

The next step is the choice of basis set. Generally, the accuracy of the calculations relies on the 

size of the basis set chosen. A choice of larger basis set generally means a better agreement with 

the experimental data, but at the same time it requires considerably more computational effort. 
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[20] For the chiroptical calculations, the 6-31G(d) basis set is considered as the minimal basis set 

which offers a reasonable compromise between the accuracy and the computational time. Inclusion 

of the polarization functions, especially for those systems which are involved in hydrogen-bonding 

(HB) interactions, is quite essential. Basically, the polarization functions are considered as 

auxiliary functions with one additional node. For example, in the minimal basis set of the H atom, 

there is only one basis function which approximates the 1s atomic orbital. Addition of a 

polarization function, for example a p-type function, to the 1s function, in principle, adds more 

flexibility to the basis set. This allows an asymmetrical spatial arrangement of the molecular orbital 

contains the H atom to be involved in non-covalent bonding interactions more effectively. On the 

other hand, for rigid molecular systems, like the Pd-complex studied in Chapter 4 of this thesis, it 

was noticed that the addition of polarization and diffuse functions did not significantly improve 

the spectral appearance except making the calculations unnecessarily demanding. 

For the purpose of this thesis, all geometrical searches, optimization, harmonic frequencies, and 

VA and VCD intensity and sign calculations were performed using the Gaussian 03 [21] and 

Gaussian 09 [22] suite of programs with the implementation of DFT methods. [23] The well-

known B3LYP and B3PW91 hybrid functional were mainly used for the calculations. A number 

of different basis sets which include both Pople and Dunning types were employed to carry out all 

the aforementioned calculations. In case of the metal-ligand complexes, different basis sets such 

as cc-pVTZ [24] were used for the C, N, and H atoms whereas the LanL2DZ basis set was chosen 

for all transition metals, such as Ni (II), Cu (II), Pd (II), Pt (II), and Zn (II).  

In addition, to account for the bulk of solvent environment, the integral equation formalism (IEF) 

version of the polarization continuum model (PCM) [25] using the universal force field (UFF) 
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radii was used. For example, the value of ε = 46.826 was used where DMSO was employed as a 

solvent.  

1.3.2 Basics of ECD spectroscopy and spectral calculations 

While all geometrical searches and optimization processes are the same as described above, one 

needs to employ time-dependent DFT (TD-DFT) method to predict the UV-Vis intensity and to 

simulate the corresponding ECD optical response. At the present time, the accuracy of the excited 

state calculations is limited and good agreements with the experimental data have only been 

achieved for relatively small molecular systems. The situation becomes even more challenging 

when a transition metal complex is the target of the TD-DFT study. Although the applications of 

ECD spectroscopy to the determination of structural properties such as absolute configuration and 

conformational distribution have increased noticeably in recent years, [26] ECD predictions still 

suffer substantially from the considerable dependency on the choice of basis set and functional. 

[27]  Due to the fact that DFT functionals are normally tuned for the molecular systems where 

light atoms such as carbon, hydrogen, nitrogen, oxygen are involved, the simulations of the ECD 

spectra of the systems containing d-shell angular momentum and higher are still quite burdensome. 

Other prominent issues arise from the weak nature of d-d transitions in the coordination metal 

complexes and the inadequacy of the computational methodologies in describing such transitions.  

1.3.3. Solvent effects 

Despite the significant progress in the field of VCD spectroscopy, the conformational analysis can 

be still complicated due to the prominent solvent effects, either through the induction of self-

aggregation of solute molecules or the solute-solvent intermolecular hydrogen bonding (HB) 

interactions. It has also been shown that VCD, ECD and ORD spectra of the same molecule in 
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different solvents may appear quite different. [28,29,30] The solute-solvent interactions may 

change the chiral species itself or the dominant conformations of a chiral species in solution, i.e. 

the Boltzmann factors of different conformers. [31,32,33]  

Presently, there are three main computational approaches to account for the effects of solvent: the 

polarizable continuum model (PCM) [34] or implicit solvation, explicit solvation, and the explicit-

implicit combinational approach. In the implicit solvation model, the electrostatic interactions on 

a solute from a solvent are treated with the use of dielectric continuum models. These models 

benefit from formulating the dielectric continuum response to represent the response of a 

statistically averaged solvent system which also require defining a cavity. A cavity can be specified 

with a size and a shape that excludes solvent and into which the solute can be inserted. This method 

has been widely used for the relatively non-polar solvents where there are no significant hydrogen 

bonding interactions expected with the solute molecules. Even though the general geometry of a 

conformer of a chiral molecule often remains roughly the same with the consideration of the 

dielectric solvent compared to the isolated system, such a solvent environment may still affect the 

appearance of chiroptical spectra, especially the VCD spectra. This can either result in changing 

the relative stability among different conformers or causing some subtle changes in the geometry 

of the molecular system.   

Solvent effects can also be included in the calculation by the explicit approach as well as the 

combination of the implicit and explicit approaches, mainly when the solvent is polar and has 

acidic hydrogen atoms. In case of water, the absorption IR bands become very broad and HB 

interactions between solute and water must be considered explicitly. Our group has proposed the 

“clusters in a liquid model” where the explicit HB clusters are placed in an implicit bulk of solvent 

environment to efficiently account for both explicit and implicit solvent effects. [35] Molecular 
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dynamics simulations have also been employed for this purpose, although in such cases, a huge 

number of snap shots have to be sampled in order to achieve convergence for chiroptical responses. 

[36]  

1.4. Objectives and Scope of This Thesis  

The knowledge of the absolute configuration of a chiral sample is of significant importance in any 

research area where chirality plays an important role, such as in stereoselective syntheses and in 

pharmaceutical industry. While X-ray crystallography has been the method for obtaining the 

absolute configuration of chiral samples for many decades, in many cases, it can be difficult or 

sometimes even impossible to obtain a single crystal of the targeted substance with sufficient 

quality for the X-ray structural analyses. Both ECD and VCD measurements contain specific 

information about chirality of the compound. With the significant advances in both experimental 

and theoretical aspects of ECD and VCD spectroscopy, these two chiroptical techniques are being 

used more and more to derive the absolute configuration of the chiral substances in solution 

directly in the last ten years. [37] Indeed, the absolute configurations of more than 1000 chiral 

molecules have been determined by chiroptical spectroscopies. [38]  

As pointed out in the theoretical section, the general methodology for the determination of the 

absolute configuration is based on the comparison of the solution experimental VCD and/or ECD 

spectra of a chiral molecule with the simulated spectra obtained through the application of ab initio 

quantum chemical calculations. Therefore the absolute configuration analyses automatically 

require the related conformational analyses. While the NMR spectroscopy has been utilized for 

the conformational analyses in solution, such applications are limited to the populations 

exchanging slower than the NMR timescale (microseconds). For the optical spectra in the IR and 

UV-Vis regions, one can simply treat the final spectrum as a linear superposition of the individual 
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conformers’ spectra weighted with their respective abundances, i.e., their Boltzmann factors. With 

a large number (typically ten or more) of fundamental bands in the finger print region, the 

sensitivity of IR and especially VCD spectra to the different conformers is sufficiently high to 

allow clear identifications of the dominant conformational species. 

In my PhD research, I have focused on characterizing the structural properties of a particular subset 

of chiral ligands and their transition metal complexes by using mainly VCD and ECD 

spectroscopic tools as well as ORD spectroscopy. One group of these ligands includes multidentate 

nitrogen donor ligands such as (N,N'-bis(pyridine-2-ylmethylene)-(S,S)-1,2-cyclohexanediamine, 

(N,N'-bis(pyridine-2-ylmethyl)-(S,S)-1,2-cyclohexanediamine, and {(S,S)-2-[(2-

pyridinylcarbonyl) amino] cyclohexyl}-2-pyridinecarboxamide depicted in Figure 1.7. Another 

group of chiral molecules consists of several axially chiral systems, such as BINAP  (2,2′-

diphenylphosphino-1,1′-binaphthyl) and its derivative TOLBINAP, as well as a recently 

synthesized triply axial chiral binaphthyl fluorene based salen ligand, named AXF-155, {[2,20-

(1E,10E)-(R)-1,10-binaphthyl-2,20-diylbis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-ylidene)bis-

(4-((7-(diphenylamino)-9,9-dihexyl-9H-fluoren-2-l)ethynyl)-phenol)]}. In contrast to the more 

commonly known stereogenic center where a carbon atom is bonded to four different substituents, 

the axial chirality arises from the presence of the dissymmetric chiral planes which cannot rotate 

against each other freely. Finally, the third group of chiral systems studied includes a series of 

transition metal complexes consist of Ni, Pd, Pt, Cu, and Zn with chiral Pyrrol-2-yl Schiff base 

ligands and of Pd with BINAP and TOLBINAP ligands.  
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Figure 1.7.  Increasing the structural flexibility due to increasing rotational degrees of freedom 

along single bonds for three ligands, I, II and III reported in Chapter 2, and IV and V studied in 

Chapter 5.  

Besides the advantage of using a solution sample directly for the absolute configuration 

determination, ECD and especially VCD spectroscopic techniques also offer additional advantages 

of identifying the dominant species in solution, providing solution conformational distributions, 

monitoring the effects of solvent and concentrations, and capturing chirality transfer phenomena 

from chiral ligand to the metal center through coordination bonds. These are several primary 

aspects of my thesis research which will be discussed in detail in this thesis.  

Furthermore, in the coordination chemistry and supramolecular chemistry, it is a common practice 

to assign the absolute configurations and structural properties based on X-ray structure. Then 

solution ECD spectra are further interpreted based on the X-ray chirality assignment. In the recent 

years, a few reports surface where this practice may not be valid. For one, a single X-ray structure 

obtained may not represent a fair sampling of the structure rather a particular crystal chosen. 
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Second, there may be considerable changes in the structure going from the solid state to solution 

phase because the solid state structures are strongly influenced by intermolecular contacts and 

lattice forces. These aspects emphasize the intrinsic differences between the solution and solid 

state structures. UV-Vis and ECD spectra observed may not be sensitive to all these structural 

differences including the chirality of the ligand and the helicity of the complexes. For example, in 

Chapter 5, one can see clearly that the ECD spectra of the M- and P-helicity Zn (II) complex with 

the same (R,R) ligand are essentially mirror-images to each other. With the typical broad ECD 

spectral width, one can therefore not tell apart M-(R,R) from M-(S,S) or P-(R,R) from P-(S,S). 

Theoretical modeling of UV-Vis and ECD spectra in solution has experienced significant advances 

in the recent years, although their ability to capture experimental data still leaves much to be 

desired. There are very few solid state ECD calculations reported due to the significant challenges 

in capturing all inter- and intra-molecular interactions in the solid state. In this thesis research, we 

pursue the opportunity to verify the potential structural differences from the solid to solution 

phases where a clear identification of the dominant species and their structural properties in 

solution can be achieved by using VCD spectroscopy as well ECD spectroscopy.            

The rest of the thesis is organized as follows. In Chapter 2, the VA and VCD studies of three 

multidentate nitrogen donor ligands, i.e. (N,N'-bis(pyridine-2-ylmethylene)-(S,S)-1,2-

cyclohexanediamine (SS-1), (N,N'-bis(pyridine-2-ylmethyl)-(S,S)-1,2-cyclohexanediamine (SS-

2), and {(S,S)-2-[(2-pyridinylcarbonyl)amino] cyclohexyl}-2-pyridinecarboxamide (SS-3) have 

been described. These three ligands demonstrate very different conformational flexibility and 

different VCD spectra. In Chapter 3, the chiral (R,R)-1,5-diaza-cis-decalin ligand and its copper 

(II) hydroxide iodine hydrate complex have been investigated by using VA, UV–Vis, and ECD 

experimental spectroscopic measurements, as well as the DFT calculations. Since this complex 
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has a very low solubility in most common VCD solvents, one cannot obtain a relabile VCD 

spectrum in solution. Rather, we utilized solid-state VA technique and solution ECD spectroscopy 

where much lower sample concentrations are required. Chapter 4 presents the study of the 

palladium complexes of BINAP,(2,2′-diphenylphosphino-1,1′-binaphthyl) which is a unique 

binaphthyl diphosphine ligand with axial chirality, and of its derivative TOLBINAP. The 

conformational alterations in the BINAP and TOLBINAP ligands have been investigated before 

and after coordination with Pd by means of density functional theory and chiroptical spectroscopy 

in CDCl3. In Chapter 5, structural properties and induced helicity of a chiral Pyrrol-2-yl Schiff 

base ligand and its five transition metal complexes in solution, namely with M = Ni (II), Pd (II), 

Pt (II), Cu (II), and Zn(II), have been investigated. We have further examined the indcued helicity 

at the metal centers and what factors governed such helicity preferences in solution. The results 

are compared to those obtained in solid. In Chapter 6, the effects of environmental perturbations, 

specifically solvent and concentration, on axial chirality of a recently synthesized triple axial chiral 

binaphthyl fluorene based salen ligand, named AXF-155, {[2,20-(1E,10E)-(R)-1,10-binaphthyl-

2,20-diylbis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-ylidene)bis-(4-((7-(diphenylamino)-9,9-

dihexyl-9H-fluoren-2-l)ethynyl)-phenol)]} have been examined. The dominant conformations of 

AXF-155 in CDCl3 solvent as well as its chirality have been characterized using chiroptical 

spectroscopy in combination with theoretical calculations. We paid special attention to the effects 

of concentration. The final chapter of my thesis summarizes some general conclusions and 

proposes future work to further explore and evaluate the metal-ligand coordination compounds 

both in terms of structural configurations and also spectral simulations. I have also included a 

number of appendices at the end of my thesis which deal with the supporting information 
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associated with each research chapter. Finally, I end my thesis by introducing other joint projects 

which I have been involved in during my PhD study. 
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2.1. Introduction 

Picolylamine-type ligands, such as N,N’-bis(pyridine-2-yl-methylene)-(S,S)-1,2-

cyclohexanediamine (SS-1), N,N’-bis(- pyridine-2-ylmethyl)-(S,S)-1,2-cyclohexanediamine (SS-

2), and {(S,S)-2-[(2-pyridinylcarbonyl)amino]cyclohexyl}-2-pyri- dinecarboxamide (SS-3), are  

multidentate  nitrogen-donor ligands with  amine  and/or pyridine-type nitrogen atoms. These  

nitrogen lone pairs can form transition-metal complexes with, for example, copper and  silver.[1, 

2] They  are called  N3 or N4  donor  ligands, depending on the  number of nitrogen  atoms   that   

are involved  in coordination to the metal atoms. Many  of  these  transition-metal  complexes 

show catalytic activities in asymmetric reactions, such as the Ullmann reaction, Henry   

(nitroaldol)  reaction, and  allylation reaction.[1–3]  In addition, cobalt  and zinc complexes  with 

the  N3  and N4  ligands  have  also been  used to mimic biological systems,  such  as coenzyme  

vitamin  B-12,[4]   and  some  of their  crystal structures have been  reported.[5] 

Although some  N3   and  N4   ligands,  such  as  diiminopyridine, dipicolylamine, 

tripicolylamine, and pyridinophane, are achiral  compounds, we focused  on the three  chiral 

multidentate  nitrogen-donor  ligands  shown  in  Figure 2.1. Chirality   is an essential aspect in 

asymmetric catalysis and in molecular- recognition events in biological systems. Conformational 

flexibility  in these  chiral N3  and N4  ligands often  plays a crucial  role  in  their  catalytic  

capabilities in  asymmetric reactions. It has also been documented that the solvent  may influence 

the catalytic activity of a certain copper complex of SS-1.[2] While X-ray crystallography can  

provide detailed structural information of a single crystal,  it is desirable to have a spectroscopic 

tool that can probe the chirality and conformations of these important species in solution directly. 

Vibrational circular dichroism (VCD) spectroscopy measures the preferential absorption of left 

versus right circularly polarized light that accompanies a vibrational transition. It therefore has   
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unique   specificity   to   chirality   and   is also highly sensitive to conformations.[6] In recent 

years, VCD spectroscopy has  emerged as a powerful  tool  to  determine chirality  and  

conformations of chiral inorganic compounds in solution when combined with DFT 

calculations.[7–16] For example, Sato  et al. recently applied  VCD  spectroscopy to probe  

interesting chiroptical properties of coordinated bis-diketonato ligands[15] and a starburst-type 

tetranuclear ruthenium(III) complex.[13] Herein, we report extensive conformational  searches   

for  the  three   chiral  N4   inorganic   ligands  presented in  Figure 2.1.  Vibrational  absorption  

(VA) and  VCD  spectra  of all  three  ligands  have  been  measured and compared with 

simulated spectra.  One main objective is to obtain structural information and conformational 

distributions of these chiral ligands in solution. The second objective is to compare the similarity 

and dissimilarity of the VA and VCD spectral features of these three related ligands to further the 

goal of following these ligands in reactions in solution. Finally, we wish to evaluate the effects of 

solvent on the observed VCD features through theoretical modeling. 

 

Figure 2.1. 2D stereo-chemical structures of compounds SS-1, SS-2, and SS-3 reported herein.  

* indicates the stereogenic center of the compounds. 

2.2. Results and Discussion 
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Figure 2.2 shows the experimental VA and VCD spectra of 1, 2, and 3 in CDCl3.  Experimental 

VCD  spectra  of both  enantiomers, which show good  mirror  images  for the  three  compounds  

studied,  are  provided in Figure A1 in the  Appendix A. The S,S enantiomers of 1, 2, and 3 were 

used throughout, unless otherwise indicated. To highlight  the similarities  and  differences in the  

VA  and  VCD  spectra,  we examined  the  experimental spectra  in five regions  marked A to E 

in Figure 2.2. In region A, there  is a strong  VA band  corresponding  to   the   C=N  and   C=O  

stretching vibrational modes  of 1 and  3, respectively, whereas  2 shows no band  in this region.  

This amide I band  of 3 is somewhat broadened, possibly  as  a  result  of  hydrogen-bonding like 

interactions  with the  solvent.  In region B, two bands associated with vibrational modes of the 

pyridine rings are visible for all three compounds. In region C, only 3 exhibits  a strong  and  

somewhat  broadened band  that  corresponds to  the  amide II  vibrational mode.  No such bands  

are  detected for 1 and  2 because  they do not  contain  a peptide bond, which  is  present  in  3.  

In  region D,  three   closely  spaced bands  are  visible  for all three  compounds; these  are  

associated  with  vibrational motions  of the  cyclohexane and  pyridine rings. Lastly, region E 

contains  a number of low-intensity  vibrational bands  related to  the  vibrational motions of 

mainly  C–C  and  C–H  of  the  cyclohexane rings.  Although one  can  correlate the  VA  

features in regions A–D  straightforwardly  among  these  three  compounds, the differences are 

drastic  for  the  associated VCD   features.  For   example, whereas the VA spectra of 

compounds 1 and 2 are similar in regions B and D, their corresponding VCD spectra differ 

greatly. This may be surprising at first glance because 1and 2 differ only in that the two C=N 

functional groups of 1 are reduced in 2. On the other hand, this observation highlights the 

sensitivity of VCD spectroscopy to even small structural and conformational differences. 
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Figure 2.2. Experimental VA (left) and VCD (right) spectra of 1, 2, and 3 in CDCl3 from top to 

bottom, respectively. The VA and VCD spectra of 1 and 2, as well as the inserted spectrum of 3, 

were recorded with a path length of 0.1 mm. The VA and VCD spectra of 3 were recorded with a 

shorter path length of 0.025 mm. 

 

2.2.1. Compound 1 

Compound 1 has a number of rotatable bonds that make it a fairly flexible molecule. In this   

system, the  cyclohexane ring is in its chair configuration because the boat configuration is much 

less stable at room temperature.[17] The two nitrogen atoms may adopt either equatorial or  axial  
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positions  at the  cyclohexane  ring.  We use the subscripts “equ” and “ax” to note the equatorial 

and axial orientations, respectively, of the nitrogen atoms at the cyclohexane rings.  In  addition, 

the  nitrogen atoms of the pyridine rings may take on a cis or trans orientations with respect   to  

the  nitrogen  atoms of    the     C=N    groups     (see Figure 2.3 for a definition of the cis   and   

trans   arrangements). 

 

Figure 2.3. The cis and trans configurations of compound 1 with axial and equatorial 

substitutions. The rotatable C–Cpyridine and N–Chexane bonds are indicated by small arrows. 

 

The dihedral angle NCCN does not need to be 0 or 180º in the case of the cis or trans   

configurations, respectively. Rather, these  dihedral angles  vary  as  the  pyridine  subunits rotate 

about  the  C–C bond  to achieve  stable  conformations. Similarly, the whole substituted units 

can rotate around the N–Chexane bond.  These motions are indicated with arrows in Figure 2.3. 

Altogether, a flexible molecule such as this may accommodate numerous conformers, labeled 

[trans– cis]equ, [trans–cis]ax,  and so forth  in Figure 2.4. 
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Figure 2.4. Conformations of compound SS-1 at the PCM/B3PW91/ccpVTZ level. The 

corresponding relative Gibbs free energies in kcal mol-1 and the percentage Boltzmann factors at 

room temperature are also listed. Secondary intramolecular hydrogen bonds with bond lengths of 

<2.8 Å are indicated with dotted lines. 

 

To account for the implicit solvent effect, a polarization continuum model (PCM) with CDCl3 as 

the solvent was applied. The lowest energy conformers obtained at the PCM/ B3PW91/cc-pVTZ 

level are summarized in Figure 2.4, along with the relative Gibbs free energies and the 

corresponding percentage Boltzmann factor at room temperature. Based on the calculations, the 
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equatorial orientation is favored over the axial orientation in all three possible pyridine 

orientations that is, trans–cis, trans–trans, and cis–cis. The preference for  the  equatorial position 

can be attributed to the opportunity to form secondary hydrogen-bonding interactions between a 

hydrogen atom of the cyclohexane ring and a nitrogen atom of the  pyridine  rings or between a 

hydrogen  atom of one  pyridine  ring with the  nitrogen atom  of the  C=N bond  (see  Figure 

2.4).  This also explains why the [trans–cis]equ  arrangement  is  favored   over  the  other  two 

equatorial arrangements. 

In the following discussions, we focus on the two dominant conformers of 1 because the other 

four conformers have a negligible contribution at room temperature. For completion, simulated 

VA and VCD spectra of all conformers of 1 are depicted in Figure A2 in the Appendix A. In 

Figure 2.5, VA and VCD spectra of the two most stable conformers of 1 and the population-

weighted spectrum based on their relative Gibbs free energies are compared with the 

corresponding experimental data. All experimental VA bands with visible intensities in the �̅� = 

1700–1400 cm-1 region have been predicted accordingly. The two closely spaced bands in the �̅� 

= 1450–1400 cm-1 region appear as one broader band in the calculation because the very small 

frequency shift is not accurately captured theoretically. Detailed comparisons between the 

experimental and calculated VA spectra in the region of �̅� =1400–970 cm-1 are more challenging 

partly because the intensity is low and the density of peaks is high and some peaks are not well 

resolved experimentally. Nevertheless, it is straightforward to correlate most of the experimental 

VA bands in this region to the calculated ones. Notably, the VCD band intensity is strong in the 

�̅� =1400–970 cm-1 region, where the VA intensity is low. One can confidently correlate all major 

VCD bands in this low-wavenumber region to the calculated ones. In the �̅� =1700–1400 cm-1 

region, on the other hand, the VCD intensity is generally weak, whereas the VA bands are 
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strong. Although the calculated and experimental VCD patterns agree in general, some 

discrepancies are noted. For example, the bisignate +/- couplet in the �̅� = 1600–1550 cm-1 region 

was predicted to have a noticeably weaker positive feature than that observed experimentally. 

Overall, good agreement between the experimental and predicted VCD spectra for 1 in the entire 

region of �̅� =1700–970 cm-1 is achieved, despite the flexibility of the molecule. 

 

 

Figure 2.5. Comparison of the experimental and calculated VA (left) and VCD (right) spectra 

and the associated population-weighted spectra of SS-1 at the PCM/B3PW91/cc-pVTZ level. 

The corresponding spectra of the two main conformers of 1 are also included. 
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2.2.2. Compound 2 

In compound 2, the C=N bonds of 1 are reduced by NaBH4. Consequently, the degree of 

flexibility increases considerably from 1 to 2 because of the additional rotatable bonds. The 

rotatable bonds and four conformationally important dihedral angles are indicated in Figure 2.6. 

Preliminary searches suggest that conformers with intramolecular hydrogen-bonding interactions 

between the two NH groups are considerably more stable than those without. Keeping the 

aforementioned intramolecular hydrogen-bonding interactions intact, we varied the other four 

dihedral angles shown in Figure 2.6 to search for more conformers.  

 

Figure 2.6. The rotatable bonds used in the conformational search are indicated with double 

arrows. The four conformationally important dihedral angels of 2 are also shown. 

 

This search resulted in 32 potential conformers. Although there are only 2 major conformers for 

compound 1, there are 10 conformers of 2 with a percentage Boltzmann factor larger than 1% 

and they account for over 96% of the total population at room temperature in the initial search 

with the 6-311+ +G(d,p) basis set. The final optimized geometries of these ten conformers at the 

PCM/B3PW91/cc-pVTZ level are shown in Figure 2.7, as well as their relative Gibbs free 

energies and percentage Boltzmann factors at room temperature. Similar to compound 1, the two 

pyridine substitutions prefer to adopt the equatorial orientation at the cyclohexane ring to retain 
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the NH···N hydrogen- bonding interaction indicated in Figure 2.7. This portion of compound 2 

remains essentially unchanged in all ten conformers shown in Figure 2.7. The values for the four 

conformationally important dihedral angles of these ten conformers are provided in Table 2.1. 

 

Figure 2.7. The ten most stable conformers of SS-2. The corresponding relative Gibbs free 

energies in kcal mol-1 at the PCM/B3PW91/cc-pVTZ level and the corresponding Boltzmann 
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factors at room temperature are also listed. The NH···N hydrogen bonds are indicated with 

dotted lines. 

 

Table 2.1. Dihedral angle values for the ten most stable conformers of SS-2 at the 
PCM/B3PW91/cc-pVTZ level. 

Conformer                  t1[˚]                      t2[˚]                     t3[˚]                    t4[˚] 

I                                    84.98                   41.08                   177.56                 164.17 

II                                  164.39                 35.76                    64.43                   60.68     

III                                165.80                  33.25                    66.13                  158.77 

IV                                175.03                  78.18                    178.16                166.83 

V                                 168.86                  164.69                   62.27                   53.83 

VI                    66.84                    103.89                   176.33                164.01 

VII          173.89                  76.61                      98.33                 156.07 

VIII          75.65                    66.79                     176.31                165.55 

IX          167.34                  38.68                     174.79                163.77 

X                          80.64                    46.08                      64.00                 156.53   

[a] Conformers are shown in Figure 2.7. 
 
 

Population-weighted VA and VCD spectra of these ten conformers are compared with the 

associated experimental data given in Figure 2.8. Because all of these conformers are relatively 

close in energy, the VA and VCD spectra of each individual conformer are also presented in 

Figures A3 and A4 in the Supporting Information, respectively, and compared with the 

experimental data. As seen in Figure A3 in the Supporting Information, the VA spectra of all ten 

conformers are similar. The two intense VA bands observed in panel B, corresponding to the C–

C vibrational motions of the pyridine rings, are predicted for all ten conformers. On the other 

hand, in panel D, a group of fairly strong VA bands, associated with the cyclohexane C–H and 

pyridine C–H motions, are predicted for all conformers, but with somewhat different relative 

intensities. Closer examination reveals that the VA bands related to the cyclohexane C–H 
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motions remain more or less the same among these conformers in panel D; this is consistent with 

the fact that the cyclohexane ring remains relatively unchanged among the conformers. The VA 

bands associated with the pyridine C–H motions, on the other hand, experience intensity changes 

from one conformer to the next, in which the pyridine rings take on different relative 

orientations. Although there are some small differences in the VA bands of different conformers 

in panel E, the predicted dominant VA bands are similar for all. Overall, the population-weighted 

VA spectrum is in good agreement with the experimental one (Figure 2.8). 

A number of interesting points can be made for the VCD spectra of different conformers shown 

in Figure A4 in the Supporting Information. First, the VCD intensities are predicted to be weak 

for all conformers in the �̅� = 1670–1560 cm-1 region, that is, panel B. Although the VA patterns 

are similar in panel B, the VCD patterns are different for different conformers. Second, in the �̅� = 

1560–1500 cm-1 region (panel D), strong VCD intensities are predicted for all conformers, but 

with drastically different patterns going from one conformer to the next. In the final population-

weighted spectrum, accidental intensity cancelations result in much weaker VCD bands; this is 

consistent with somewhat weak and congested VCD signals observed experimentally. 

Agreement between the experimental and predicted VCD patterns is good, except that the 

negative band at �̅� = 1470 cm-1 is predicted to be much stronger than that observed 

experimentally; this highlights the challenges in dealing with flexible molecules with a large 

number of relevant conformers. Lastly, in the region below υ =1400 cm-1 (panel E), all six most 

abundant conformers are predicted to show strong to medium negative VCD bands at �̅� = 1360 

cm-1; this is consistent with the most intense VCD band observed in this vicinity experimentally. 

Considering that 2 is very flexible and has a significant number of relevant conformers with 

noticeably different VCD patterns, the overall agreement between the experimental VCD 
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spectrum and the population-weighted spectrum is quite good. This in turn supports the 

conformers and conformational distributions identified. 

 

2.2.3. Compound 3 

In compound 3, the subunit –NH–CH2– in 2 is replaced with –NH–C(=O)–. The introduction of 

the two peptide bonds in 3 brings substantial rigidity to the structure. The lone electron pairs of 

the nitrogen atoms are involved in the resonance with the p electrons of the carbonyl groups. As 

a result, rotation around the N–Ccarbonyl bond is restricted, in contrast to free rotation around the 

N–C bond in 2. As with the previous compounds, the equatorial position is much more favored 

than the axial orientation for 3. In addition, the C=O group and the N atom of pyridine prefers to 

stay in the trans arrangement around the Ccarbonyl–Cpyridine bond, corresponding to the cis 

arrangement for the two N atoms shown in Figure 2.1. This results in a strong preference for the 

cis–cis configuration. One ends up with only one major conformer for 3 (Figure 2.9). The 

experimental VA and VCD data are summarized in Figure 2.10 and compared with spectra 

calculated at the PCM/B3PW91/cc-pVTZ level. For easier visual comparison, the simulated VA 

and VCD intensities are amplified by a factor of 5 and 8, respectively, in the region below �̅� = 

1450 cm-1. The majority of experimental features are reasonably reproduced by the simulated 

ones, despite their low intensity in the �̅� = 1400–970 cm-1 region. The only noticeable exception 

is the VCD experimental features at �̅� = 1650 cm-1, corresponding to the amide I vibrational 

motions, which show a negative–positive doublet, in contrast to the prediction with PCM.  

It has been demonstrated before that hydrogen-bonding interactions between a chiral solute and 

solvent may alter the appearance of the VCD spectral pattern noticeably in solution. [18–24] 

Such hydrogen-bonding interactions may be the cause for the disagreement between theory and 
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experiment with regard to the amide I VCD signs. Such phenomena in the amide I region were 

investigated, for example, for N-acetylproline amide [25] and for the tryptophan zipper (trpzip) 

model hairpin in water. [26] Compound 3 has two carbonyl oxygen atoms that can serve as 

proton acceptors to the D atom of CDCl3. We therefore constructed an explicit solvated complex 

of 3 with two molecules of CDCl3, which is also depicted in Figure 2.9. The simulated VA and 

VCD spectra of this explicit solvated complex are also presented in Figure 2.10. The assignment 

for the bands in the �̅� =1700–1450 cm-1 region is straightforward. In the �̅� =1450–1050 cm-1 

region, to aid a visual comparison, a number of experimental VA and VCD bands are labeled and 

have also been cross-checked for consistency in their VA and VCD band positions. The 

corresponding assignments for these bands are also provided in the calculated spectra. There are 

some minor changes to the VA and VCD features on going from 3 calculated with PCM to the 

explicitly solvated complex of 3 with two molecules of CDCl3. For example, the calculated VA 

feature of the solvated complex at �̅� = 1250 cm-1 appears to be stronger owing to severe overlap 

of two VA bands, whereas these two VA bands of 3 calculated with PCM are well separated. 

The most noticeable change is that the signs for the bisignate VCD couplet at �̅� = 1650 cm-1 are 

reversed with the explicit solvation model and are now in agreement with experimental results. A 

similar sign-reversed phenomenon was reported for the carbonyl stretching band in the VCD 

study of pulegone in chloroform, [18, 19] although the VCD carbonyl band was later identified 

as a non-robust mode.[19, 24] Closer examination of the VCD amide I bands reveals that these 

modes are robust and the VCD signs associated with the symmetric and anti-symmetric C=O 

bands have not changed upon hydrogen-bonding interactions with CDCl3. Rather, the reversed 

VCD signs observed are due to switching of the frequency ordering of the symmetric and 

antisymmetric C=O bands caused by hydrogen-bonding interactions with CDCl3. Detailed 
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vibrational motion and robust mode analyses are provided in Table A1 in the Supporting 

Information. The above observations and discussion highlight the importance of explicit solvent–

solute hydrogen-bonding interactions in interpreting VCD spectra. 

 

 

Figure 2.8. Comparison of the experimental and calculated VA (left) and VCD (right) spectra of 

the population-weighted spectra of SS-2 calculated at the PCM/B3PW91/cc-pVTZ level. 
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Figure 2.9. Geometries of the dominant conformer of SS-3 (left) at the PCM/B3PW91/cc-pVTZ 

level and of the 1:2 explicit solvated complex of 3 with two molecules of CDCl3 (right) at the 

B3PW91/cc-pVTZ level. The intermolecular hydrogen-bond lengths are given in Å. 

 

2.3. Conclusion 

Three nitrogen-donor ligands, namely, SS-1, SS-2, and SS-3, with different conformational 

flexibility, have been synthesized and characterized. Their VA and VCD spectra have been 

measured in the fingerprint region in CDCl3. Systematic searches were carried out to identify the 

lowest energy conformers in CDCl3 by using the implicit solvent model. The explicit hydrogen-

bonding solvation model was also evaluated for 3 in CDCl3 to adequately explain the observed 

reverse in sign in the VCD couplet in the amide I region. Good agreement between experimental 

and theoretical spectra was achieved for all three ligands, leading to the determination of the 

conformational distributions for all three compounds. This includes the highly flexible 

compound 2, which has ten most stable conformers with Boltzmann factors ranging from about 2 

to 20% at room temperature. Although detailed assignment of VA and VCD spectra becomes 

tougher with increasing flexibility of molecules, and thus, increasing number of conformers; this 

work demonstrates that conclusive assignment can nevertheless be achieved. In particular, 
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although VA spectra of different conformers show only minor differences, the corresponding 

VCD spectra show exquisite sensitivity to chirality and are, at the same time, highly sensitive to 

even subtle conformational changes. Such high sensitivity of VCD spectroscopy to chirality and 

conformations makes it an attractive approach to investigate chirality and structural properties of 

multidentate nitrogen ligands and their metal complexes in solution. 

 

 

Figure 2.10. Comparison of the experimental and calculated VA (left) and VCD (right) spectra 

of implicit solvated 3 at the PCM/B3PW91/cc-pVTZ level and the explicit solvated complex of 3 

with two molecules of CDCl3 at the B3PW91/cc-pVTZ level. The dotted experimental spectra 

are taken from the insert in Figure 2.2. A number of bands are labeled to aid a visual comparison 

(see text for details). 
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2.4. Experimental Section 

2.4.1. Experimental Details 

Compounds SS-1 and SS-2 and their opposite enantiomers were synthesized according to a 

reported experimental procedure. [27] Compound SS-3 compound was purchased from Sigma 

Aldrich (purity 97%) and used without further purification. All compounds are air stable and 

unsusceptible to light. Both SS-1 and SS-2 are soluble in dichloromethane, chloroform, toluene, 

and benzene. These synthesized compounds were fully characterized by several spectroscopic 

techniques, such as 1H and 13C NMR spectroscopy and mass spectrometry, and shown to be pure. 

VA and VCD spectra of both enantiomers of these three compounds were recorded with an FTIR 

spectrometer (Bruker) equipped with a VCD optical bench (PMA 50). Different combinations of 

concentration and path length were used to optimize the absorbance of each sample to ensure 

reliable VCD measurements. Solutions with concentrations of about 0.38, 0.37, and 0.30m were 

prepared for the enantiomeric pairs of SS-1, SS-2, and SS-3 in CDCl3 (purity 99.96%, Aldrich), 

respectively. The optimized path length was 0.1 mm for all compounds in the υ =1700–970 cm-1 

region, except for the enantiomeric pairs of SS-3 for which the experiment was also performed 

with a shorter path length of 0.025 mm, owing to the strong absorbance in the amide I and amide 

II regions. All VCD spectra were recorded at 4 cm-1 resolution and with a total data collection 

time of 3 h (3 x 60 min). The BaF2 cell windows were used. Final experimental VCD spectra 

were baseline corrected by using the difference between the SS and RR enantiomers under the 

same conditions. [6] 

2.4.2. Computational Details 

Geometry optimizations and harmonic calculations of vibrational frequencies of all conformers, 

as well as the VA and VCD intensities, were performed by using the Gaussian 09[28] program 
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package. Lorentzian line shapes with a half width at half height (HWHH) of 4 cm-1 were used to 

simulate the VA and VCD spectra calculated at the B3PW91/cc-pVTZ level. To evaluate the 

sensitivity of VA and VCD spectra to functionals and basis sets, calculations of the most stable 

conformer of SS-1 were performed with several combinations of functionals and basis sets, 

namely, B3LYP/6-311++(d,p), B3LYP/cc-pVTZ, B3PW91/6-311++(d,p), and B3PW91/cc-

pVTZ. The results are summarized in Figure A5 in the Supporting Information. Theoretical VA 

and VCD spectra obtained were similar to each other, thus demonstrating good theoretical 

stability with different combinations of functionals and basis sets. The VCD spectra at the 

B3PW91/cc-pVTZ level showed slightly better agreement with the experimental data. This level 

of theory was therefore used for all calculations performed herein. The integral equation 

formalism (IEF) of PCM [29] with application of universal force field (UFF) radii was utilized to 

account for the implicit solvent effect of CDCl3, for which a dielectric constant of 4.711 was 

used for chloroform. 
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3.1. Introduction 
 
1,5-Diaza-cis-decalin and its derivatives are important chiral diamine ligands which have found 

much application in metal-meditated and metal-catalyzed asymmetric organic reactions. For 

example, it was shown to provide high selectivity with an ee of 90-93% in enantioselective 

oxidative biaryl coupling reactions [1]. Considerable research efforts have been paid to their 

syntheses and to the conformational flexibility of the ligand which can have significant impacts 

on their catalytic ability [2,3,4,5,6,7]. Kozlowski and co-workers investigated the effects of 

different substitutions at the two amines groups of 1,5-Diaza-cis-decalin and at the decalin ring 

on the conformational equilibrium position [2,4]. The authors found that these ligands exist in 

two conformations: N-in and N-out (Scheme 3.1) and that the position of the conformational 

equilibrium depends mainly on the substitution at the amine groups [2]. Furthermore, the 

catalytic properties of 1,5-Diaza-cis-decalin, a highly stable bidentate ligand, can vary noticeably 

with different metal center atoms. For example, the catalytic ability of several complexes formed 

using 1,5-Diaza-cis-decalin ligand and a few different metals was evaluated for the oxidative 

asymmetric biaryl coupling of 3-substitued 2-naphthols [7]. In all these studies, it is recognized 

that the conformations of the chiral metal complexes are an important deciding factor in their 

catalytic abilities. It is therefore of considerable interest to carry out conformational analysis of 

the [(R,R)-1,5-Diaza-cis-decalin] and its copper (II) hydroxide Iodine hydrate complex. 

Several spectroscopic methods, namely electronic circular dichroism (ECD) and vibrational 

absorption (VA), and ultraviolet/visible (UV-Vis) spectroscopy have been utilized in this study, 

in combination with Density Functional Theory (DFT) calculations. Such combinations have 

been used extensively in the last few years to obtain information about conformations and 

absolute configurations of many important chiral biological, organic, and inorganic molecules 
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[1,8,9], thanks to the noticeable theoretical advances. Furthermore, in recent years, the effects of 

hydrogen bonding have been hypothesized as a possible cause of the discrepancy between 

calculated and experimental ECD spectra [10], although little has been reported on the subject 

[11,12]. The copper (II) compound available commercially contains one crystal water molecule. 

It would therefore be of substantial interest to investigate whether the hydrogen bonding between 

the copper (II) complex and water has any important effects on the appearance of ECD spectrum.    

In the present investigation, the VA measurement, and the UV–Vis and ECD measurements of 

the titled copper complex have been performed using a KBr pellet and in acetonitrile solutions, 

respectively. Extensive conformational analyses have been carried out for 1,5-diaza-cis-decalin 

ligand, the corresponding [(R,R)-1,5-diazacis-decalin] copper (II) hydroxide iodine complex, and 

the associated hydrogen bonded cluster consisting of the copper (II) complex and one additional 

water molecule using DFT. The experimental VA, UV–Vis and ECD spectra have been 

compared to the simulated data using DFT and time dependent (TD)-DFT. Important 

conclusions about the conformations of the complex and the effects of hydrogen bonding 

interaction on the appearance of these spectra have been obtained.   

 

3.2. Experimental and theoretical details 
3.2.1. Spectroscopic measurements 
 
[(R,R)-1,5-diaza-cis-decalin] cupper (II) hydroxide iodine hydrate was purchased from Sigma 

Aldrich (Canada) and used without any further purification. The UV and ECD measurements 

were carried out using a HP 8453 UV–Vis instrument and Olis DSM 17 CD spectrophotometer, 

respectively. A path-length of 0.5 cm was used for the UV–Vis and ECD measurements. 

Solutions of the copper (II) complex in acetonitrile with a concentration of 3.4 x 10-5 M and 1.1 x 

10-3 M were used for the UV and ECD measurements in the 190–300 nm and 300–500 nm 
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regions, respectively, because of the low absorption intensity in the longer wavelength region. 

The VA measurements in the finger print region from 700 to 1800 cm-1 were performed using a 

KBr pellet with a 0.6% concentration using VERTEX 70 FTIR spectrometer (Bruker) module 

[13]. It is in principle possible to obtain a vibrational CD (VCD) measurement of the KBr pellet. 

However, we found that the artefacts were too severe and no solid state VCD measurements 

were further pursued in the present study. The targeted copper complex has very low solubility in 

all common solvents such as methanol, water, chloroform, and acetonitrile, with the highest 

solubility in acetonitrile. Even in acetonitrile (both normal and CD3CN), we were not able to 

obtain reliable VA spectral features because the solvent absorption features in the same spectral 

range completely overwhelm those of the complex. Consequently, we were not able to obtain 

solution VCD spectra either.     

 

 

Scheme 3.1. Two main conformations of 1,5-diaza-cis-decalin ligand identified in Refs. [2,6]. 

Both N atoms are in the proximal position in N-in, and both N atoms are in the distal position in 

N-out. 

 

 

 

3.2.2. Theoretical calculations 
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The geometry optimizations, vibrational frequencies, and VA and VCD intensities, as well as 

frequencies and intensities of UV and ECD spectra have been performed using the Gaussian03 

program package [14]. B3LYP exchange correlation functional has been widely used for 

structural studies of transition metal complexes with reliable results [15–18]. It is also known to 

provide structural and VA and VCD spectral predictions in good agreement with the 

experimental data for hydrogen-bonded systems [19–23]. Therefore, geometry optimizations of 

the ligand and the copper complex without and with the hydrogen bonded water molecule were 

carried out at this level of theory with 6-31++G(d,p) for the ligand and with LanL2DZ basis set 

for the copper complex. The corresponding Boltzmann population analyses based on the relative 

energies and Gibbs free energies were performed. To confirm that the optimized geometries were 

true minima, their harmonic frequency calculations were checked to be without any imaginary 

frequencies. The predicted harmonic VA frequencies are not scaled in the current study. The 

calculations of the corresponding UV–Vis and ECD spectra were completed using TD-DFT. To 

simulate the VA and VCD spectra, a Lorentzian line shape with a half width at half maximum of 

4 cm-1 was used, whereas a half width at half maximum of 0.3 eV was used for the UV–Vis and 

ECD simulations [24]. To account for the solvent effects in the UV–Vis and ECD solution 

measurements, the integral equation formalism (IEF) version of implicit polarization continuum 

model (PCM) [25,26] as implemented in Gaussian 03 was applied. Within this model, the 

CH3CN solvent was treated as a continuum dielectric environment and a permittivity value of 

ɛ0=36.64 was used. No scaling factor was applied to the predicted electronic transition 

wavelengths in this paper. 

3.3. Results and discussions 
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3.3.1. Conformational analysis and spectral simulation of the [(R,R)-1,5-diaza-cis-decalin] 

ligand 

Two major conformations, associated with the proximal and distal position of the N atoms, of 

1,5-diaza-cis-decalin, had been discussed before in literature [2,6]. Since chiroptical 

measurements can be quite sensitive to even the more subtle conformations resulted from 

different orientations of the amine hydrogen atoms in the ligand [27], a further conformational 

search was carried out. For the N-in and N-out conformations, the H atoms of the two amine 

groups can be either in the equatorial (e) position or axial (a) position, giving rise to three 

conformations, labeled as H-ee, H-ea and H-aa, in each case. This resulted in a total of six 

conformers as shown in Figure 3.1.  
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Figure 3.1. Six most stable conformers of the Chair–Chair 1,5-diaza-cis-decalin ligand at the 

B3LY/6-31++G(d,p) level of theory. 

It should be pointed out here that in all these six conformations, the decalin rings have been kept 

in the Chair–Chair conformation which has a close to 100% Boltzmann population factor based 

on the relative Gibbs free energies, as discussed in the next paragraph. Please note that H-ea and 

H-ae are the same here since the two decalin rings are identical. The calculated relative energies 

and Gibbs free energies are listed in Table 3.1, together with the corresponding percentage 

Boltzmann population factors at room temperature based on the relative energies and Gibbs free 

energies. From Table 3.1, one can conclude that the N-in conformers are much more stable than 

the N-out conformers and that the N-in H-ea conformer is the most stable ligand conformer with 

a dominating Boltzmann factor of 88% at room temperature.  

Table 3.1. Calculated relative energies, Gibbs free energies, and the corresponding percentage 
Boltzmann population factors at room temperature of the six most stable conformers of the 
Chair–Chair 1,5-diaza-cis-decalin ligand at the B3LYP/6-31++G(d,p) level. 

Conformers of ligand     ΔE˚ (kcal/mol)       ΔG˚ (kcal/mol)      Pop% (ΔE˚)      Pop% (ΔG˚) 

N-in Hee                              0.50                         1.14                       21.12                 12.19 
N-in Hea                              0.00                         0.00                       48.84                 82.98 
N-in Haa                              0.80                         1.86                       12.65                   3.60                                                     
N-out Hee                            1.19                         3.19                         6.58                   0.38 
N-out Hea                            1.23                         2.84                         6.14                   0.68 
N-out Haa                            1.39                         3.66                         4.67                   0.17 

 

Clearly, the nitrogen atoms favor the proximal position, i.e. N-in, consistent with the finding 

reported previously [2]. The two amine hydrogen atoms, on the other hand, prefer to occupy two 

different positions, i.e. one axial and one equatorial. This might be due to an energetically 

favorable interaction between the axial hydrogen atom with the other nitrogen atom in the H-ea 
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conformation while none of the other five conformers can enable such an interaction. Indeed, the 

distance of N(axial) and H(equatorial), rN(axial) . . . H(equatorial), is about 2.72 Å, considerably shorter 

than a regular van der Waals distance [28]. Besides the conformations associated with the amine 

N and H atoms, the decalin rings can also take on different conformations, such as Chair–Chair, 

Chair–Boat, Boat–Chair, and Boat–Boat, although only the Chair–Chair conformation had been 

explicitly considered in the previous literature [2,3,6]. For completion, we used two most stable 

conformers, i.e. N-in H-ea and N-in H-ee, as starting points for considering the decalin ring 

conformations. This resulted in four ring conformers of N-in H-ea and three of N-in H-ee, which 

are depicted in Figure 3.2.  
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Figure 3.2. Geometries of the decalin ring conformers of (a) N-in H-ea and (b) N-in H-ee 1,5-

diaza-cis-decalin ligand at the B3LY/6-31++G(d,p) level. Hydrogen atoms attached to the carbon 

atoms are not displayed for simplicity. 

 

The corresponding relative energies and Gibbs free energies are provided in Table 3.2. Clearly, 

the Chair–Chair conformers are by far the most stable structures in the gas phase with a close to 

100% Boltzmann population factor at room temperature in both cases. We therefore considered 

only the Chair–Chair conformation in the spectral simulation of the ligand. 

Table 3.2. Calculated relative energies, relative Gibbs free energies and the corresponding 
percentage Boltzmann population factors at room temperature of the decalin ring conformers of 
the N-in H-ea and N-in H-ee 1,5-diaza-cis-decalin ligands at the B3LYP/6-31++G(d,p) level. 

Conformers of ligand                                  ΔE˚ (kcal/mol)       ΔG˚ (kcal/mol)      Pop% (ΔE˚)     Pop% (ΔG˚) 

Four decalin ring conformers of N-in H-ea 
Chair-Chair                                                       0.00                         0.00                      100.00               99.99 
Chair-Boat                                                         6.61                         5.99                          0.00                 0.00 
Boat-Chair                                                         6.23                         5.80                          0.00                 0.01                                                     
Boat-Boat                                                         13.59                       12.97                          0.00                 0.00 
 
Three decalin ring conformers of N-in H-ee 
Chair-Chair                                                       0.00                          0.00                     100.00               99.98 
Chair-Boat                                                       11.37                          8.87                         0.00                 0.01 
Boat-Boat                                                         13.59                        10.48                         0.00                 0.00 
 

The VA and VCD spectra of the six most stable Chair–Chair ring conformers are shown in 

Figure 3.3. While the three N-out conformers have fairly similar VA spectra, the VA spectra of 

the three N-in conformers are noticeably different among themselves and from those of the N-out 

conformers, especially in the 600–800 cm-1 region. The bands in the 600–800 cm-1 region 

correspond mainly to those associated with the N–H bending motion. Clearly, different 

placements of the nitrogen atoms in the decalin rings are responsible for this. The equatorial and 
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axial orientations of the amine hydrogen atoms introduce only minor differences in the VA 

spectra of the N-out conformers. In contrast, such orientations have very noticeable effects on the 

appearance of VA spectra of the N-in conformers, most likely due to the forming and breaking of 

the intramolecular hydrogen bond (or at least strong interaction) between the N and H atoms. 

The VCD spectra of the six conformers are as expected very different from each other because of 

the high sensitivity of VCD spectra to variations in dihedral angles. Unfortunately, 1,5-diaza-cis-

decalin ligand is not available commercially and no experimental VA and VCD data of the 

ligand have been obtained. 

 

Figure 3.3. Simulated VA and VCD spectra of the six most stable conformers of the Chair–

Chair 1,5-diaza-cis-decalin ligand listed in Table 3.1 at the B3LYP/6-31++G(d,p) level. 
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The UV–Vis and ECD spectra of the two most stable Chair–Chair ring conformers, i.e. N-in H-

ea and N-in H-ee, have also been simulated with TDDFT in order to compare to the experimental 

ECD spectrum reported in Ref. [3]. To account for the effects of CH3CN solvent, the geometries 

of these two conformers have been re-optimized with PCM of CH3CN and the related spectra 

simulated. These simulated UV–Vis and ECD spectra are summarized in Figure 3.4. The effects 

of a polar solvent on the appearances of the UV–Vis and ECD spectra of a range of chiral 

molecules [29] have been investigated theoretically using the conductor-like screening model 

(COSMO) [30, 31] and PCM, both of the continuum solvent model type. For a conformationally 

rigid system, such as methyloxirane [29] and [Co(en)3]3+ [32], the inclusion of the continuum 

solvent model seems to only shift some band frequencies and relative band intensities slightly in 

UV–Vis spectra and introduce minor changes in the shapes of ECD spectra [32]. For a more 

flexible system, such as 3,3′,4,4′,7-flavanpentol [33], the ECD features of some conformers 

experience more dramatic intensity alternations, while others remain more or less the same. 

From Figure 3.4, one can see that the inclusion of PCM produced only minor changes in the 

appearance of the UV–Vis and ECD spectra. It is interesting to note that the ECD spectra for 

these two conformers appear quite different. The simulated ECD spectrum of N-in H-ea shows a 

positive broad first Cotton band in the longer wavelength region, in good agreement with the 

observed spectrum for (R,R)- 1,5-diaza-cis-decalin reported in Ref. [3]. The simulated ECD 

spectrum of N-in H-ee, on the other hand, shows essentially no ECD activity in the same region. 

The comparison of the simulated and experimental ECD data therefore supports the conclusion 

that Nin H-ea is the dominant ligand conformer at room temperature. 
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Figure 3.4. Simulated UV–Vis and ECD spectra of the two most stable conformers of Chair–

Chair [(R,R)-1,5-diaza-cis-decalin] ligand in the gas phase and with PCM of CH3CN solvent at 

the B3LYP/6-31++G(d,p) level. 

3.3.2. Conformational analysis and spectral simulations of the [(R,R)-1,5-diaza-cis-decalin] copper (II) 

hydroxide iodine complex 

As discussed in the previous section, the 1,5-diaza-cis-decalin ligand strongly prefers the Chair–

Chair conformation for the decalin rings, the N-in conformation for the nitrogen atoms, and the 

ea conformation for the amine hydrogen atoms. On the other hand, based on the geometric 
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consideration and the results from previous studies [2,3], only the N-in H-ee ligand conformers 

are capable of forming coordination bonds to the copper atom. Consequentially, the coordination 

to the copper atom must have moved the equilibrium towards the N-in H-ee ligand conformer 

from the dominating N-in H-ea ligand conformer. It would also be interesting to investigate if 

binding to copper can also alter the preferred conformation of the decalin rings. Therefore, four 

N-in H-ee conformers of the copper complex were constructed where each decalin ring can have 

either chair or boat conformations. These are Chair–Chair, Chair–Boat where the iodine ligand is 

adjacent to the Chair ring, Boat–Chair where the iodine ligand is adjacent to the Boat ring, and 

Boat–Boat. The optimized geometries of these four conformers are presented in Figure 3.5 and 

the calculated relative energies and relative Gibbs free energies are summarized in Table 3.3, 

together with the corresponding percentage Boltzmann population factors at room temperature. 

As one can see, the Chair–Chair conformer is still favoured with a commanding Boltzmann 

population factor of 99%, while the rest of conformers have only negligible contributions at 

room temperature. This indicates that while the preferred orientation of the amine H atoms 

changes from ea to ee to accommodate the coordination binding, the coordination to copper 

imposes little effect on the preferred geometries taken by either the decalin rings or the N-atoms. 
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Figure 3.5. Optimized geometries of the four decalin ring conformers of N-in H-ee [(R,R)-1,5-

diaza-cis-decalin] copper (II) hydroxide iodine complex at the B3LYP/ LanL2DZ level. 

Hydrogen atoms attached to the carbon atoms are not displayed for simplicity. 

Table 3.3. Calculated relative energies, relative Gibbs free energies and the corresponding 
percentage Boltzmann population factors at room temperature of the four conformers of [(R,R)-
1,5-diaza-cis-decalin] copper (II) hydroxide iodine complex at the B3LYP/ LanL2DZ level. 

Conformers of complex             ΔE˚ (kcal/mol)       ΔG˚ (kcal/mol)      Pop% (ΔE˚)      Pop% (ΔG˚) 

C-I Chair-Chair N-in Hee                 0.00                         0.00                        99.96                 99.94 
C-II Chair-Boat N-in Hee                 5.17                          4.75                         0.02                   0.03 
C-III Boat-Chair N-in Hee                5.17                         4.90                          0.02                   0.03                                                    
C-IV Boat-Boat N-in Hee                  9.78                          9.33                         0.00                   0.00 

 

The simulated VA and VCD spectra of the above four conformers of the copper complex are 

depicted in Figure 3.6. The experimental VA spectrum of [(R,R)-1,5-diaza-cis-decalin] copper 

(II) hydroxide iodine hydrate measured with a translucent KBr pellet is also shown in Figure 3.6a 

for comparison. The VA spectra of all four conformers show similar main features although 
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some minor differences exist. The main VCD features, on the other hand, are more different 

among these conformers. This is consistent with the general observation that VCD spectra are 

more sensitive to conformational changes than the related VA spectra. The observed VA 

spectrum, however, shows little resemblance to that of the most stable conformer, i.e. C-I Chair–

Chair N-in H-ee conformer, of [(R,R)-1,5-diaza-cis-decalin] copper (II) hydroxide iodine 

complex, or to those of any other minor conformers. Since a complete conformational search has 

been carried out for the complex, the disagreement between the experimental and the simulated 

spectra suggests that one may need to consider the crystal water molecule in the simulation. This 

point will be addressed in Section 3.3.3. 
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Figure 3.6. Simulated VA and VCD spectra of the four conformers of [(R,R)-1,5-diaza-

cisdecalin] copper (II) hydroxide iodine complex listed in Table 3.3 at the B3LYP/ LanL2DZ 

level. The experimental VA spectrum obtained with a KBr pellet is also included for comparison. 
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The simulated UV–Vis and ECD spectra of the above four conformers of the copper complex are 

depicted in Figure 3.7, together with the experimental UV–Vis and ECD spectra of the [(R,R)-

1,5-diazacis-decalin] copper (II) hydroxide iodine hydrate measured in CH3CN solution. All the 

conformers show similar simulated UV–Vis spectra, whereas some minor differences can be 

seen in the related ECD spectra. The experimental UV–Vis spectrum can be correlated to the 

simulated UV–Vis features reasonably well. The experimental ECD spectrum, however, shows 

little resemblance to that of any conformer, including the dominant conformer, C-I Chair–Chair 

N-in H-ee of the complex. We therefore hypothesized that the hydrogen bonding interaction 

between the complex and the crystal water molecule may be responsible for the disagreement 

between theory and experiment, just as in the case of the VA comparison discussed above. This 

issue will be addressed in Section 3.3.3. 
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Figure 3.7. Simulated UV–Vis and ECD spectra of the four conformers of [(R,R)-1,5- diaza-cis-

decalin] copper (II) hydroxide iodine complex listed in Table 3.3 at the B3LYP/LanL2DZ level. 

The experimental UV–Vis and ECD spectra obtained in CH3CN solution are also included for 

comparison. The inserts were measured with a higher concentration (see Section 3.2.1 for 

details). 
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3.3.3. Hydrogen bonding effects on the VA, VCD, UV–Vis and ECD spectra of the [(R,R)-1,5-diaza-cis-

decalin] copper (II) hydroxide iodine complex 

There is one water molecule for each coordination complex in the sample purchased from Sigma 

Aldrich. It had been demonstrated both theoretically and experimentally that hydrogen bonding 

interactions with water molecules can have dramatic effects on the VCD spectral signatures [8, 

22, 34, 35]. This encouraged us to investigate the effects of the hydrogen bonding interaction of 

the copper complex with water on the spectra observed. A water molecule can bind to the copper 

complex with two hydrogen bonds simultaneously. This resulted in three possible geometries 

using the dominant C-I Chair–Chair N-in H-ee conformer as the starting point. The main 

conformer, W-I (NHd–Oa), refers to the conformer of the hydrogen bonded cluster where the 

amine H and O atoms of the copper complex serve as the proton donor and acceptor to 

simultaneously form the NH…OwHw and OwHw…O hydrogen bonds, respectively. Here Ow 

and Hw are the oxygen and hydrogen atoms of water, respectively. We use ‘‘W’’ to signify the 

inclusion of the crystal water molecule. This conformer has a 100% Boltzmann population factor 

at room temperature. The next most stable conformer, W-II (NHd–Ia), designates the hydrogen 

bonding conformer with the NH…OwHw and OwHw…I hydrogen bonds. The third most stable 

conformer, W-III (OHd–Ia), refers the conformer containing the OH…OwHw and OwHw…I 

hydrogen bonds. The most stable one has two strong hydrogen bonds involving the highly 

electronegative N and O atoms. The other two, on the other hand, contain one OwHw…I 

hydrogen bond in addition to the NH…OwHw or OH…OwHw bond. Since the iodine ligand is 

bigger and less electronegative than the oxygen and nitrogen atoms involved in a hydrogen bond, 

it is not surprising that NHd–Oa is the most stable conformer among them. The corresponding 

theoretical relative energies and relative Gibbs free energies are listed in Table 3.4, while the 
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optimized geometries are given in Figure 3.8 where the intermolecular hydrogen bond lengths 

are indicated. 

Table 3.4. Calculated relative energies, relative Gibbs free energies and the corresponding 
percentage Boltzmann population factors at room temperature of the three most stable hydrogen 
bonded conformers of C-I Chair–Chair N-in H-ee [(R,R)-1,5-diaza-cisdecalin] copper (II) 
hydroxide iodine complex with the crystal water at the B3LYP/LanL2DZ level. 

Conformers of complex             ΔE˚ (kcal/mol)       ΔG˚ (kcal/mol)      Pop% (ΔE˚)      Pop% (ΔG˚) 

W-I (NHd-Oa)                                  0.00                          0.00                        100.00                 100.00 
W-II (NHd-Ia)                                  9.98                          8.97                            0.00                     0.00 
W-III (OHd-Ia)                              15.48                        15.48                            0.00                     0.00                                                     
 
 

 

Figure 3.8. Geometries of the three most stable conformers of the hydrogen bonded cluster of C-

I Chair–Chair N-in H-ee [(R,R)-1,5-diaza-cis-decalin] copper (II) hydroxide iodine complex with 

a crystal water molecule obtained at the B3LYP/LanL2DZ level. Hydrogen atoms attached to the 

carbon atoms are not displayed for simplicity. The important hydrogen bond lengths (in Å) are 

also indicated. 
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The simulated VA and VCD spectra of these water hydrogen bonded conformers are depicted in 

Figure 3.9, together with the experimental VA spectrum of the complex. First of all, the 

hydrogen bonding interaction with water at different binding sites introduces significant 

differences to both VA and VCD spectra among the three conformers. Second, the hydrogen 

bonding interaction with water also leads to drastic changes in the VA and VCD spectra, 

compared to those of the starting conformer, C-I Chair–Chair N-in H-ee (Figure 3.6), where 

water was not included. There are two strong bands at 1056 cm-1 and 1684 cm-1 in the W-I VA 

spectrum which correspond mainly to the bending of OH group in the complex and that of water, 

respectively, and which do not show up as prominently or at all in the VA spectrum of C-I 

Chair–Chair N-in H-ee. The VA pattern predicted for W-I correlated very well with the observed 

VA spectrum measured with a KBr pellet, whereas the other two conformers alone show much 

poorer agreement. This indicates that W-I is the dominant conformational structure favoured at 

room temperature. It is plausible that W-II and W-III also make some minor contributions to the 

observed VA spectrum since the water bending band observed is quite broad, suggesting that the 

local environment to water is not uniform. The comparison discussed above clearly demonstrates 

the importance of including crystal water in such simulations. 
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Figure 3.9. Comparison of the experimental VA spectrum of the copper complex obtained with a 

KBr pellet with the simulated VA and VCD spectra of the three most stable hydrogen bonded 

conformers of C-I Chair–Chair N-in H-ee [(R,R)-1,5-diazacis-decalin] copper (II) hydroxide 

iodine complex with water, listed in Table 3.4, at the B3LYP/LanL2DZ level. 
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The corresponding simulated UV–Vis and ECD spectra of the hydrogen bonded clusters of the 

copper complex with water are given in Figure 3.10, together with the experimental UV–Vis and 

ECD spectra. The two strong absorption bands observed at the shorter wavelength region were 

well captured by the simulated UV–Vis spectra of all three conformers since there are no 

significant differences among them. In general, the TDDFT method seems to underestimate the 

wavelengths of these strong electronic transitions. In the longer wavelength region, two 

experimental bands (insert of Figure 3.10) are visible with much lower relative intensities than 

the two in the shorter wavelength region. This can be compared to the simulated band with a 

very broad profile, although it was predicted with much higher relative intensity than that 

observed experimentally. Since the UV–Vis spectra for all three water containing conformers are 

similar, it is difficult to conclude which one of them dominates in solution. In the 190–300 nm 

range, the experimental ECD spectrum shows a series of prominent ECD features with 

sequentially positive–negative–positive (+/-/+) signs. This correlated well with the predicted 

ECD spectrum of W-I in the short wavelength region. The predicted ECD spectra of W-II and 

W-III are noticeably different from the experimental one. For example, W-III exhibits a series of 

ECD features with sequentially negative–positive–negative (-/+/-) signs in the shorter 

wavelength region, almost exactly the opposite of what was detected experimentally. In the 

longer wavelength region, the ECD spectrum measured with a higher concentration was again 

qualitatively captured by the W-I conformer. Overall, the comparison of the experimental and 

simulated ECD spectra discussed above led to the conclusion that W-I is the dominant species in 

solution at room temperature. It is gratifying to see that the detailed VA analysis pointed to the 

same conclusion that W-I is the main species at room temperature. Clearly, the inclusion of the 

crystal water in modeling is essential for achieving such consistent conclusions. 
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Figure 3.10. Comparison of the experimental UV–Vis and ECD spectra of the copper complex 

with the corresponding simulated spectra of the three most stable hydrogen bonded conformers 

of C-I Chair–Chair N-in H-ee [(R,R)-1,5-diaza-cisdecalin] copper (II) hydroxide iodine complex 

with water, listed in Table 3.4, at the B3LYP/LanL2DZ level. 

 

From Figure 3.10, one can see that the main features in the simulated UV–Vis spectra of the 

three conformers are quite similar, although there are some minor differences in the appearances 

of the unresolved shoulders. Furthermore, the UV–Vis spectrum of W-I is comparable to that of 
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C-I Chair–Chair N-in H-ee, (Figure 3.7). Since H2O is not directly bonded to the copper atom, 

one may anticipate that its inclusion has only minor effects on the main electronic transition 

dipole moments of the metal complex. The predicted ECD spectra, on the other hand, are 

dramatically different among these three water containing conformers and from that of C-I 

Chair–Chair N-in H-ee (Figure 3.7). This was somewhat surprising at first glance, especially 

since the UV–Vis spectra for all conformers remain similar upon inclusion of H2O. On the other 

hand, ECD spectra can sense different hydrogen bonding environments much more sensitively 

than UV–Vis spectra, in a similar fashion as VCD verses VA in the mid-infrared region [36]. 

Drastic effects of hydrogen bonding interactions on the ECD spectra had been discussed only in 

a limited number studies [11], although the degree of effects seems to depend on the specific 

cases [12]. 

Why does the inclusion of crystal water have such a strong impact on the appearance of the ECD 

spectrum here? Since ECD spectra are in general highly sensitive to variations in dihedral angles 

of conformers, it would be of interest to examine if the changes in ECD are mainly due to the 

structural modifications of the complex itself upon hydrogen bonding with water. To test this, the 

geometry of W-I was frozen at its optimized geometry and then water was removed for the 

subsequent UV–Vis and ECD simulation. The resulting UV–Vis and ECD spectra are 

summarized in Figure 3.11, together with those of W-I and C-I Chair–Chair N-in H-ee for 

comparison. Clearly, the UV–Vis spectra remain more or less the same throughout. It is 

interesting to note that the ECD spectrum of the frozen W-I with the crystal water removed looks 

very similar to that of C-I. This suggests that the small conformational changes induced by the 

hydrogen bonding interaction to water are not the main reason for the drastically different ECD 

appearances of C-I and W-I. Rather the associated magnetic transition dipoles and their 
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orientations relative to the related electric transition dipoles have been modified to generate the 

noticeable changes in the ECD spectrum. 

 

 

Figure 3.11. Comparison of the simulated UV–Vis and ECD spectra at the B3LYP/ LanL2DZ 

level of C-I Chair–Chair N-in H-ee [(R,R)-1,5-diaza-cis-decalin] copper (II) hydroxide iodine 

complex, of its most stable hydrogen bonded cluster W-I, and of the hypothetical molecular 

system where the structure of W-I was frozen and the crystal water was removed for spectral 

simulation. 
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3.4. Conclusion 

In the present report, extensive structural searches of the [(R,R)-1,5-diaza-cis-decalin] ligand and 

its associated copper(II) hydroxide iodine hydrate show that the ligand favors the Chair–Chair N-

in H-ea conformation, whereas the same ligand in the copper complex favors the Chair–Chair N-

in H-ee conformation. The comparison of the experimental VA and ECD spectra of the copper 

complex with the corresponding simulated spectra of [(R,R)-1,5-diazacis-decalin] copper (II) 

hydroxide iodine hydrate showed poor agreement. The inclusion of the hydrogen bonding 

interaction of crystal water with the complex resulted in one dominant hydrogen bonded cluster 

whose VA and ECD exhibit close resemblance to the experimental data. The current study 

demonstrates the importance of inclusion of the hydrogen bonding interaction with the crystal 

water in interpreting the experimental VA and ECD spectra. The results show that VA and ECD 

spectroscopy complemented with DFT calculations is a powerful method for probing not only 

conformations but also specific hydrogen bonding interactions in transition metal complexes. 
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4.1. Introduction 

1,1′-Binaphthyl compounds are a special class of biaryl molecules. Considerable amounts of 

experimental effort have been concentrated on introducing structural modifications to the biaryl 

groups in order to improve the enantio-selectivity of the catalysts. It was reported that a smaller 

dihedral angle between the naphthyl rings may lead to better stereo-discrimination in some 

reactions.[1] BINAP (2,2′-diphenylphosphino-1,1′-binaphthyl, Figure 4.1), a unique binaphthyl 

diphosphine chiral ligand devised by Noyori (winner of the Nobel Prize in Chemistry in 

2001),[2] signifies an important milestone in the development of binaphthyl chemistry. BINAP 

exhibits axial chirality since the rotation about the bond linking the two naphthyl rings is 

strongly hindered. As a result of their highly stable chiral configuration, BINAP and its 

derivative TOLBINAP (also shown in Figure 4.1) have found extensive applications in the field 

of asymmetric syntheses, such as hydrogenation of olefins[3] and ketones,[4] and isomerisation 

of allylamines,[5] and have demonstrated outstanding chirality discrimination abilities. Their 

complexes with transition metals, such as palladium, rhodium, and ruthenium, are widely used as 

catalysts in stereoselective organic syntheses, for example, in the commercial production of the 

enantiopure anti-inflammatory drug naproxen. [6] In particular, BINAP– and TOLBINAP–Pd 

complexes, the two titled complexes investigated here, have been utilized widely as catalysts for 

the amination of aryl halides, a practical synthetic route for C–N bond formation,[7,8] and for the 

Mannich-type C–C bond formation reactions. [9, 10] For their extensive applications as catalysts 

in stereoselective syntheses, there has been intensive interest in their catalytic mechanism. [11, 

12] It is, however, highly challenging to establish a mechanism equivocally. While NMR 

spectroscopy and kinetic studies have been used widely to verify the existence of certain 

intermediate species and establish reaction orders, it is desirable to have other complementary 
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techniques which can be applied directly in solution and which are also exquisitely sensitive to 

chirality of the species involved, such as reactants, intermediates, and products. 

 

Figure 4.1. Structures of the BINAP (1, Ar=C6H5) and TOLBINAP (2, Ar=4-CH3–C6H4) ligands 

(left) and their corresponding palladium complexes (right) investigated in this report. 

Vibrational circular dichroism (VCD) spectroscopy [13] has emerged in recent years as a 

powerful chiroptical spectroscopic tool to examine variation of dihedral angles in these BINAP 

metallic complexes and to potentially follow their catalytic processes. VCD spectroscopy 

measures the preferential absorption of the left versus right circularly polarized light 

accompanying a vibrational transition. VCD spectroscopy in combination with density functional 

theory (DFT) modeling [14] has been applied successfully to determine the absolute 

configurations of chiral molecules in solution, thanks to the significant advances in both the 

experimental technique and the theoretical modelling. In organometallic chemistry, VCD 

spectroscopy has been applied to probe structures and other properties of metal complexes of 

different chiral topologies. [15] For example, it has been used to study a star-burst type 

tetranuclear Ru(III) complex [16] and to evaluate the effects of counter ions in Co(en)3
2+ 

complexes [17] and of low-lying electronic transitions in a spin-triplet bis-(biuretato) 

cobaltate(III) coordination complex. [18] Since neither the ligands nor their metal complexes had 
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been studied using the VCD approach before, we measured the VCD spectra of the BINAP and 

TOLBINAP ligands, together with their respective palladium complexes, i.e. Pd(BINAP)Cl2 and 

Pd(TOLBINAP)-Cl2. One main objective is to examine the conformational changes, in particular 

the chiral dihedral angles, in the BINAP and TOLBINAP ligands before and after coordination 

to palladium. The second main objective is to assert how well the observed VCD features in 

solution can be produced by the theoretical modelling. To be able to evaluate the effects of 

solvation adequately is important since solvents may even alter a reaction mechanism and 

influence the enantiomeric excess of an asymmetric synthesis. These studies can be regarded as 

the first step towards establishing the VCD method as a new spectroscopic tool for monitoring 

reaction species in asymmetric syntheses involving BINAP and its derivative metallic catalysts. 

4.2. Results and discussions 

4.2.1. Experimental spectra 

The experimental VA and VCD spectra of R-BINAP (1) and R-TOLBINAP (2) in CDCl3 

solution, obtained in the fingerprint region from 1000–1700 cm-1, are given in Figure 4.2. The 

experimental VA and VCD spectra of the corresponding palladium complexes, i.e. R-Pd(1)Cl2 

and R-Pd(2)Cl2 in CDCl3, are also summarized in Figure 4.2. The experimental VCD spectra of 

both R- and S-enantiomers of BINAP, TOLBINAP and Pd(TOLBINAP)Cl2 in CDCl3 solution 

and their related noise levels are provided in Figure B1, Appendix B. As one can see, the VCD 

spectra of the enantiomeric pairs show good mirror images (see also “Experimental and 

computational details”). First of all, the VA spectra of the 1 and 2 ligands show easily 

recognizable resemblance to their respective metal complexes. This is not surprising since the 

VA bands in this region correspond largely to the ligand vibrational modes, whereas the metal 

related VA modes, such as the Pd–Cl stretching bands, are at ∼290–310 cm-1, [19] outside the 
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range of the instrument. Despite their similarity, there are noticeable changes in the relative band 

intensities, especially for 2 and its complex. Secondly, although the most intense VCD features 

at ∼1400 cm-1 remain similar for 1 and its Pd complex, there are obvious changes in the 1100–

1300 cm-1 regions going from the ligand to its Pd complex. For 2 and its Pd complex, the 

associated VCD spectra are drastically different from each other. These observations 

demonstrate the sensitivity of VCD features to the binding with Pd. Thirdly, the VA and VCD 

spectra of the 1 and 2 ligands are visibly different, although there are only four extra methyl 

groups at the para positions of the phenyl rings for 2 compared to 1. For example, the strongest 

VA and VCD features in 1 are noticeably weak or non-existing in 2. 

 

Figure 4.2. The experimental VA (left) and VCD (right) spectra of R-1, R-Pd(1)Cl2, R-2, and R-

Pd(2)Cl2 in CDCl3. 

4.2.2. Conformations of the 1 and 2 ligands and of the Pd(1)Cl2 and Pd(2)Cl2 complexes 

1,1′-Binaphthyl has a rotation barrier of 23.5 kcal mol-1 [20] around the 1–1′ C–C bond, thus 

allowing the isolation of the related enantiomers at room temperature. It was discovered in 1971 
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that the racemic solution of 1,1′-binaphthyl underwent spontaneous resolution to form either R or 

S enantiomeric crystals. [21] The substitution at the 2 and 2′ positions, on the other hand, is 

likely to introduce strong steric repulsion, thus preventing rotation about the bridge C–C bond 

and generating very stable enantiomers and transoid or cisoid conformers where the dihedral 

angle between the two naphthalene rings is larger or smaller than 90 degrees, respectively. This 

dihedral angle was reported to be as high as 108 degrees with the large OSO2CF3 substituents 

and as low as 52 degrees with a bridge substituent PO4H at the 2 and 2′ positions of 1,1′-

binaphthyl, respectively, in a previous VCD study.[22] Because of the bulky substituents at the 2 

and 2′ positions in the case of 1 and 2, one may expect that the two naphthalene rings adopt a 

roughly perpendicular position with each other due to the steric hindrance and spatial repulsion. 

At the same time, the phenyl groups may adopt different spatial orientations with respect to each 

other, and this conformational freedom may be coupled to the dihedral angle mentioned before. 

Our searches for possible conformers by using the DFT method ended up with three conformers 

whose geometries are depicted in Figure 4.3. The dihedral angle values predicted for these 

conformers are listed in Table 1. Several interesting points warrant attention with regard to the 

conformational geometries obtained. First, the dihedral angles between two naphthalene rings are 

very close to 90 degrees, i.e. the two rings are perpendicular to each other. The 2–1–1′–2′ 

dihedral angle (see Figure 4.1 for atom numbering), i.e., the dihedral angle between two 

naphthalene rings, varies slightly from ∼87 degrees to ∼95 degrees for the three conformers of 

the 1 and 2 ligands. This implies that there is not much flexibility coming from the naphthalene 

part of such molecules. Next we consider the possible conformers resulting from relative 

orientations of the phenyl rings. The two phenyl rings, which are connected to two different P 

atoms and are closest to each other, were arranged in three possible starting orientations, i.e. face 
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to face, displaced face to face, and edge to face, analogous to the benzene dimer.[23] It was 

found that the other two phenyl rings adjusted themselves in the geometry optimization 

processes accordingly, even if one put them in different starting orientations. Overall, this 

resulted in the three possible conformers. 

 

Figure 4.3 Three most stable conformers of R-1 and R-2 at the B3LYP/ 6-31G(d,p) level viewed 

along the C1–C1′ bond. 

Table 4.1 Calculated dihedral angle values (in degrees) between the two naphthalene rings for 1 
and 2 and their corresponding Pd complexes 

Ligands                              1_CI                  1_CII                1_CIII              2_CI               2_CII              2_CIII                          
Anglea 2-1-1 ́-2 ́                   86.64                 94.17                94.82              86.35               94.47               95.05 
                                            (88.31)              (90.05)              (95.04)           (88.34)            (94.10)             (95.06) 
 
Complexes                                                   Pd(1)Cl2                                                          Pd(2)Cl2       
Anglea 2-1-1 ́-2 ́                                             75.24                                                              75.08 
                                                                       (74.58)                                                           (74.45)                             
 
 
a The values were calculated at the B3LYP/6-31G(d,p) level for the 1 and 2 ligands and all atoms of the 
complexes except Pd where the LanL2DZ basis set was used for the Pd atom in both complexes. The gas phase 
values are listed first and the values with the polarizable continuum model (PCM) of the chloroform solvent are 
in brackets. Please see the “Inclusion of solvent effects with PCM” section for a description of PCM.  
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In Table 4.2, the relative energies, the relative Gibbs free energies, and the corresponding 

Boltzmann population factors of the three stable conformers of 1 and 2 in the gas phase are 

given. The relative stabilities of the 1 conformers in the gas phase can be understood in terms of 

the π–π stacking interactions of the phenyl groups. Three possible conformations previously 

proposed for the benzene dimers by Burley and Petsko [23] are based on the electrostatic 

interactions: [24] face to face (or parallel), displaced face to face, and edge to face. According to 

this model, the face to face interaction destabilizes the dimer because of the repulsive nature of 

the interaction, whereas the face to edge orientation is a true ground state due to π–σ attraction. 

The stabilities of the first and second conformers of each ligand (1 and 2) have their adjacent 

phenyl groups forming the edge to face and the displaced face to face orientations which are 

more favourable. The third conformer which has the face to face spatial arrangement is the least 

populated one in the gas phase. 

Table 4.2 Predicted relative energies and Gibbs free energies (in kcal mol-1) of the three most 
stable conformers of the 1 and 2 ligands and their Boltzmann factors at room temperature 

Conf.                  ΔEa                    ΔGa                  pop% (ΔE)              pop% (ΔG) 

1_CI                   0.00 (0.17)         1.52 (1.12)       49.98 (35.92)            45.70 (8.64)                 
1_CII                  0.13 (0.00)         0.00 (0.31)       40.13 (47.82)            50.81 (34.01)           
1_CIII                0.96  (0.64)         1.59 (0.00)        9.90 (16.24)              3.49 (57.35) 
2_CI                   0.00 (3.67)          0.31 (4.36)       50.33 (0.15)              36.48 (0.06) 
2_CII                  0.11 (0.00)         0.00 (0.00)        41.72 (73.13)            61.91 (97.88) 
2_CIII                1.09 (0.60)          2.16 (2.29)        7.96 (26.52)              1.61 (2.06) 
 
a ΔE and ΔG values were calculated at the B3LYP/6-31G(d,p) level. The gas phase 
values are listed first and the values with the PCM of the chloroform solvent are in 
brackets.  
 

Coordination to palladium introduces further constraints to the spatial orientation of the 1 and 2 

ligands (Figure 4.1) in Pd(1)Cl2 and Pd(2)Cl2. Despite extensive searches, only one conformer 

was located for the Pd(1)Cl2 and Pd(2)Cl2 complexes where the diphenyl rings take on the edge–
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face arrangement. Clearly, coordination increases the rigidity of the di-phenyl ligand parts. As a 

result, the rigidity of the entire structure is significantly enhanced. The values of the associated 

dihedral angle between the two naphthalene rings are given in Table 4.1 for comparison with 

those of ligand conformers. As one can see, the dihedral angles are essentially the same for both 

Pd complexes and are considerably smaller than those of the related ligand conformers. 

4.2.3. Interpretation of the experimental VA and VCD spectra of the 1 and 2 ligands and their 

palladium complexes 

The gas phase simulation. The calculated population weighted VA and VCD spectra of the 

three conformers of 1 are compared with the related experimental data in Figure 4.4, left panel. 

The corresponding comparison of 2 is given in Figure 4.4, right panel. The simulated VA and 

VCD spectra for each conformer of 1 and 2 are provided in Figure B2, Appendix B. While the 

VA spectra of the three conformers of 1 are essentially the same, noticeable differences are 

present in the VCD spectra. A similar observation can be made for the conformers of 2. In 

particular, the differences in the VCD features among the conformers of 2 are quite prominent. 

To get a rough understanding of the large number of VA bands encountered here, related 

calculations have been performed for 1,1′-binaphthyl which shares the same core structure as 1 

and 2. It is tedious and not so informative to provide detailed VA band assignments. Rather, the 

comparison with the simpler 1,1′-binaphthyl system is provided in Figure B3, Appendix B. Most 

of the prominent bands present are from the C–C stretching and C–H bending vibrational modes 

of the binaphthyl rings which are the common parts among 1, 2 and 1,1′-binaphthyl. More 

detailed discussions are given in Figure B3, Appendix B. In Figure 4.4, the experimental VA and 

VCD spectra are also compared with the corresponding calculated spectra in the gas phase. 

Overall, for the 1 and 2 ligands, the calculated and experimental VA spectra are in reasonable 
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agreement. The same cannot be said for the VCD comparison, especially for that of 2. For 

example, the strong VCD signature predicted at the ∼1550 cm-1 region was not observed 

experimentally for 2.  

 

Figure 4.4. Comparison of the simulated VA and VCD spectra in the gas phase and with the 

PCM for chloroform with the corresponding experimental spectra of 1 (left) and 2 (right). 

 

The experimental and calculated VA and VCD spectra of Pd(1)Cl2 and Pd(2)Cl2 are compared in 

Figure 4.5. Again, the VA spectra show reasonable agreement between experiment and theory 

for both complexes, while the same cannot be said about the VCD spectral comparison. Since 

these two complexes are more rigid than their corresponding ligands and have only one dominant 

conformer, one would expect better agreement between the simulated and experimental spectra 

because any deviations due to conformational degrees of freedom are no longer a concern. The 
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above observation indicates that other factors must be responsible for this. Larger basis sets with 

more sophisticated polarization and diffuse functions were considered in order to better describe 

the interaction with a transition metal center. Another possible source of discrepancy is the effect 

of solvent. Although the effects of DMSO were found to be negligible in the previous VCD 

study of the small 1,1′-binaphthyl derivatives, [22] their effects on the transition metal 

complexes may be much more severe. These considerations are described in the next two 

sections. 

 

Figure 4.5. Comparison of the simulated VA and VCD spectra in the gas phase and with the 

PCM for chloroform with the corresponding experimental spectra of Pd(1)Cl2 (left) and Pd(2)Cl2 

(right). 
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Basis set consideration. The previously used basis set 6-31G-(d,p) is comparatively small and 

may in general influence the results of spectral calculations since weak intramolecular 

interactions, such as those between the phenyl rings, might not be accurately described. To test if 

the basis set selection is the reason for the discrepancies observed between the simulated and 

experimental data, several basis sets with various polarizations and diffuse functions, i.e. 6-

31+G(d), 6-31+G(d,p), 6-31G-(2d,2p), 6-31++G(d,p), were also used for the C, H, Cl, and P 

atoms with the LanL2DZ basis set for the Pd atom. The geometry of the Pd(2)Cl2 complex was 

re-optimized and the VA and VCD spectra of the complex re-simulated with the B3LYP 

functional and the new basis sets chosen. The results are summarized in Figure 4.6. We chose to 

do such a testing on one representative complex because the targeted system is quite large with 

93 atoms and 438 electrons and its geometry optimization and frequency calculation took a 

significant amount of time. As clearly demonstrated in Figure 4.6, the simulated spectra obtained 

with all these basis sets are comparable to each other and no significant improvement was 

achieved by increasing the size of the basis set. It thus appears that for a rigid metal complex 

with one main conformer, adding polarization and diffuse functions does not alter the appearance 

of the VA or VCD features noticeably. 

 

Inclusion of solvent effects with PCM. A solvent may have a significant effect on stability of 

solute conformers since it can establish strong explicit solute–solvent hydrogen-bonding 

interactions [25] and/or provide an implicit dielectric environment. Since CDCl3 is unlikely to 

form any strong hydrogen bonding interaction with the bulky ligands and their complexes 

investigated here, we treated the solvent by applying the integral equation formalism (IEF) 

version of the PCM solvation model. [26] In this model, the solvent is treated as a continuum 
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dielectric environment and no explicit intermolecular interactions are taken into account. In this 

continuum dielectric environment, the solute is hosted inside a molecularly shaped cavity 

defined through interlocking van der Waals spheres centered at the atomic positions. The 

electrostatic, dispersion, repulsion, and cavity contributions are included for the energy 

calculations. Geometries of the predicted conformers were re-optimized and harmonic frequency 

calculations and intensities of VA and VCD bands were re-calculated. The calculated dihedral 

angles, the relative energies and the Gibbs free energies of all conformers of the 1 and 2 ligands 

and their palladium complexes obtained with the PCM of chloroform are listed in Tables 4.1 and 

4.2, respectively. Indeed, the solvent has noticeable effects on the relative stability of conformers 

for the chiral ligands. Although the geometries of individual conformers appear more or less the 

same with the PCM of chloroform solvent as in the gas phase, such a solvent environment may 

affect the relative stability of the conformers and optical responses to the chiral polarized light. 

Indeed, the relative stability of the three conformers of 1 and 2 changes. Their relative energies, 

the relative Gibbs free energies, and the corresponding Boltzmann population factors with PCM 

are given in Table 4.2, while the corresponding values for the dihedral angle between the two 

naphthalene rings are summarized in Table 4.1. The calculated VA and VCD spectra of 1 and 2 

with PCM are also included in Figure 4.4 for comparison with the experimental data. The 

corresponding simulated spectra of the individual conformers of the 1 and 2 ligands are provided 

in Figure B4, Appendix B. 

The simulated VA and VCD spectra of the two palladium complexes with 1 and 2 with PCM are 

provided in Figure 4.5 for comparison with the gas phase calculation and the associated 

experimental data. The values for the dihedral angle between the two naphthalene rings for these 

two complexes with PCM are also summarized in Table 4.1. There are a number of bands which 
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are not visible in the gas phase simulation but become much more prominent in the PCM spectra. 

For instance, for both Pd complexes, the positive–negative bands at 1100 cm-1, which correspond 

to a mixture of the C=C vibrational modes and the C–H bending of naphthalene rings, appear 

only in the PCM spectra. For Pd(2)Cl2, the VCD signatures predicted with PCM in the 1600–

1400 cm-1 region show very good agreement with the experimental data. The corresponding gas 

phase features, on the other hand, are very different from the experimental ones, making it not 

possible to draw any definite conclusion. Overall, the calculated VA and VCD spectra with PCM 

are in much better agreement with the experimental data than the gas phase ones, allowing one to 

identify the species and possible conformers in solution confidently. 
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Figure 4.6. Comparison of the experimental VA and VCD spectra of Pd(2)Cl2 with the 

corresponding calculated spectra using several different basis sets. 

 

4.2.4. Experimental and computational details 

R-1, R-2, R-Pd(1)Cl2 ( purity 97%) and R-Pd(2)Cl2 ( purity 97%) samples were purchased from 

Sigma Aldrich and used without further purification. Sample solutions were prepared using 
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deuterated chloroform, CDCl3 (Sigma Aldrich, purity 99.9%). The VA absorbance coefficients 

were optimized to be in the range of 0.2 to 0.8 for the main vibrational bands in the 1000–1800 

cm-1 region for the subsequent VCD measurements by varying sample concentrations and path 

lengths. The optimum concentration and path length used are 0.1 M and 100 μm, respectively. 

The VA and VCD spectra were collected using a Fourier transform IR spectrometer (Vertex 70, 

Bruker) which is equipped with a PMA 50 VCD module (Bruker). [27] Each VCD spectrum was 

averaged over 25000 recorded in four blocks of 1 h accumulation time and the related solvent 

spectrum under identical condition was subtracted off for base line correction. Because CDCl3 

exhibits a strong absorption band at ∼920 cm-1, the usable region of the measured spectra is from 

∼970 to 1700 cm-1. For BINAP, TOLBINAP and Pd(TOLBINAP)Cl2 whose S-enantiomers 

were available to us commercially, comparisons of the VCD spectra of the R- and S-enantiomers 

of these molecular systems in CDCl3 solution are provided in Figure B1, Appendix B, together 

with their related noise levels. The noise levels were obtained as described on page 240 of ref. 

13a. Each enantiomeric pair shows good mirror image spectral features, except a few broad 

features at the very low wavenumber region. This is likely due to the strong absorption by the 

solvent starting at about 970 cm-1. The VCD spectrum of Pd(BINAP)Cl2 is expected to have 

similar good quality as the other three systems studied. 

Geometry optimization, harmonic vibrational frequencies, and intensities of vibrational and 

vibrational circular bands of all conformers of the 1 and 2 ligands and their related palladium 

complexes were performed using the Gaussian 03 program packages. [28] Density functional 

theory with the B3LYP functional and the 6-31G(d,p) basis set was used for all the results 

reported. Several basis sets, i.e. 6-31+G(d), 6-31+G(d,p), 6-31G-(2d,2p), 6-31++G(d,p), were 

also used for the C, H, P, Cl atoms and LanL2DZ for the Pd atom for the calculations of 
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Pd(2)Cl2. Lorentzian band shape with a half width at half height of 4 cm-1 is used to simulate all 

the VA and VCD spectra. To properly account for the solvent effects of CDCl3, the integral 

equation formalism (IEF) version of the PCM solvation model [26] was utilized where the 

solvent is treated as a continuum dielectric environment with a dielectric constant of 4.71. 

4.3. Conclusions 

In this report, conformational analyses for the 1 and 2 ligands show that the naphthalene rings 

are nearly rigid, while the flexibility of the ligands originates from the orientations of the phenyl 

rings with respect to each other. The flexibility of both ligands decreases upon coordination to 

the palladium metal ion. The VA and VCD measurements of both ligands and the complexes 

show noticeable differences from the calculated ones in the gas phase. In particular, the 

differences between experiment and theory are so large for the two palladium complexes studied 

here that it would be extremely difficult to identify them based on the VA and VCD data. 

Inclusion of the solvent effects with PCM in the calculations results in much better agreement for 

both VA and VCD spectra of all the ligands and complexes studied, allowing the species and 

their conformations to be identified. With proper care for locating the possible conformers and 

accounting for solvent effects, one can potentially use VA and especially VCD spectroscopy, 

because of its high sensitivity to chirality and conformation, to follow these important species in 

reactions. 
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5.1. Introduction 

Many pure optically active organic and inorganic molecules can be synthesized by using only a 

small amount of stereoselective transition metal catalysts. Because of their potential important 

applications in asymmetric catalysis, the chiral transient metal coordination complexes have 

attracted a substantial research attention. In the recent years, with the significant advances of 

both experimental and theoretical vibrational circular dichroism (VCD) spectroscopy and also 

theoretical electronic CD (ECD) spectroscopy, these two chiroptical techniques have seen 

increasing applications in the field of transition metal complexes. In particular, one can apply 

these two chiroptical techniques complemented with the DFT calculations to extract the 

structural information such as the conformational distributions and the induced chirality of the 

transition metal complexes in solution. While the early studies had mainly relied on the X-ray 

crystallography to provide detailed structural information of the transition metal complexes 

which includes chirality information, researchers have increasingly recognized the dynamic 

nature of molecular structures. Indeed, these complexes may adopt very different structures in 

solution compared to in solid.  

The VCD technique measures the differential absorbance of the left versus right circularly 

polarized infrared radiation by a chiral sample accompanying a vibrational transition. A VCD 

spectrum often provides ten or more well resolved bands in the finger-print region. Furthermore, 

the VCD spectral simulations are based on the ground electronic state structural calculations 

which have proven to be quite reliable. Both these factors make the VCD technique a powerful 

tool for the coordination chemistry. One key subject of the recent interest is the induced-metal-

centered chirality and how factors, such as solvent, [1,2] substitution on ligands, [3,4,5,6] and the 

properties of metal centers influence its formation. [7,8] For example, Sato and co-workers [2] 
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applied the VCD spectroscopy to study the conformational changes of a chiral Schiff base Ni(II) 

complex with a binaphthyl moiety. They found that the complex transformed reversibly between 

the square-planar, tetrahedral and octahedral configurations, depending on the solvents and the 

applied temperature. In addition, the other recent topics in this area of research include the 

effects of the electronic properties of central metal ions on the vibrational energy states of the 

ligands [9,10,11] and on the geometrical isomers, i.e. cis/trans and fac/mer, of a series of mixed-

ligand diamagnetic Co(III) octahedral complexes, i.e. [Co(tfac)n(acac)3-n] where n=0 to 3, [12] 

and how the conformations of chiral binaphthyl diphosphine ligands change upon the 

complexation with Pd(II) ion. [13].  

Very recently, a number of publications on the structures and diastereoselectivity of four-

coordinated transition metal complexes with N,O-chelate Schiff base ligands in solution by the 

VCD and sometimes ECD spectroscopy have emerged. [4,14,15] These publications show that a 

pair of enantiopure R- or S-N,O chelate ligands can lead to four diastereomers: Λ-M-R-N,O and 

Δ-M-R-N,O, and Λ-M-S-N,O and Δ-M-S-N,O, respectively and the ratio of the Δ and Λ forms 

can differ drastically in solution and in solid states. In fact, the preference for the Δ or Λ forms 

can be exactly the opposite in solution and in solid states and furthermore such a preference can 

be switched upon changing of solvents. [1] Clearly, it may not be sufficient to determine the 

induced metal chirality using X-ray crystallography alone. This is especially important 

considering that such transition metal catalysts are often used in stereoselective syntheses in 

solution. Furthermore, these studies highlight the importance of applying theoretical modelings 

to interpret the experimental VCD and ECD spectra in order to extract the solution phase 

structural information reliably and also the deficiency in the empirical spectral assignment 

procedures.  
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In the present paper, we focus on applying VCD and ECD spectroscopic tools to probe structural 

properties of a series of chiral transition metal (M= Ni (II), Cu (II), Pd (II), Pt (II) and Zn(II)) 

complexes with the bis(pyrrol-2-ylmethyleneamine)-cyclohexane ligand (H2L) in solution, 

complemented with DFT calculations. The H2L ligand is of particular interest as there are several 

examples of similar metal-ligand complexes being used effectively in the asymmetrical catalysis. 

[16,17,18,19] A more unconventional use of this type of metal complexes is in self-assembly and 

building of supramolecules, in particular, supramolecular hetero- and homo-nuclear helices. 

[20,21,22,23] Figure 5.1 summarizes the five complexes and the ligand investigated in this study.  

We synthesized both the ligand and the complexes following the previous literatures. [21,24,25] 

While ECD spectra of these complexes were reported, no theoretical calculations were 

performed for spectral interpretations and the discussion of the solution structures was based on 

the crystal structures. [10,12,14] In this study, the sensitivity of IR and especially the VCD 

spectroscopy to the ligand-to-metal coordination topology, i.e. mono-nuclear versus di-nuclear 

arrangement, the latter to the chirality of ligand and to the induced chirality at the metal centers 

have been examined. In particular, we have investigated how the initial helicity of the ligand is 

modified by coordination to these five transition metals in different ways. The effects of the 

electron configurations of the central metal ions on the IR and VCD spectra of the complexes 

have also been probed. The theoretical ECD spectra have been generated for all six systems to 

interpret the experimental spectra and the key factors which influences the appearance of the 

ECD spectra, have been discussed.  
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Figure 5.1. M-(R,R)-H2L ligand and five transition metal complexes, namely M-Ni-(R,R)-L, M-

Cu-(R,R)-L, M-Pd-(R,R)-L, M-Pt-(R,R)-L, and [M-Zn-(R,R)-L]2 studied in this paper.  

 

5.2. Results and discussion    

5.2.1. Experimental and theoretical VA, VCD, UV-Vis and ECD spectra of the Ligand 

The (R,R)-H2L ligand is similar to another picolylamine-type ligand, i.e. N,N’-bis(pyridine-2-

ylmethylene)-(S,S)-1,2-cyclohexanediamine which was studied by using the VCD technique 

recently [26], except that the pyridine is replaced by a pyrrole functional group in the current 

ligand. The replacement of pyridine with pyrrole brings a substantial rigidity to the structure. The 

lone pair electrons of the nitrogen atoms are involved in the resonance with the p electrons of the 

pyrrole ring and the Hpy atom is intramolecular hydrogen (H)-bonded with the nitrogen atom of 
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the –N=C group. In H2L, the cyclohexane ring takes on the chair configuration as this is by far 

the dominant arrangement versus the boat configuration at room temperature. [27] The nitrogen 

atoms at the cyclohexane ring may adopt either both equatorial (equ) or both axial (ax) positions 

dictated by its (R,R) chirality (See Figure 5.2). Furthermore, these nitrogen atoms may take on 

either cis or trans orientations with respect to the nitrogen atoms of the pyrrole rings. A 

definition of the cis arrangement and the rotatable bonds motions indicated with arrows are 

provided in Figure 5.2. The initial conformational searches using the HF/STO-3G method 

implemented in the Spartan package [28] produced 7 candidates. These preliminary conformers 

were re-optimized at the DFT/B3LYP/cc-pVTZ level of theory and the four most stable 

conformers are given in Figure 5.3. The relative energies of these conformers indicate that only 

one conformer with the equatorial cis–cis configuration, i.e. [cis-cis]equ (Figure 5.2), is the 

dominant species at room temperature. Contributions from other conformers are negligible. It is 

noted that the H2L and other related ligands studied before all favor the equatorial arrangement. 

It is also no surprise that the cis-cis configuration is preferred since this arrangement allows the 

intramolecular H-bonding between –NH of pyrrole group and the nitrogen atom of –C=N group 

to happen. The creation of the resonance structure between the two aforementioned groups 

bestows the structural rigidity to the ligand.  
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Figure 5.2. The cis configuration of (R,R)-H2L ligand with axial and equatorial arrangements at 

cyclohexane. The rotatable N-Chexane bonds are indicated by small arrows.  

 

Figure 5.3. Relative energies of the four most stable conformers of H2L obtained at the 

B3LYP/cc-pVTZ level of theory.  
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Figure 5.4. Comparison of the experimental VA (left) and VCD (right) spectra of the (R,R)-H2L 

ligand in DMSO-d6 with the corresponding single conformer spectra calculated at the B3LYP/cc-

pVTZ level of theory in DMSO-d6 solution. 

 

Figure 5.4 shows the experimental and calculated VA and VCD spectra obtained for the (R,R)-

H2L ligand in DMSO-d6. Comparing the experimental and the calculated spectra reveals that 

conformer 1 is by far the dominant species in solution. In ref. 20, a second conformer was 

suggested as the possible main conformation in solid state. This suggestion corresponds to the 

conformer 4 in Figure 5.3. This particular conformer clearly has a negligible contribution in 

solution based on both the relative energy calculated and the comparison of the experimental and 

theoretical VCD spectra shown in Figure 5.4. Note that we chose not to scale the frequency axis 
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for an easier discussion later on for the vibrational frequency shift upon complexation. As one 

can see, the calculated VCD spectrum reproduces the experimental spectrum quite well and all 

major features observed have been captured theoretically. The bands in the 1650 ~ 1600 cm-1 

region correspond to the –C=N stretching vibrational modes, both in-phase and out-of-phase –

C=N stretching modes. In the range below 1600 cm-1, the vibrational modes can be assigned 

mainly to –C-H and –N-H bending motions of the pyrrole rings and different –CH and –CH2 

vibrational modes of the cyclohexane ring. See Figure 5.5 for more detailed on the vibrational 

modes analysis of the ligand molecule.  

 

 

Figure 5.5. Left: half of the H2L ligand molecule is highlighted and some relevant atoms are 

labeled. Right: the assignments of the major vibrational modes observed.  



108 | P a g e  
 

 

Figure 5.6. Comparison of the experimental (blue) UV-Vis (left) and ECD (right) spectra (R,R)-

H2L in acetonitrile with the corresponding spectra calculated (red) at the B3LYP/cc-pVTZ level 

of theory in acetonitrile solution. 

 

Figure 5.6 shows the experimental and calculated UV-Vis and ECD spectra obtained for 

conformer 1 of the (R,R)-H2L ligand in acetonitrile. Here, very good agreements between the 

experimental spectra and calculated ones have been achieved, supporting the conclusion drawn 

from the VA and VCD spectral studies of the ligand. Furthermore, we examined the effects of 

coordination with a water molecule to this ligand on the UV-Vis and ECD spectra. The 

theoretical UV-Vis and ECD spectra have been generated by using directly the X-ray structural 

parameters of H2L with water and by optimizing the H2L-water complex using the solid state 

structure as the starting point. The resulting spectra are summarized in Figure C1, Appendix C, 

comparing to the simulation without water. Overall, the UV-Vis and ECD spectra look quite 

similar for the two systems with and without water coordination, except some minor changes in 

the short wavelength region below 200 nm. We note that the dihedral angle θ between the plane 

N-C3-C2-N (See Figure 5.5 for atom labels) and the other corresponding plane in H2L is the 
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helicity-determining angle. The θ value for the H2L ligand by itself is 63.4° and with water is 

64.4°, in comparison to 70.5° obtained from the solid state structure which contains crystal 

water. [21] Clearly, we have a severe deviation from square-planar geometry even without 

coordination to water molecule or the lattice forces and other environmental perturbation in solid 

state. It would be quite interesting to see this helicity-determining angle θ changes upon 

coordination to different metals. A closer examination of the dominant ligand species, i.e. 

conformer 1, indicates that (R,R)-H2L actually adopts M-helicity. This will be further discussed 

in Section 5.2.4 in comparison with helicity of the other metal complexes.   

 

5.2.2. Experimental and theoretical VA and VCD spectra of Ni (II), Cu (II), Pd (II), and Pt (II) 

complexes 

The coordination of H2L ligand to these four metal centers results in near square planar 

coordination structures, based on the previous X-ray crystal structures. [20,23,24] Theoretical 

conformational and configurational searches have been carried out for these four complexes with 

(R,R)-H2L. One hypothesis to test here is if the Δ- or Λ-configurations at the metal center can be 

possibly interconverted by a ligand rearrangement through a planar geometry. Since these four 

complexes are only slightly distorted from the square-planar geometry, such an interconversion 

may be feasible. Considerable efforts have been spent to generate both M-(R,R) and P-(R,R) 

diastereomers. It became clear that relative rigidity of the cyclohexane ring in chair configuration 

and its (R,R) chirality dictate the pyrrole substitutes to adopt M-helicity. P-(R,R) diastereomer 

could only be generated with the cyclohexane ring in a boat configuration which is well known 

to be of negligible contribution. [29] Therefore for all these four ligands, only one dominant 
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diastereomeric structure is identified for each in Figure 5.7, as well as some related structural 

parameters.  

 

 

Figure 5.7. The most stable diastereomeric conformer of the mono-nuclear Cu(II) , Ni(II) , Pd(II) 

and Pt(II) complexes predicted at the DFT/B3LYP/Gen level of theory. Some bond distances (in 

Å) and angles (in °) are listed.   

The experimental and calculated VA and VCD spectra for the Ni (II), Cu (II), Pd (II), and Pt (II) 

complexes are shown in Figures 5.8 and 5.9, respectively. For the experimental VA spectra, one 

can see the correlation among these four complexes. The same vibrational assignment for the 
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ligand holds for the metal complexes, with two exceptions. First, the spectrum for the Cu (II) 

complex shows an additional shoulder for the –C=N stretching vibrational mode, indicating the 

larger separation of the in-phase and out-of-phase –C=N stretching modes. Second, each metal 

VA spectrum displays an overlapped peak between 1525 and 1500 cm-1. This peak is due to the 

overlap of the in-phase and out-of-phase asymmetric C=C=C stretching modes. These modes 

have essentially no intensity for the corresponding ligand. Detailed assignments of these 

vibrational modes are illustrated in Figure 5.10, using the spectrum of the Cu (II) complex as an 

example.  

The simulated VA spectra provide good agreements with the experiment. For the peaks below 

1500 cm-1, there are only very minor differences among these metal complexes, indicating that 

the metal center has little effect on the vibrational modes of the pyrrole and cyclohexane rings. 

However, some small shifts exist for the –C=N stretching vibrational modes. The relative 

vibrational frequency shifts among these four metal complexes are well reproduced by the 

theoretical calculations. Such shifts can be understood by examining the electronic properties of 

the metal centers. The electronegativity of the metal centers which act as Lewis acids has the 

following ordering: Cu (II) < Ni (II) < Pd (II) < Pt (II).  Since the metal center pulls away the 

electron density around the –C=N group (Lewis base), these –C=N bond become weaker. One 

may therefore expect that the resulting red shift of the related –C=N stretching mode is larger for 

the larger electronegativity. The trend observed follows the prediction: ligand (1640 cm-1) > Cu 

(1610 cm-1 & 1593 cm-1) > Ni (1580 cm-1) > Pd (1578 cm-1) > Pt (1572 cm-1). Similarly, the 

VCD spectral features also resemble each other in the region below 1500 cm-1. The most 

prominent difference among them for the VCD features is that the Ni (II) and Cu (II) complexes 
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produce a bisignate -/+ signal from low to high frequencies around 1600 cm-1, whereas a 

negative band is observed for the Pd (II) and Pt (II) complexes instead. 

 

 
Figure 5.8. Comparison of the experimental VA spectra of the Ni (II), Cu (II), Pd (II), and Pt (II) 

complexes in DMSO-d6 with the corresponding calculated spectra (right) at the 

DFT/B3LYP/Gen level of theory in DMSO-d6 solution.  
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Figure 5.9. Comparison of the experimental VCD spectra of the Ni (II), Cu (II), Pd (II), and Pt 

(II) complexes in DMSO-d6 with the corresponding calculated spectra (right) at the 

DFT/B3LYP/Gen level of theory in DMSO-d6 solution.  
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Figure 5.10. The main vibrational modes of the M-Cu-(R,R)-L complex in the region of 1750 - 

1200 cm-1.                            

 

In the mono-nuclear complexes, the diamagnetic Ni (II), Pd (II), and Pt (II) ions take d8 electron 

configuration with a dz2 orbital as HOMO, while the paramagnetic Cu complex take d9 electron 

configuration with a dx2-y2 orbital as HOMO. Therefore, for the Ni, Pd, and Pt metal centers, 3dx2-

y2 orbital is the LUMO, whereas for Cu, 4dyz is the LUMO since all its 3d orbitals are either full 

or half-full and dyz is the next lowest energy d orbital available. For the metal-N bonds, the N of 

the -C=N group shares its lone pair electrons through a dative-covalent bond using a sp2-

hybridized orbital in the xy plane, while the metal center utilizes a sp2d hybrid orbital. As shown 

in Figure C2, Appendix C, the metal-N σ bond can achieve a better head-to-head overlapping 
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with a sp2dx2-y2 hybrid orbital of Ni, Pd, and Pt than with a sp2dyz hybrid orbital of Cu. The 

weaker Cu-N bond results in a higher –C=N stretching frequency for Cu than Zn.  

The above argument can also be visualized by the molecular orbital (MO) representations of the 

Cu and Ni complexes (Figure 5.11). As one can see, there is more overlap expected between the 

dx2-y2 orbital of Ni (II) (sp2d hybridization) and the p orbital (sp2 hybridization) of the nitrogen 

atoms of the –C=N groups than there is between the LUMO orbital of Cu (II) and the same p 

orbital of the nitrogen atoms of the –C=N groups. From the MO analysis, it was found that the 

LUMO orbital of Cu (II) complex has retained its dyz orbital characteristics from 4d shell. 

Therefore, the overall hybridized orbital is more spanned along the z axis, perpendicular to the 

plane of the molecule. As a result, the binding strength between the Cu (II) center and the 

nitrogen atoms is weakened compared to the Ni-N bond, thus resulting in a blue shift for the –

C=N stretching modes of the Cu (II) complex relative to the other metals. The above bonding 

analysis also allows one to see why these four complexes have the near square-planar 

coordination geometries.   
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Figure 5.11. The HOMO and LUMO molecular orbital (MO) representations of M-Ni-(R,R)-L 

and M-Cu-(R,R)-L compounds. 

 

5.2.3. Experimental and theoretical VA and VCD spectra of the Zn (II) complexes 

Since all d-orbitals are fully occupied, the Zn (II) ion takes on sp3 hybridization to make covalent 

bonds with the p orbital (sp2 hybridization) of the nitrogen atoms of the -C=N groups, favoring 

the tetrahedral configuration around the metal center. Indeed, the optimized geometry of the 

mono-nuclear Zn (II) complex deviates considerably from a perfect square planar arrangement, 

in comparison with the four metal complexes discussed above. Furthermore, while the VA and 

VCD spectra of each of the four metal complexes discussed in the previous section show 

considerable similarities, those of the Zn (II) complex are noticeably different (see Figure 5.12). 
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We further note that the simulated VA and especially VCD spectra of the mono-nuclear Zn(II) 

complex show the poor agreement with the experimental data, in contrast to the situation with 

the other four mono-nuclear complexes discussed above. 

The X-Ray crystallography structure of the Zn (II) complex indicates a double stranded di-

nuclear helix where the Zn (II) metal centers adopt a close to tetrahedral geometry rather than a 

square planar geometry.[21] This is consistent with the fact that the Zn (II) metal has a d10 

configuration which generally favors a tetrahedral complexation geometry. We therefore further 

optimized the di-nuclear Zn (II) complex and simulated its VA and VCD spectra. The calculated 

VA and VCD spectra of both models are compared with the experimental data in Figure 5.12, 

while the detailed vibrational assignment for the 1700 to 1550 cm-1 region which contains four 

distinctive –C=N stretching modes is given in Figure C3, Appendix C. All in-phase stretching 

motions appear at higher frequencies, and those corresponding to out-of-phase vibrations appear 

at lower frequencies.  

As can be seen in Figure 5.12, the calculated VCD spectra in the 1700-1550 cm-1 region show 

similar bisignate signals for the mono and di-nuclear structures. Both show reasonable agreement 

with the experimental results, leaving the assignment ambiguous. By considering the 1550-1200 

cm-1 region, the experimental VA spectrum composes of four strong peaks, 1, 2, 2’, and 3. 

Further detailed comparisons of the calculated VA spectra of the mono- and di-nculear Zn (II) 

complexes are summarized in Figure C4, Appendix C. The signal associated with the C=C=C 

stretching mode shows up noticeably for the mono-nuclear complex but a weak band for the di-

nuclear complex. The latter is consistent with the experimental observation. Furthermore, the 

spacing for the peaks between 1500-1350 cm-1 is also quite different for the two complexes, with 

the di-nuclear one has a much better agreement with the experiment. Overall, the observed 
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experimental VA features are much better reproduced by the predicted VA spectrum of the di-

nuclear geometry. At the same time, the predicted VCD spectral patterns of the mono- and di-

nuclear complexes are quite different, especially for the region around 1400 cm-1. The strong +/-

/+ features observed from lower to higher frequencies in this region match with those of the di-

nuclear complex only. Therefore, the comparison of the experimental and theoretical VA and 

VCD spectra allows one to clearly identify the di-nuclear Zn (II) complex as the species in 

solution.   

 

 
Figure 5.12. Comparison of the experimental VA (left) and VCD (right) spectra of the Zn (II) 

complex in DMSO-d6 with the corresponding spectra of the mono and di-nuclear Zn (II) complex 

calculated at the B3LYP/Gen level of theory in DMSO-d6 solution where the LANL2DZ basis 

set is assigned for the Zn atom and the cc-pVTZ basis set for the other atoms. 
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5.2.4. M- and P-helicity in the Zn (II) complex and other complexes 

 

We note in the ligand and in all the transition metal complexes studied here, the metal center 

takes on the M-helicity with the (R,R)-H2L ligand. Here, we examine the reason for such a 

specific induced helicity preference and how such a helicity reflects in the corresponding VCD 

and ECD spectra using the Zn (II) complex as an example. In principle, the di-nuclear Zn (II) 

complex can adopt two different helical configurations with respect to the two capping ligands. 

If the metal-ligand coordination takes on a right-handed clockwise helical arrangement, it’s 

called P-configuration, whereas the opposite helicity is considered M-configuration. We have 

optimized two diastereomeric geometries provided in Figure 5.13.  

 

Figure 5.13.  Illustration of M- and P-helicity for the di-nuclear Zn (II) complex. 

 

Figure 5.14 shows the comparison of the experimental and theoretical VA and VCD spectra of 

the M- and P-[Zn-(R,R)-L]2 structures. There are a number of significant differences between the 

VA and VCD spectra of the P-helical configuration with the experiment ones and with those of 
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the M-helical structure. For example, the VA spectrum below 1500 cm-1 comprised of four 

distinctive intense signals experimentally. These features are only captured by the M-helical 

structure. Furthermore, the +/- bisignate VCD features in the 1650-1550 cm-1 region were only 

captured properly with the M-configuration and not at all by the P-configuration. Lastly, for the 

region between 1450-1350 cm-1, there exists an obvious +/-/+ couplet which can be only 

observed for the M-configuration while it is missing for the other one. Therefore, one can 

conclude confidently that M-[Zn-(R,R)-L]2 is the dominant species in solution.  

 

 

Figure 5.14. Comparison of the experimental VA (left) and VCD (right) spectra of the Zn (II) 

complex in DMSO-d6 with the corresponding spectra of the M- and P-[Zn-(R,R)-L]2 

diastereomers calculated at the B3LYP/Gen level of theory in DMSO-d6 solution where 

LANL2DZ basis set is assigned for Zn atom and the cc-pVTZ basis set for the other atoms.  
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We further investigate the differences in the UV-Vis and especially ECD spectra of the M- and 

P-helicity. In Figure 5.15, we show the comparison of the experimental and theoretical UV and 

ECD spectra of the M- and P-[Zn-(R,R)-L]2 diastereomers. As one can see, the predicted UV-Vis 

spectra for the M- and P-helicity of the Zn(II) diastereomers are very similar. The corresponding 

ECD spectra, on the other hand, show essentially the mirror-imaged spectral features in most 

parts, except in the 275 nm region where negative features were predicted for both. It appears 

that the ECD features are dominated by the induced helicity at the metal center, while the feature 

at the 275 nm reflects the ligand chirality. This point will be explored further when we examine 

the helicity determining-angle θ for the ligand and all the metal complexes studied here. As one 

can see clearly from Figure 5.16, the experimental ECD spectrum observed is consistent with M-

[Zn-(R,R)-L]2 diastereomer, supporting the conclusion drawn from the VA and VCD study. It is 

important to emphasize that VCD spectra of M-[Zn-(R,R)-L]2 and P-[Zn-(R,R)-L]2 do not show 

nearly mirror-image quality to each other as in the case of ECD. Rather, they show the sensitivity 

to both chirality and the helicity of the ligand. In addition, the VA spectra for these two 

diastereomers are also quite different, whereas the UV-Vis spectra of M-[Zn-(R,R)-L]2 and P-

[Zn-(R,R)-L]2 discussed above are very much alike. Therefore, one cannot tell M-[Zn-(R,R)-L]2 

apart from M-[Zn-(S,S)-L]2 based on the UV-Vis and ECD spectra of the sample, whereas VA 

and VCD spectra allow us to identify them unambiguously.  
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Figure 5.15. Comparison of the experimental UV-Vis (left) and ECD (right) spectra of the Zn 

(II) complex in acetonitrile with the corresponding spectra of the M- and P-[Zn-(R,R)-L]2 

diastereomers calculated at the B3LYP/Gen level of theory in acetonitrile solution where 

LANL2DZ basis set is assigned for Zn atom and the cc-pVTZ basis set for the other atoms.  

 

In Table 5.1, we compare the values of the helicity-determining angle θ defined in Figure 5.16 

for all the transition metal complexes, as well as the θ values of the ligand which is similarly 

defined for the ligand as the dihedral angle θ between the plane N-C3-C2-N (Figure 5.5) and the 

other corresponding plane in H2L. First of all, the θ values for the ligand and for the di-nuclear 

Zn (II) complexes are quite similar to each other and very different from the rest of the metal 

complexes. Indeed, the overall geometrical arrangements for the ligand part in these two systems 

are also quite similar. A closer examination shows that the rigidity of the cyclohexane ring in 

chair configuration and the (R,R) chirality of the ligand, dictates that the ligand takes on M-

helicity. To produce a P-helicity, the cyclohexane ring would be distorted into a boat 

configuration, as demonstrated for the Zn (II) complex in Figure 5.13. This is strongly 
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energetically unfavorable. Since Pt (II), Pd (II), Ni (II), and Cu (II) favor a square-planar 

coordination geometry, the coordination of the ligand with these metal centers serve to reduce 

this helicity angle closer to zero. Formation of the di-nuclear Zn (II) complex, on the other hand, 

offers an efficient way to allow the Zn(II) center to follow its tetrahedral coordination tendency, 

without putting additional strain on the cyclohexane part. Since ECD spectral features are 

dominated by the helicity of the system, it is no surprise that the ECD spectra of H2L and the di-

nuclear Zn (II) complex are so similar and that all other metal complexes all exhibit a negative 

cotton couplet in their ECD spectra (Figure C5, Appendix C).     

 

 

 

 

Figure 5.16. Definition of the helicity-determining angle θ. For tetrahedral, θ=90°, whereas for 

square planar, θ=0°. N1 and N2 are atoms of one arm, and N3 and N4 are atoms of the other arm. 

Table 5.1. The helicity-determining angle θ for the H2L ligand and the associated complexes  

Compound θ (°) Solutiona θ (°) Solidb 

Λ-Pt-(R,R)-L 3.3 N/A 

Λ-Pd-(R R)-L 3.7 N/A 

Λ-Ni-(R R)-L 5.2 6.5 

Λ-Cu-(R R)-L 8.5 18.5 

(Λ-Zn-(R,R)-L)2 75.9 80.9 

Λ-(R,R)-H2L 63.4c 70.5c,d 

(Δ-Zn-(R,R)-L)2  74.4e  78.3e 
a These are based on the optimized geometries in the respective solvents.  
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b These are based on the X-ray structural parameters reported in Refs. 23, 25. 

c This is the dihedral angle between the N-C3-C2-N plane (Figure 5.5) and the other 

corresponding plane in the same H2L ligand.    

d Note the crystal structure of the ligand contains water. See Ref. 20 for details.   

e This is the dihedral angle between the two N-Zn-N planes where the two N atoms are in the 

same ligand.  

 

5.3. Experimental 

5.3.1. Synthesis 

The yellow crystalline (S,S)- L and (R,R)-L molecules, and both enantiomers of all five transition 

metal complexes, Ni (II), Cu (II), Pd (II), Pt (II), and Zn (II), are synthesized and purified 

according to the reported synthesis procedures [20,24,25] using Ni(ClO4)26H2O, 

Cu(ClO4)26H2O, Pd(OAc)2, K2PtCl4, and Zn(OAc)22H2O salts, respectively. They were 

purchased from Sigma Aldrich. In brief, two enantiomers of the ligand molecule were 

synthesized from Pyrrole-2-carbaldehyde and either (S,S)- or (R,R)-diaminocyclohexane in 

ethanol, and were crystallized in hot ethanol. Solutions of the initial Ni (II), Cu (II), Pd (II) and 

Zn (II) complexes in methanol were added to a solution of (S,S)-H2L and (R,R)-H2L with an 

equivalent of potassium hydroxide. The products were further purified by crystallization in 

CH2Cl2/CH3OH. The starting Pt (II) complex was dissolved in dimethyl sulfoxide and added to a 

solution of the ligand in dimethyl furan, which was heated to 80 °C. This product was also 

crystallized using CH2Cl2/CH3OH. Both the ligand and complexes are air stable compounds. 

5.3.2. IR and VCD Spectroscopic measurements 

VA and VCD spectra are measured using the Bruker Vertex 70 and PMA 50 spectrometers, 

respectively. This is a single photo elastic modulator (PEM) spectrometer in which the PEM 
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central wavenumber was set at 1400 cm-1 for all measurements. The signals are collected using a 

liquid nitrogen cooled MCT detector for a period of 4 hours (~4300 scans) with 4 cm-1 resolution 

in the region of 1750 - 1200 cm-1. DMSO-d6 solutions of both enantiomers of the ligand and 

nickel, copper, palladium, platinum, and zinc complexes with concentrations of 0.305M, 

0.015M, 0.017M, 0.011M, 0.027M, and 0.026M, respectively, are prepared. These solutions are 

injected into the space between two BaF2 windows that is created by a Teflon spacer. The path-

length is dictated by the thickness of the spacer — 0.1 mm for the ligand and 0.2 mm for the 

metal complexes. Under these conditions, the measurement of the parent IR spectrum is 

optimized first, and then the correct VCD measurement is carried out. IR spectra are background 

corrected by subtraction of the solvent spectrum, which is measured under identical conditions 

including cell path-length and cell window orientation, from each sample spectrum. For spectral 

base-line correction and artifact elimination, VCD spectra are obtained by subtraction of the 

VCD spectra of (R,R) enantiomers from the (S,S) enantiomers and dividing by two. 

5.3.3. Theoretical calculations 

All geometrical searches and optimizations, spectral simulations, harmonic frequencies 

calculations, and VA and VCD intensity predictions were calculated by the Gaussian 09 [30] 

suite program using density functional theory (DFT) [31]. The well-known B3LYP [32,33] 

hybrid functional was mainly used for the calculations. The cc-pVTZ [34] basis set was used for 

C, N, and H atoms and LanL2DZ basis set for all transition metals, namely Ni (II), Cu (II), Pd 

(II), Pt (II), and Zn (II). To account for the bulk solvent environment, the integral equation 

formalism (IEF) version of polarization continuum model (PCM) [35,36] using the universal 

force field (UFF) radii was used. For this purpose, a dielectric constant of ε = 46.826 was used, 
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corresponding to DMSO. A Lorentzian line shape with a half-width at half-height of 4 cm-1 was 

used for the simulations of VA and VCD spectra. 

5.4. Conclusions 

Five transition metal (M = Ni (II), Cu (II), Pd (II), Pt (II), and Zn (II)) complexes with the 

bis(pyrrol-2-ylmethyleneamine)-cyclohexane ligand have been synthesized. Their structural 

properties and induced helicity have been studied using VA and VCD spectroscopy, as well as 

UV-Vis and ECD spectroscopic techniques. Comparison of the experimental and theoretical VA 

and VCD spectra allow us to clearly identify both the mono-nuclear geometries of Ni (II), Cu 

(II), Pd (II), and Pt (II) complexes and the di-nuclear geometry of Zn (II) complex in solution. 

The preferred coordination topology of these metal complexes and the binding strength have 

been analyzed using molecular orbital calculations. The frequency trend observed for the –C=N 

stretching vibrational mode has been satisfactorily explained. More importantly, this study 

demonstrates that the VCD spectroscopy offers the possibility to determine both the chirality and 

the helicity of the ligands and the associated transition metal complexes. The ECD spectra, on 

the other hand, are dominated by spectral features related to helicity in this case based on the 

theoretical simulation. Furthermore, the study shows that the extreme diastereoselectivity of the 

(R,R) ligand itself dictates the M-helicity in all the systems studied. This specific helicity 

preference has little to do with interactions with the transition metals. More generally, the 

conformational preference of the ligands in addition to its chirality will likely have strong 

influence on the final helicity of the transition metal complexes in solution.    
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6.1. Introduction 
 

It is well known that solvent can exert deciding influence on the preferred conformation and 

even chirality of a chiral solute in solution.[1, 2]  Such effects are often manifested in severe 

and sometime non-intuitive effects on chiroptical spectral signatures. Both polarity of a 

solvent and hydrogen (H)-bonding formation between solute and solvent molecules can 

influence the optical reponse.[3] For example, the experimental vibrational circular dichroism 

(VCD) spectra of methyl mandelate look quite different in chloroform, methanol, and 

dimethyl sulfoxide (DMSO). While the spectrum in chlorofodrm can be well reproduced by 

the gas phase simulation, it is necessary to apply the explicit solvention model to account for 

the spectra in the other two solvents.[3] In another example, chiral poly (ureidophthalimide) 

foldamers were reported to adopt two opposite helical handedness in water and in 

tetrahydrofuran (THF) where mirror imaged electronic CD (ECD) bands were detected.[4] 

Such solvent effects allow one control over the helical architecture and thus direct the 

supramolecular synthesis. Similarly, solvent-mediated chirality switching was reported for 

dendrimer folding in aqueous solution.[5]  Generally speaking, polar protic solvents, such as 

water can disrupt intra- and inter-molecular electrostatic and hydrogen (H)-bonding 

interactions of the example systems discussed above and thereby change the relative 

stabilities of various conformational assemblies.[6]   

Much less reported is the concentration induced conformational change in common organic 

solvents used for chiroptical spectroscopic studies, such as DMSO, deuterated chloroform 

(CDCl3) or THF. This is an interesting and important topic since several commonly used 

chiroptical spectroscopic tools for absolute configuration and conformational determination 
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of chiral compounds, such as VCD and ECD, Raman optical activity (ROA), and optical 

rotary dispersion (ORD) spectroscopy, operate under very different concentration regimes 

and each has its own advantages and disadvantages. For example, VCD spectroscopy 

generally provides very rich band structures which often contain detailed structural 

information. Furthermore, VCD simulations are considerably more reliable than ECD and 

ORD since only ground electronic state calculations are needed.[7]  On the other hand, an 

ECD or ORD experiment requires much less sample than VCD. While a typical concentration 

used for an ECD or ORD is in range of 10-5 to 10-3 M, the concentration needed for VCD 

experiments are typically 10-1 to a few M and often saturated solution is used. In addition, 

each of these spectroscopy techniques probes only a certain molecular property. 

Consequently, a number of researchers have advocated using more than one of the 

spectroscopic monitoring tools to reach a reliable absolute configuration determination, 

providing there are no major structural changes with concentration.[8, 9, 10, 11] 

The susceptibility of axial chirality to the environmental perturbations such as the choice of 

different solvents and concentrations of the sample is a subject of significant practical and 

fundamental importance in supramolecular assembly.[12] In the current study, we focus our 

attention on such the effects of environmental perturbations, i.e. solvent and concentrations, 

on axial chirality, using AXF-155, a triply axial chiral binaphthyl fluorene based salen ligand, 

i.e. [2,2′-(1E,1′E)-(R)-1,1′-binaphthyl-2,2′-diylbis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-

ylidene)bis(4-((7(diphenylamino)-9,9-dihexyl-9H-fluoren-2-l)ethynyl)-phenol)]. AXF-155 is 

a model axial chiral system, with a good number of possible diastereomers and a few 

potential H-bonding sites. This molecule was recently synthesized for its potential 

applications in homogeneous catalysis, biophotonics, and biosensing.[13,14] It was also 
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characterized using ECD and two-photon CD (TPCD) spectroscopy by Hernández and co-

workers. [13,14] One of our goals is to utilize VCD spectroscopy and DFT calculations to 

clearly establish the axial chirality of AXF-155 in solution. A second goal of our study is to 

examine the influence of solvent and concentrations on axial chirality of AXF-155. To 

achieve that, we carried out VA and VCD experiments in THF and CDCl3, as well as ORD 

and ECD measurements in CDCl3 under much diluted conditions. From the combined 

experimental and theoretical results, we reached a surprising and interesting conclusion that 

the preferred axial chirality at the –C-N bonds is switched under concentrated and much 

diluted concentrations. Further theoretical modeling was also performed to help to rationalize 

the observed phenomena.  

 

6.2. Experimental and theoretical details 
 

AXF-155 was synthesized using the reported scheme 1 according to refs. 13 and 14. VA and 

VCD spectra were measured using a Bruker FTIR (Vertex 70) spectrometer equipped with a 

PMA 50 module for VCD measurements.[15]  The data were collected at 4 cm-1 resolution in 

the wavenumber region of 1700-1100 cm-1 using a liquid nitrogen cooled MCT detector for a 

period of 4 hours (~4300 scans per an hour). 0.046 M solutions of AXF-155 in CDCl3 and 

THF-d8 were used for the VA and VCD measurements. The solution samples were placed 

between a pair of BaF2 windows with a path-length of 0.125 mm. 

For ORD measurements, a solution of 6.5 x 10-4 M AXF-155 in CDCl3 was prepared using a 

10 cm cell. The ORD data were collected at a series of wavelengths, namely at 589 nm of 

sodium D line, and 578 and 546 nm of a mercury lamp by means of a Perkin-Elmer 240 
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polarimeter. The solution with the same concentration is used to carry out the ECD data 

acquisitions. To meet spectroscopic criteria for CD measurements, the magnitude of the 

absorption is adjusted using a UV spectrometer and a 1 mm cell was used. An Olis DSM 17 

circular dichroism spectrometer and a Hewlett Packard 8453 UV-VIS Spectrophotometer 

were used for ECD and UV measurements, respectively.  

The Gaussian 09 [16]  program was used for all geometrical searches and optimizations, 

harmonic frequencies calculation, and VA and VCD intensities predictions using density 

functional theory (DFT). [17]  The well-known Becke three parameters, Lee-Yang-Parr, 

functional (B3LYP) [18]  was mainly used for the calculations. Since the AXF-155 molecule 

contains 224 atoms which makes the usage of high level of quantum chemical calculations 

prohibitively expensive, the 6-31G(d) basis set [19] was chosen since it offers a good 

combination of accuracy and computational efficiency. To better capture the relative stability 

of the potential conformers, single point energy calculations were also performed with cc-

pVTZ basis set. [20] In addition, we also carried out geometry optimizations for the targeted 

conformers with the D3 version of Grimme’s dispersion method [21] using B3LYP/6-31G(d).  

To account for the bulk solvent environment, the integral equation formalism (IEF) version of 

polarizable continuum model (PCM) using the universal force field radii, implicit solvent 

model [22,23] was used. In a few previous studies, it was shown that the strength of H-

bonding interaction between the chiral solute and CDCl3 is not strong enough to demand an 

explicit treatment.[24,25] For this purpose, the dielectric constant of chloroform, ε=4.7113, 

was used. A Lorentzian line shape with a half-width at half-height of 4 cm-1 was used for the 

simulations of VA and VCD spectra.  

Time dependent density functional theory (TD-DFT) method is employed for all excited state 
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energies, oscillator strength and optical rotation dispersion calculations.  For this purpose, the 

PCM/DFT/6-31G(d) is used. The first 80 electronic states have been taken into account for 

theoretical ECD spectral simulations. To account for bulk of solvent environment, the PCM 

model of chloroform is applied, as it’s used for VA and VCD spectral simulations. For a 

clearer spectral comparison, the half-width at half height (HWHH) of 0.2 eV with a Gaussian 

line-shaped function is used since the simulated ECD spectra are quite broad compared to the 

experimental measurements. We note that in the previous work by Hernández et al., a broader 

Gaussian line-shaped function with 0.35eV HWHH was used on the truncated systems where 

four –C6H13 groups were replaced by four methyl groups.[13]  

 

6.3. Result and Discussions 
6.3.1. Possible diastereomers of AXF-155 

Figure 6.1 shows the chemical structure of this relatively large and flexible triply axial chiral 

molecule. AXF-155 possesses three chiral axes: one chiral axis for the binaphthyl ring and 

two others along the –C-N bonds where the carbon atoms are part of the binaphthyl group. 

The three chiral axes are highlighted in Figure 6.1. In addition to the chirality labels, there are 

cis- and trans-conformations about the C=N bond, intra and extra relative orientations of the 

salicaldehyde moiety with respect to the other binaphthyl half, finally HB and NHB labels to 

indicate the existence or non-existence of the –OH…N=C– intramolecular HB interaction, 

respectively. Based on the synthesis procedure of AXF-155 molecule, the chirality of 

binaphthyl ring is determined to be R. For easy comparison with the previous publications on 

AXF-155, we have adopted the same axial chirality labels along the–C-N bonds as used in 

Ref. 13. The details about the axial chirality and intra/extra labels are provided in Figure D1, 
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Appendix D.  

 

 

Figure 6.1. Chemical structure of AXF-155 studied in this paper. There are three chiral axes: 

one at the  binaphthyl ring and two along the C-N bonds. All of the chiral axes are 

highlighted with shady boxes.  Chirality of the binaphthyl ring is R, while the associated 

chirality at the C-N bonds can be RR, RS, SR or SS. The two large substitutes about the C=N 

bond take on the trans-arrangement shown here. The pair of the bulky group and the opposite 

binaphthyl half  marked with dotted circles (or with dotted-dashed circles) can be in either 

extra or intra orientation (see Figure D1 for further details). In addition, the  –OH…N=C 

intramolecular H-bonding interactions are indicated. See text for further details.     

 

6.3.2. Experimental VCD spectra AXF-155 

VA and VCD spectra of AXF-155 molecule in weakly polar deuterated chloroform, i.e. 

CDCl3,  are presented in Figure 6.2. CDCl3 was chosen as it offers sufficient solubility and 

does not interfere in the IR window from 1700-1100 cm-1. Since the previous ECD study 

[13,14] was carried out in deuterated THF solvent, i.e. THF-d8, we also perform further VA 

and VCD measurements in THF-d8 for comparison. The resulting VA and VCD spectra in 
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THF-d8 are also included in Figure 6.2 for comparison. Generally, the raw VA spectra of 

AXF-155 in these two solvents, i.e. without solvent subtraction, look somewhat different 

because of different solvent bands in the 1700-1100 cm-1 region. In the 1700-1250 cm-1 

region, the VCD band features, on the other hand, look very much the same in both solvent, 

suggesting that the conformational landscape and the associated axial chirality of AXF-155 

remain unchanged in these two solvents. Since CDCl3 provides a wider VCD spectral 

window in the current study, for simplicity, we will use VA and VCD spectra in CDCl3 for 

the spectral analyses in the remainder of this paper, unless indicated otherwise. 

 

 

Figure 6.2. Raw experimental VA (left) and VCD (right) spectra of AXF-155 in deuterated 

chloroform and THF solvents.The measurements below 1200 cm-1 in THF are removed due 

to strong THF solvent absorption.   

   

6.3.3. Comparison of experimental and simulated VCD spectra AXF-155 

A systematic conformational search for AXF-155 was reported in Ref. 13. All cis-conformers 

were found to be substantially less stable than the trans-conformers due to severe steric 
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effects in the former case. Therefore only trans-conformers are considered here. For 

simplicity, we drop the prefix trans for all conformers in the current study. We would also 

like to point out that in the previous study, the four alky chains (-C6H13) were replaced by 

four –CH3 subunits to reduce computational cost because it was rationalized that these chains 

do not have any significant contributions on the electronic transitions. Since VCD spectral 

features are much more sensitive to subtle conformational changes, we decide to include 

these alkyl chains in our geometry optimizations and VA and VCD spectral simulations. One 

noticeable outcome with the inclusion of the four alkyl chains is that the number of possible 

conformers is reduced because of the additional steric hindrance introduced by these bulky 

subunits. In total nine HB conformers are re-optimized and are confirmed to be real minima. 

Their geometries are presented in Figure 6.3 where we separate these structures obtained into 

three groups, based on their associated axial chirality at the ‒C-N bonds, i.e. RR, RS, or SS. 

It’s interesting to note that the long bulky side chains form cavities of different sizes in 

different conformers. As a result, one may anticipate that accessibility to solvent molecules 

can vary quite differently among various conformers. For example, the 

R_intra_HB//S_extra_HB conformer is structurally fully-extended whereas the 

R_extra_HB//R_extra_HB is considerably more compact, with a much smaller cavity size. 

The relative energies and free energies of these three groups of conformers using B3LYP/6-

31G(d), single point energy at B3LYP/cc-pVTZ//6-31G(d) and using B3LYP/6-31G(d) with 

the D3 Grimme’s dispersion correction are summarized in Table D1, Appendix D.  

In addition to the HB conformers, the relevant HB_NHB and NHB conformers are also 

considered and their geometries re-optimized. We note that those conformers with two 

intramolecular HB bonds are considerably more stable than those with one and even more so 
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than those without in each of the three groups indicated above. This is consistent with other 

previous studies that suggest that species with the intramolecular H-bonding interactions 

become dominant over those without in the presense of non-polar or weakly polar solvent 

such CH2Cl2 and CHCl3. [26] 
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Figure 6.3. Optimized geometries of the HB conformers of AXF-155 in CDCl3 obtained at 

the PCM/B3LYP/6-31G(d) level of theory. The geometries are separated into three groups 

based on their associated axial chirality at the ‒C-N bonds, i.e. RR, RS, or SS.   

In Figure 6.4, we compare the calculated VA and VCD spectra of all HB conformers of AXF-

155. Since AXF-155 is fairly large and has a significant number of vibrational modes in the 

finger print region, many of these VA bands overlap with each other. This often makes direct 

and detailed comparison between experimental and theoretical VA spectra ambiguous and 

prevents one to draw decisive structural information. On the other hand, VCD spectra tend to 

show considerable amount of unique spectral signatures related to stereogenic and 

conformational structural information. For comparison between theory and experiment, we 

divide the finger print region into three sections from high to low wavenumbers and refer to 

Figure 6.1 for the functional groups indicated below. Region I from 1700 to 1550 cm-1 is 

composed of several strong vibrational bands due to the C=N stretching, O-H bending, and 

C=C stretching of the binaphthyl rings. Region II from 1550 to 1400 cm-1 contains mostly 

vibrational motions associated with the C-H and O-H bending of the two phenyl groups 

which are in close proximity to the binaphthyl rings, the C-H bending of the aromatic rings of 

the two bulky end substitutes, and CH2 scissoring of the four C6H13 alkyl chains. Region III 

from 1400-1100 cm-1 contains mainly C-N stretching at the two bulky terminal groups and 

CH2 bending of the long alkyl chain. Overall, the simulated IR spectra of all nine HB 

conformers presented in Figure 6.4 look all alike. Furthermore, they all agree well with the 

experimental VA data. Therefore, one cannot differentiate these conformers on the basis of 

their VA spectral signatures. 
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Figure 6.4.  Calculated VA (left) and VCD (right) spectra of all nine HB conformers of 

AXF-155 molecule obtained at the PCM/B3LYP/6-31G(d) level compared to the 

experimental data at the bottom. For easy comparison, these conformers are separated into 

three groups based on the associated axial chirality at the ‒C-N bonds, i.e. RR, RS, or SS.   
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The theoretical VCD spectral features, on the other hand, look substantially different from 

one conformer to the next, enabling potentially clear identification of the dominant 

conformational species in solution. This highlights the significant advantages of VCD 

spectroscopy in providing structural information of chiral systems in solution. Below, we 

compare the simulated VCD features of each HB conformers among themselves and with the 

major experimental VCD spectral features in all three finger print regions. In region I, the 

prominent experimental positive and negative VCD band at 1610 cm-1 and 1577 cm-1, 

respectively, can only be matched by conformers R_extra_HB//S_extra_HB and 

S_intra_HB//S_extra_HB while all the other conformers exhibit major discrepancy. Although 

the smaller experimental VCD features in this region are somewhat noisy, the consistency 

they show in both CDCl3 and THF solvents gives one confidence in their reliability. In region 

II, the experimental VCD spectrum shows a beautiful sequence of +/-/+/-/+/- VCD 

signatures. This sequence is best matched with S_intra_HB//S_extra_HB, while all the other 

conformers exhibit markedly different patterns with the exception of perhaps 

R_intra_HB//S_extra_HB. The latter one demonstrates a somewhat similar pattern but with 

an additional negative band at the high wavenumber end. In region III, the most prominent 

experimental VCD feature at ~1270 cm-1 is positive, while a negative band is predicted for all 

HB conformers except S_intra_HB//S_extra_HB who exhibits a positive VCD  band feature. 

From the above detailed comparison, it is clear that S_intra_HB//S_extra_HB is the only HB 

conformer who demonstrates consistent agreement with the experimental data in all three 

regions. 

Since the previous ECD study indicated that R_intra_NHB//R_extra_NHB conformer 

provide the best agreement between simulated and experimental ECD spectra, we also 
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compare simulated VA and VCD spectra of all the relevant R_intra//R_extra HB and NHB 

conformers and S_intra//S_extra HB and NHB conformers in Figure 6.5 for completion. 

 

Figure 6.5.  Calculated VA (left) and VCD (right) spectra of all the R_intra//R_extra HB or 

NHB conformers (top panel) and S_intra//S_extra HB or NHB conformers (bottom panel) of 

AXF-155 molecule obtained at the PCM/B3LYP/6-31G(d) level compared with the 

experimental ones. 
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From Figure 6.5, it is immediately obvious that all R_intra//R_extra HB or NHB conformers 

show major discrepancies in the VCD features in the 1300-1200 cm-1 region. For the 

S_intra//S_extra conformers, the agreements between experiment and theory seem generally 

better than R_intra//R_extra at the first glance. Detailed comparison of VA and VCD spectra 

of S_intra_HB//S_extra_HB with the experimental data is summarized in Figure 6.6. While 

the existence of other S_intra//S_extra NHB conformers in small amounts cannot be ruled out 

completely, S_intra_HB//S_extra_HB is evidently by far the dominant species. This 

preference for the HB species observed here is also consistent with the discussion on the 

relative energies above.   

 

Figure 6.6. Comparison of the experimental VA and VCD spectra of AXF155 in CDCl3 with 

the corresponding simulated spectra of S_intra_HB_S_extra_HB obtained at the 

PCM/B3LYP/6-31G(d) level of theory. The theoretical VCD band intensities in a small 

region between 1450 cm-1 to 1330 cm-1 are amplified by a factor of 2 and indicated with 

dotted line for easier pattern recognition. The Arabic numerals are used to indicate the 

corresponding features in the experimental and theoretical data in the crowded region below 

1450 cm-1. 
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6.3.4 Concentration Dependent Diastereomeric Preference 

Based on the distinctive VCD spectral features described above, we can conclusively identify 

S_intra_HB//S_extra_HB as the dominant species in CDCl3. This conclusion, however, is at 

odds with the previous ECD and TPCD investigations of AXF-155 where R_intra//R_extra 

diastereomers were identified as the main species. This prompts us to ask a few interesting 

and important questions. Why do the previous ECD and the present VCD studies come to 

such different conclusions? Are there really different dominant species in CDCl3 in the 

present study and in THF in the previous studies? If yes, what are the plausible explanations 

for such strong preference of different diastereomers in solution.  

First, we examine if two different solvents, i.e. CDCl3 and THF, are the cause for such 

noticeably different conclusions. For that, we already did the VA and VCD measurements in 

both solvents (see discussion before) and found no obvious difference in the VA and VCD 

spectral features of AXF-155 excluding absorption due to solvents themselves. Furthermore, 

both solvents have similar dielectric constants, 4.7113 and 7.4257, respectively. For 

completion, we also measured UV-Vis and ECD spectra in CDCl3 (Figure 6.7). As one can 

see, these spectra are very much the same as those obtained in the previous study using THF. 

Clearly, solvents themselves are not the issue here.       

Another noticeable difference is the concentrations used in ECD and VCD experiments. 

While ECD experiments typically use highly diluted sample (<= 1x10-3 M), a highly 

concentrated sample is needed for VCD measurements because VCD intensity is usually only 

10-4 to 10-5 of VA bands. In the current experiment, a 70 fold higher concentration is used for 

VCD than ECD. For a more systematic comparison, we included also ORD measurements in 

CDCl3. Furthermore, we performed both ECD and ORD simulations for all conformers of 
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interest using their full geometries, in contrast to the previous ECD study where some bulky 

groups -C6H13 were simplified with –CH3 groups. The results are summarized in Figure 6.7 

and 6.8 for ECD and  ORD spectra, respectively. Generally, the simulated ECD spectra are 

similar to those reported before, suggesting the truncation used before is justified. While the 

agreement between ECD experimental and simulated spectra is not as decisive as the 

corresponding VCD counterparts, it is nevertheless quite clear here that the ECD features of 

R_intra//R_extra conformers are in accord with the observed data while S_intra//S_extra 

conformers show severe discrepancies. The experimental ORD spectrum shows an upward 

trend going from short to long wavelengths. While R_intra_HB//R_extra_HB exhibits the 

same upward trend in agreement with the experimental observation, 

S_intra_HB//S_extra_HB shows a downward trend. It is noted that although the absolute 

ORD values are still challenging to be reproduced theoretically, the general variation trend 

with wavelength is typically better reproduced.[27,28,29] Therefore the ORD study 

performed here also qualitatively supports the conclusion derived from both the current and 

previously reported ECD studies [13,14]  that R_intra//R_extra is the dominant species in the 

much diluted solution, rather than S_intra//S_extra. 
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Figure 6.7. Comparison of the experimental ECD spectrum in CDCl3 (black dotted line) with 

the theoretical ECD spectra of R_intra//R_extra (upper row) and S_intra//S_extra (lower row) 

HB (red dashed-dotted line) and NHB (green solid line) conformers obtained at the 

PCM/B3LYP/6-31G(d) level of theory. 

 

Figure 6.8. Comparison of the experimental ORD spectrum in CDCl3 with the theoretical 

ORD spectra of R_intra//R_extra HB and NHB conformers as well as S_intra//S_extra HB 

and NHB conformers obtained at the PCM/B3LYP/6-31G(d) level of theory.    

 
It therefore appears that concentration plays a crucial role in which diastereomer is preferred 

in solution. Although such observations appear not to have been extensively studied, there are 

a number of theoretical and experimental publications when similar concentration dependent 

conformational preferences were reported.[30,31,32] For example, inversion of population 

distribution of felodipine conformations at increased concentration in dimethyl sulfoxide was 

observed by Khodov and co-workers in 2013. Using NMR spectroscopy, these authors 

concluded that conformational preference of felodipine in dimethyl sulfoxide is concentration 
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dependent: conformers that dominate in a dilute solution become the least abundant in the 

saturated one. Furthermore, they pointed out that conformers that dominate in the saturated 

solution are of the same type as revealed in crystalline state by X-ray. The authors contribute 

the inversion of conformer distribution in the saturated solution to both increases in 

intermolecular felodipine–felodipine and felodipine–DMSO interactions. Ghorai applied 

molecular dynamics simulations to predict the concentration dependence of trans and gauche 

conformations of n-butane inside a confined medium such as zeolite NaY. He found that the 

percentage of gauche conformations inside zeolite increases with concentration and identified 

guest-guest interaction as the key factor for the enhancement of the gauche conformation.  

To understand the observation, we performed an one-dimensional potential energy surface 

scan for the inter-conversion between R_intra_HB//R_extra_HB and 

S_intra_HB//S_extra_HB and found that the inter-conversion can occur through a planar TS 

with a barrier energy of 1.8 kcal/mol obtained at the B3LYP/3-21G level of theory. The 

interconversion between R_intra//R_extra and S_intra//S_extra conformers of AXF-155 is 

likely facilitated by solvent molecules. While R_intra//R_extra conformers exhibit a larger 

cavity, allowing easy access by solvent molecules, S_intra//S_extra conformers show a much 

smaller cavity. One may expect that such differences in solvent-solute interactions may lead 

to preferentially stabilization of certain conformers, as recently reported in the case of a 

tris(diamine)nickel(II) complex. [33]  This is depicted in Figure D2, Appendix D. Further 

detailed theoretical modeling will be required to understand this interesting and important 

phenomenon in greater details, but that is out-of-scope of the current study. 

6.4. Conclusions 
Axial chirality and conformations of a flexible multiple axial chiral molecule, AXF-155, have 
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been extensively investigated using three chiroptical spectroscopies, i.e. VCD, ECD, and 

ORD, in conjugation with DFT calculations. Experimentally, both VCD and ECD spectra of 

AXF-155 in THF-d8 and CDCl3 look essentially the same, indicating that the polarity of 

solvent does not influence the axial chirality and conformational distribution of AXF-155 

significantly. The combined VCD and DFT study clearly shows that the dominant species is 

R-binaphthyl, S-intra-HB//S-extra-HB (R-SS) in the concentrated solution. In the much dilute 

solution, the dominant species is determined to be R-binaphthyl, R-intra-HB//R-extra-HB (R-

RR) based on the ECD and ORD investigations. The latter conclusion is consistent with the 

previously reported ECD study. This is an area of research which has not yet been fully 

explored, although a small number of theoretical and experimental publications had reported 

similar concentration dependent behaviors. Further theoretical modeling will be highly 

desirable to explain the interesting observations reported here in detail. 
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7.1. Concluding remarks 

My PhD thesis projects include the synthesis, conformational analysis, and absolute 

configuration determination of a number of chiral Schiff base ligands and axially chiral 

binaphthyl type ligands or molecules and some of their transition metal complexes in solution. 

To provide direct structural insight into these groups of diverse chiral molecules in solution, 

several chiroptical spectroscopic techniques, namely VCD, ECD and occasionally ORD 

spectroscopy, as well as the corresponding linear spectroscopy, i.e. VA and UV-Vis 

spectroscopy, have been utilized. In all these studies, the experimental results have been 

complemented with the DFT calculations to provide detailed and rigorous interpretation of the 

experimental data, and therefore to extract the essential structural properties of the targeted 

species in solution.  

Through these systematic studies, we have gained considerable knowledge about the structural 

properties of these targeted molecular systems in solution. Equally importantly, we have gained 

considerable further insight into the procedures used for assigning the absolute configuration and 

for identifying the dominant species and their conformations in solution using VCD and ECD 

chiroptical spectroscopic tools. Such insights will be valuable for designing better approaches to 

probe the absolute configuration and conformation of other novel organic and inorganic chiral 

compounds in future. In particular, we have developed deeper understanding about the effects of 

solvent on the chiroptical measurements and how to account for them properly and adequately to 

achieve reliable interpretations of the experimental VCD spectra. Furthermore, we have reported 

the effects of concentration on the experimental chiroptical spectra and pointed out that extreme 

care must be taken when we are comparing the results obtained using ECD and VCD 

spectroscopic techniques. It is noted that these two chiroptical techniques typically employ 
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samples with concentrations which differ by several orders of magnitude. Finally, the subjects of 

the induced chirality at metal centers by coordinating to chiral ligands and also helicity in a 

series of Schiff base transition metal complexes with Ni (II), Cu (II), Pd (II), Pt (II), and Zn (II) 

metal ions have been investigated. In this study, we stressed the potential possibility for different 

structures to be adopted in solid stated and in solution. We further emphasized the importance of 

ligand conformational preference besides its chirality on the helicity of these compounds in 

solution. These findings are highlighted below in the current conclusion chapter.   

7.1.1. Conformational flexibility in solution  

Currently, it is still quite acceptable in many research areas to assign the absolute configurations 

and derived structural properties by comparing chiroptical spectra obtained with other similar 

compounds. However, it has become increasingly clear that this practice often leads to a 

misinterpretation of the experimental data. For example, in Chapter 2 of the thesis, the VA and 

VCD spectra of three closely related multidentate nitrogen donor ligands, i.e. (N,N'-bis(pyridine-

2-ylmethylene)-(S,S)-1,2-cyclohexanediamine (SS-1), (N,N'-bis(pyridine-2-ylmethyl)-(S,S)-1,2-

cyclohexanediamine (SS-2), and {(S,S)-2-[(2-pyridinylcarbonyl)amino] cyclohexyl}-2-

pyridinecarboxamide (SS-3) have been measured. While it is possible to make some correlation 

of the observed IR bands among these three similar compounds, their VCD spectra are so 

different so that one can hardly make any connection among these compounds by visual 

comparisons. Our study shows that these three ligands demonstrate very different conformational 

flexibilities where the pyridine subunits and the amine groups may adopt a number of different 

conformations. As the rotational degree of freedom along single bonds increases, in the other 

words, the system becomes more flexible, many more conformations contribute to the total 

population. Furthermore, it has been recognized in this thesis research and other studies by our 



155 | P a g e  
 

research group and other groups that the VCD spectral signatures are highly sensitive to 

structural changes, especially dihedral angle changes, besides chirality. For a flexible molecule, 

its final VCD spectrum contains the contribution of many conformers whose VCD spectra are 

often greatly different. Therefore an empirical correlation is difficult if not impossible and should 

not be encouraged to use on flexible molecular systems.   

Another commonly used empirical assignment approach for ECD spectroscopy is to compare the 

ECD spectrum obtained for solid (crystals) with the corresponding one obtained in solution. If 

they are similar, one then concludes that the solution structure remain the same as in solid which 

is determined by using X-ray crystallography. This practice has been utilized in many recent 

papers on the transition metal complexes and supramolecular assemblies, including some 

references cited in the thesis. From the above discussion, one can appreciate that the conclusions 

extracted from such a comparison may not be valid. Indeed, the solid state structure does not 

necessarily represent the thermodynamically most favorable geometry in solution at all. The 

ECD spectral features may be sensitive to one specific chirality element while not sensitive to 

the others at all. This coupled with the much broad ECD bandwidth compared to that of VCD 

and the potential solvent effects, making such empirical assignments doubtful. This point is 

further illustrated in the “helicity in solid and in solution” section based on Chapter 5.     

7.1.2. Solvent effects 

For fair rigid systems, for example, ligand 3, i.e. {(S,S)-2-[(2-pyridinylcarbonyl)amino] 

cyclohexyl}-2-pyridinecarboxamide (SS-3) studied in Chapter 2, and the Pd complexes of with 

BINAP and TOLBINAP studied in Chapter 4, the interpretation of VCD spectra is more 

straightforward. These molecules actually exist just as a single conformer in solution. In ligand 
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3, the resonance structure of the two peptide bonds locks the molecule into one conformation, 

whereas the metal-ligand interactions restrict both Pd(BINAP)Cl2 and Pd(TOLBINAP)Cl2 

complexes into a single conformation in solution. Surprisingly, the agreements of the 

experimental and theoretical VCD spectra of these fairly rigid systems in the gas phase were not 

great. This led to the recognition of the solvent effects, both implicit bulk of solvent effect and 

explicit solvent effect through HB interactions. For example, in Figure 5 in Chapter 4, one can 

clearly recognize the effect of bulk solvent environment on the VCD spectrum of 

Pd(TOLBINAP)Cl2 by comparing the gas phase and solution phase simulations, while the same 

solvent effect hardly changes the appearance of the related IR spectrum at all.  

In case of three ligands studied in Chapter 2, the implicit solvent model was employed to identify 

the lowest energy conformers in CDCl3 systematically. Such a bulk solvent effect, however, was 

not enough to explain the VCD couplet observed in the amide I region which was predicted with 

the opposite signs for ligand 3. Rather, the explicit solvent model which includes the HB 

interaction between the CDCl3 solvent and the –O=C group for ligand 3 explained the sign 

reversal correctly. Indeed such an unique sensitivity of VCD technique to the explicit HB 

interactions in solution has enable the observation of dihydrogen-bonded chiral amine–borane 

complexes in solution and the detection of chirality transfer from a chiral solute to water 

molecules. [1,2,3 ]  

These studies clearly demonstrate unique sensitivity of VCD spectroscopy to the solvent effects. 

To correctly account for solvent effects is not only a prominent challenge in chiroptical 

spectroscopic research but also in many other areas of chemistry such as the stereoselective 

synthesis. These studies further suggest that using relative rigid molecular systems has the 
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noticeable advantage of allowing one to untangle many factors which contribute to the final 

appearance of VCD or ECD spectra and focus on both implicit and explicit solvent effects.   

7.1.3. Concentration effects 

Besides solvent effects, another environmental perturbation which can influence the VCD 

spectral signatures is concentration. For chiral molecular systems which are proned to HB 

interactions, one can logically anticipate the formation of dimer or even larger clusters at higher 

cocnetrations and therefore the changes of the dominan species in solution, for example in the 

case of lactic acid.[2] There are, however, very few prior reports on the effects of concentration 

on the molecular systems in which the formation of dimers or larger clusters are clearly 

unfavoured. In Chapter 6, I explored this interesting topic with a recently synthesized axially 

chiral binaphthyl fluorene based salen ligand, namely AXF-155, {[2,20-(1E,10E)-(R)-1,10-

binaphthyl-2,20-diylbis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-ylidene)bis-(4-((7-

(diphenylamino)-9,9-dihexyl-9H-fluoren-2-l)ethynyl)-phenol)]}. Possible conformations of this 

flexible multiple axial chiral molecule have been extensively investigated using VCD, ECD, and 

ORD spectroscopic tools, in combination with DFT calculations. Although, both experimental 

VCD and ECD spectra of AXF-155 in THF-d8 and CDCl3 look essentially the same, indicating 

that the polarity of solvents does not influence the axial chirality and conformational distribution 

of AXF-155 significantly, the combined VCD and DFT study clearly shows that the dominant 

species is R-binaphthyl, S-intra-HB//S-extra-HB (R-SS) in the concentrated solution. However, 

in the much diluted solution, the dominant species was determined to be R-binaphthyl, R-intra-

HB//R-extra-HB (R-RR) based on the ECD and ORD investigations. This means that the 

concentration of the solution definitely plays a determinant role on the stability of the species. 

This is an area of research which has not yet been fully explored and much further theoretical 
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modelling will be highly desirable to explain the interesting observations reported here in detail. 

One noticeable drawback of VCD spectroscopy is that VCD measurements typically required 

considerable high concentrations than necessary for ECD, thus preventing VCD application to 

systems with low solubility. That was the case for the [(R,R)-1,5-diazacis-decalin] copper (II) 

hydroxide iodine hydrate complex studied in Chapter 3. In that study, I used a combined VA and 

ECD study to overcome this limitation. We utilized the VA measurements using a KBr pellet 

with a 0.6% concentration and the ECD measurement in acetonitrile where a much lower 

concentration of samples is required. The effects of HB interaction with the crystal water on the 

VA, VCD, UV–Vis, and ECD spectra have been detected and discussed. In fact, such an 

interaction with the water molecule has been found to have significant impacts on the appearance 

of VA, VCD and ECD spectra and inclusion of water in the modeling is essential to obtain 

satisfactory interpretations of the experimental VA and ECD spectra.  

7.1.4. Helicity in solution and in solid 

In Chapter 5, I reported VA and VCD as well as UV-Vis and ECD spectroscopic studies of the 

bis(pyrrol-2-ylmethyleneamine)-cyclohexane ligand and its five transition metal (Ni (II), Cu (II), 

Pd (II), Pt (II), and Zn (II)) complexes. One strong motivation for this study is to probe structural 

properties including the induced chirality at the metal centers of the aforementioned systems 

directly in solution. The metal centers studied can be divided into three groups: Ni, Pd, Pt (with 

d8 valance orbitals), Cu (with d9 valance orbitals), and Zn (with closed d-shell). With the aid of 

DFT calcualtions, I examiend the effects of the electronic configurations of the metal ions on the 

optical responses. It was found that the first two groups favor the formation of pseudo-square 

planar-based configuration around the metal centers, while the last prefers distorted -Td structure. 

While VA and VCD spectra of the Ni (II), Cu (II), Pd (II), and Pt (II) complexes are all quite 
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similar with some interesting small differences in their peak frequencies and intensities due to 

the present of different metals, the VCD spectrum of Zn (II) complex looks considerably 

different. Our detailed DFT-VCD simulations show that the first four metal complexes exist only 

in mono-nuclear complex form and the metal chirality is Λ or M-helicity, dictated by the chirality 

of the (R,R)-ligand. In case of the Zn (II) complex, the comparison of the simulated and 

experimental VCD spectra shows conclusively that the geometry of this complex is not a mono-

nuclear but a di-nuclear form. Furthermore, geometries of both P- and M-helicity Zn (II) 

complex with the (R,R)-ligands have been optimized in solution and their VA and VCD spectra 

simulated. The comparison of the simulated and experimental VCD spectra again shows 

conclusively that the observed experimental VCD spectrum can only be explained by the M-

(R,R) chirality of the Zn (II) complex. This study demonstrates that it is possible to determine the 

chirality information including both chirality of the stereogenic centers on the ligand(s) and the 

helicity of the complexes for all these systems in solution using VCD spectroscopy. This allows 

us to compare the structural similarities and differences of the complexes in solution and in solid 

states. 

The study shows that ECD spectral features are dominated by the helicity of the complexes. 

Furthermore, M-(R,R) and M-(S,S) give very much the same UV-Vis and ECD spectra. So one 

cannot tell these two species apart based on their ECD spectra. Very interesting, we also found 

that the helicity of the transition metal complexes has little to do with the interactions between 

the metals and ligand. Rather, it depends strongly on the chirality of the ligand and also its 

preferred conformation. While the helicity of the systems in solution and in solid is the same in 

this study, the detailed examination reveals that for a more flexible ligand which can adopt other 

conformations more freely, the associated helicity may alter easily with some environmental 
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perturbations. Generally, one may expect that some factors including lattice forces and 

intermolecular contacts may become crucial during crystallizations. On the other hand, losing 

these influential parameters and taking into account the effect of solvent may lead to the 

inversion of the absolute configuration at the metal center or the helicity of the species in 

solution. Furthermore, it is necessary to simulate the ECD spectrum theoretically to figure out if 

the spectral signatures are dominated by the chirality of ligands or the helicity of the sample 

before drawing any conclusions related to the chirality and structure.     

 

7.2. Future Work 

My thesis projects are composed of several structural investigations on the chiral ligands 

(molecules) and transition metal complexes in solution using mainly VCD and ECD 

spectroscopic tools. The research results show that a detailed analysis of chiral species including 

the possible absolute configurations, conformational landscapes of the system, effects of solvent 

and concentration can be evaluated through the comparison of the experimental and theoretical 

VCD and ECD spectra, as well as the related linear spectra.  

In Chapter 5 of my thesis, I have synthesized a number of N4-donor Schiff base metal complexes 

with metal = Ni, Pd, Pt, and Cu which strongly prefer mono-nuclear pseudo-square-planar 

coordination configuration around the metal centers. These complexes, however, are not 

perfectly square-planar. Rather the angles between the two relevant planes are in the range of 3 

to 8 degrees in solution. Furthermore the current study shows that all of these four complexes 

take on the M-helicity with the (R,R)-ligand. This prompts one to ask some interesting questions 

such as what is the barrier to go from M to P, especially since they are so close to planar? How 

will such preference change if different substitutions are used? How about different solvents?  
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Recently, Merten et al. investigated strong solvent-dependency of Δ and Λ stereoisomers 

preference of a nickel complex in DMSO and acetonitrile solvents using VCD spectroscopy. [4] 

Despite the fact that both Δ and Λ stereoisomers exist in 1:1 ratio in solid state for a tris-nickel 

(II) complex with chiral diamine dipen as ligands, it has been demonstrated that the Λ form is 

strongly preferred in DMSO whereas an equal-mixture of both chiral isomers exist in 

acetonitrile. [4] Other fascinating solvent effects were reported by Sato et al. [5] where both 

square-planar and tetrahedral structures of chiral Schiff base nickel complex with a binaphthyl 

moiety coexist in CDCl3 solvent. In the presence of strongly donating solvent like DMSO, the 

spatial configuration around the metal center alters from square-planar to octahedral with a C1 

symmetry with two solvent molecules also coordinating to the nickel center. Related studies can 

be carried out to rich our understanding of the chirality transfer from chiral ligands to the metal 

centers. More specifically, in the study in Chapter 5, we recognized the rigidity of the 

cyclohexane chair configuration has very much to do with the final helicity of the complexes and 

ligands. It may be of great interest to replace cyclohexane ring with another link which is more 

flexible. This may allow us to tune the preferred helicity in solution.    

Depending on the ligand and the metal centers, a larger deviation from a perfect square-planar 

structure can be generated. While this deviation for the N4-donor type ligands studied where N 

atoms are of sp2 hybridization might be quite small, other hetero-type ligands such as N2O2-

donor with the sp2 and sp3 hybridizations for N and O atoms and with different capping group 

may results in more prominent deviations from the square-planar coordination configuration. As 

an example, the distorted square-planar structures of some copper complexes contain Schiff base 

ligands, i.e. N-1-(Ar) ethyl-2-oxo-1-naphthaldiminato-κ2N,O, were studied and it was found that 

the deviation from the perfect square planar can be ranging from 4 degrees when Ar=p-C6H4Br 
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to almost 46 degrees when Ar=m-C6H4OMe. [6] Such a change may cause further structural 

modification and induction of helicity around the metal centers. This could be another interesting 

research project to explore.  

As a chiroptical spectroscopy chemist, one longer term goal I would like to pursue is to apply my 

current knowledge of chiral spectroscopy, especially VCD spectroscopy, to better understand the 

mechanism of a particular reaction. One interesting extension of the current work is to apply this 

approach to study the reaction intermediates and reaction products in situ.  

Chapter 6 of my thesis contains a comprehensive investigation on a relatively large axially chiral 

molecule, AXF-155. Our study centered on using VCD and ORD spectroscopic techniques and 

is compared to the original work which was accomplished by using ECD spectroscopy only. 

Since the required concentrations for the measurements with these techniques are quite different, 

the un-expected concentration-induced axial-chirality-inversion of AXF-155 was discovered. It 

was also clear from the work reported in Chapter 6, such structural change is not due to the 

specific formation of dimer or larger clusters as it was seen previously for the lactic acid 

molecule.[2] Rather, this seems to do with how the solvent environment is being modified by 

increasing the concentration. So far this phenomena has not been explained satisfactorily using 

the usual methodology employed. Further research in this direction with other theoretical groups 

will be desirable.   
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1. Raw VCD spectra of the two enantiomers of 1, 2 and 3.  

2. Calculated VA and VCD spectra of the six conformers of 1.  

3. Comparison of the experimental VA and VCD spectra with the corresponding spectra of the 
ten conformers of 2. 

4. Vibrational motion and robust mode analyses for the amide I bands. 

5. Test of different combinations of functional and basis sets with the most stable conformer of 1.  
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Figure A1. Experimental VCD spectra of the two enantiomers of 
the three compounds studied, i.e.  1, 2, and 3 from top to bottom. 
CDCl3 is the solvent used in all cases. The optimized pathlength is 
0.1 mm for all compounds in the 1700-970 cm-1 region, except for 
the enantiomeric pairs of (SS,3) where the experiment has been 
done with a shorter pathlength of 0.025 mm. The inserted spectra 
were recorded with 0.1 mm pathlength.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. Comparison of the experimental VA and VCD spectra with the corresponding spectra of the 
six most stable conformers of (SS, 1) at the PCM/B3PW91/cc-pVTZ level. 
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Figure A3. Comparison of experimental VA spectrum with the corresponding spectra of the ten most 
stable conformers of (SS, 2) at the PCM/B3PW91/cc-pVTZ level. 
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Figure A4. Comparison of the experimental VCD spectrum with the corresponding spectra of the ten 
most stable conformers of (SS, 2) at the PCM/B3PW91/cc-pVTZ level. 
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Table A1. Vibrational motions of the amide I bands and robust modes analyses 

 

 

The concept of robust modes was introduced by Nicu1 as a mean to judge if a calculated VCD sign is 
reliable or not. Rotational strength R is defined as R = |EDTM| * |MDTM| * cos θ where θ is the angle 
between electronic (EDTM) and magnetic dipole moment (MDTM). Empirically, θ in the range of 60° 
to120° are said to be non-robust, while θ outside of this range indicates a robust mode. Alternatively, one 
may also use ρGobi = R / D *100 introduced by Góbi and Magyarfalvi1 where a “soft” minimum value of 
ρGobi = 10 ppm was suggested for a mode to be robust. Both concepts are under much discussion in the 
VCD community. For further information about this concept, readers are referred to the original papers 
(1Ref. 24 in the main text).  

Motions associated with the symmetric and antisymmetric amide I modes are shown below. Their 
frequency sequences and the associated signs of the bisignate VCD couplets of 3 and the complex of 3 
with two CDCl3 molecules are also provided. 

Modes 
Freq 

(cm-1) 
Rot. Str. 

(10-44 esu2 cm2) 
Dip. Str. 

(10-40 esu2 cm2) 
|R/D| ratio 

(ppm) 
Vib. Assignment 

implicit solvation model 
99 1554.03 -1101.81 923.116 119.36 anti-sym. amide II 

100 1559.14 923.392 1942.9 47.53 sym. amide II 
105 1726.45 -393.537 1652.9 23.81 anti-sym. amide I 
106 1729.98 350.6401 63.1195 555.52 sym. amide I 

explicit solvation model 
127 1560.38 -968.516 665.484 145.54 anti-sym. amide II 
128 1566.87 855.809 1360.19 62.92 sym. amide II 
133 1707.54 358.678 44.1198 812.96 sym. amide I 
134 1709.66 -468.969 1610.69 29.12 anti-sym. amide I 
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Figure A5. Comparison of the experimental VA and VCD spectra with the corresponding spectra of the 
[Trans-Cis]equ conformer of  (SS, 1) calculated with several different combinations of functional and basis 
sets. Implicit solvation model was applied using PCM of CDCl3 as solvent. 
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Figure B1. The experimental VCD spectra of both R and S enantiomers BINAP, TOLBINAP 

and Pd(TOLBINAP)Cl2 in CDCl3 solution and their related noise levels. In all the VCD spectra 

shown, the corresponding CDCl3 spectrum obtained under identical experimental conditions was 

subtracted off. As one can see, good mirror images have been obtained for all the VCD spectral 

features measured except a few broad features at the very low wavenumber region. This is likely 

due to the strong absorption by the solvent starting at about 970 cm-1.  
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Figure B2. The calculated gas phase VA and VCD spectra of the three conformers of BINAP (top) and of 

the three conformers of TOLBINAP (bottom) and their corresponding population weighted spectra based 

on the relative energies and the relative free energies at the B3LYP/6-31G(d,p) level.  
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Figure B3. Comparison of the calculated gas phased VA and VCD spectra of 1,1’-binaphthyl, 

BINAP, and TOLBINAP at B3LYP/6-31G(d,p) level. The VA intensity of 1,1̍-binaphthyl was 

amplified by a factor of two for easy comparison. The intense band in the 1430-1460 cm-1 region 

in BINAP and TOLBINAP corresponds to the C-C stretching and C-H bending vibrational 

modes of four phenyl rings bonded to phosphorous, which does not show up for 1,1’-binaphthyl. 

The bands at 1250 cm-1 corresponds to the same vibrational modes in all three systems. The 

related bisignated VCD feature flip going from 1,1’-binaphthyl to BINAP and TOLBINAP. The 

intense bands at ~1500 cm-1 correspond to the C=C stretching vibrational motions of phenyl 

rings and naphthalene rings.         
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Figure B4. The calculated VA and VCD spectra with PCM of chloroform of the three 

conformers of BINAP (top) and of the three conformers of TOLBINAP (bottom) and their 

corresponding population weighted spectra based on the relative energies and the relative free 

energies at the B3LYP/6-31G(d,p) level.  
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Figure C1. The simulated UV (left) and ECD (right) spectra of H2L ligand with water, both in 

crystal and optimized structures, and optimized ligand without water molecule considered.    
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Figure C2. Electron configuration and orbital overlapping illustrations of Ni (II) and Cu (II) 

complexes. The hybridized orbital is used for the σ bond formation (shown in red) while the un-

hybridized p-orbital employed for the п bond formation (shown in blue).   
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Figure C3. Illustration of symmetric and anti-symmetric –C=N stretching vibrational modes for 

[M-Zn-(R,R)-L]2 complex. 
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Figure C4. Comparison of the theoretical VA spectra of the mono- and di-nuclear Zn (II) 

complexes. The main peak assignments are also provided. 
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Figure C5. Comparison of the experimental and theoretical UV-Vis and ECD spectra of all five 

metal complexes. The experimental ones are shown in dashed and dotted lines whereas the 

theoretical spectra are highlighted with solid color. 
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concentration dependent study by chiroptical spectroscopies 
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Contents: 

1. Details about the axial chirality at the –C=N bonds and the intra and extra labels.  

2. Figure S2. Effect of sample concentration on the predominant species of AXF-155 molecule in 
ECD and VCD experiments. 

3. Relative energies (in kcal/mol) of AXF-155 conformers.   
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Figure D1. Illustrations of naming schemes used for R and S for axial chirality around the ─C-N 

bond and for the intra and extra labels for the relative position of the bulky group (in red dashed 

circle) with respect to the binaphthyl half (in green circle) which is not directly connected to it. 

Place the binaphthyl ring under consideration closer to the viewer and view the chiral axis ─C-N 

end-on. Align the blue arrow from the bulky group to the ‒O-H group up. Look at θ at the right 

side of the blue line from the blue arrow to the green line. The green arrow is used to aim the 

identification of intra and extra labels.   
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Figure D2. Illustration of the different cavity sizes provided by S-intra-HB//S-extra-HB (R-SS), 

and R-intra-HB//R-extra-HB for solvent molecules. This may influence their stabilities in highly 

concentrated and highly diluted solutions. 

 

Table D1. Relative energies (in kcal/mol) of AXF-155 conformers using PCM for CHCl3  

Conformers                                         6-31G(d)                                 cc-pVTZ//6-31G(d)                  6-31G(d)-Da 
                                                       ΔEb              ΔGb                                      Eb                                          Eb                  
R_intra_HB//R_extra_HB            0.0c               0.0c                                  0.0f                                                  0.0g 
R_extra_HB//R-extra_HB            5.65              5.06                                 5.40                                                 6.50 
 
R_intra_HB//S_extra_HB            0.28              2.46                                  0.29                                                 20.50 
R_extra_HB//S_extra_HB            0.90             1.29                                  1.06                                                  0.94 
R_extra_HB//S_intra_HB            4.69              7.53                                 6.47                                                  0.0i 
R_intra_HB//S_intra_HB             0.0d               0.0d                                 0.0h                                                   16.0 
 
S_extra_HB//S_extra_HB             0.0e                0.0e                                0.0j                                                  18.66 
S_intra_HB//S_extra_HB              3.80             4.77                                 3.70                                                 0.0k 
S_intra_HB//S_intra_HB              5.63              6.93                                5.66                                                 15.80 
a  Grimme's D3 dispersion-corrected DFT optimization.  
b ΔE (conformer) = E (conformer) – E (most stable one) and ΔG values are similarly defined.  
c E= -4699.383299 H, G= -4699.555561 H. 
d E= -4699.378542 H, G= -4699.553524 H. 
e E= -4699.381303 H, G= -4699.556087 H.  
f E= -4702.855238 H. 
g E= -4701.566950 H.  
h E= -4702.851107 H.  
i E= -4701.565878 H.  
j E= -4702.85403 H.  
k E= -4701.55732 H.   
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Identifying dominant conformations of N-acetyl-L-cysteine methyl ester
and N-acetyl-L-cysteine in water: VCD signatures of the amide I
and the C@O stretching bands
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h i g h l i g h t s

� VCD signatures of two amino acid
derivatives are obtained.
� Sign inversion of the amide I VCD

band among different species is
explained.
� An empirical structural–spectral

relationship is established.
� The VCD markers proposed show high

sensitivity to conformational
variations.
� Solvent influence on conformational

geometries and stability is
emphasized.
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a b s t r a c t

Infrared (IR) and vibrational circular dichroism (VCD) spectra of N-Acetyl-L-Cysteine Methyl Ester (NAL-
CME) and N-Acetyl-L-Cysteine (NALC) in D2O under different pHs were measured. We focus on the VCD
signatures of the amide I and the C@O stretching spectral signatures of the neutral NALCME and NALC
species and the related ones of the deprotonated NALC species in the region of 1800–1500 cm�1. A sign
inversion is observed for the amide I VCD band going from the neutral NALCME and NALC to the
deprotonated NALC species. Density functional theory (DFT) calculations were carried out to search for
the possible conformations of these three species and to simulate their IR and VCD spectra at the
B3LYP/aug-cc-pVTZ level in the gas phase and with the polarization continuum model of water solvent.
The most stable conformations found for neutral NALCME and NALC exhibit drastically difference VCD
patterns, whereas those of deprotonated NALC show similar patterns. We establish an empirical struc-
tural–spectral relationship where the aforementioned VCD signatures can be used as spectral markers
to identify dominant conformations of these two amino acid derivatives under different pHs. It is recog-
nized that the dominant conformers identified using the VCD spectral markers differ from those based on
the relative DFT energies for neutral NALCME and NALC. The influence of solvent on both the conforma-
tional geometries and their relative stabilities is discussed. The aforementioned discrepancy can be
attributed to the explicit solute–solvent hydrogen-bonding interactions which are not accounted for in
the calculations. The empirical structural–spectral relationship identified can potentially be applied to
large, related amino acids and polypeptides in water.
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Introduction

Infrared (IR) spectroscopy and the related vibrational circular
dichroism (VCD) spectroscopy [1,2] have been used to provide
information about conformational distributions of amino acids
[3,4] and polypeptides, as well as secondary structures of proteins
[5] in film or in solution. VCD spectroscopy measures the differen-
tial absorbance of the left versus the right circularly polarized
lights accompanying a vibrational transition. As a result, VCD spec-
troscopy exhibits unique sensitivity to chirality and is also highly
sensitive to structural deformations due to environmental pertur-
bations in comparison to regular IR spectroscopy [6,7]. To extract
the rich structural information encoded in the VCD spectral pat-
terns measured, one needs to carry out extensive density func-
tional theory (DFT) calculations in order to identify the possible
conformations of the targeted systems and to simulate their VCD
spectra. This approach has been utilized successfully in a signifi-
cant number of studies reported [1,2,8–10]. In highly polar sol-
vents such as water, however, less satisfactory agreements
between the experimental and theoretical simulated spectra result
because the solvent effects can be drastic [11,12]. For example, the
inclusion of bulk solvent using models such as the polarizable con-
tinuum model (PCM) is critical in some cases [12]. Yet in some
other cases, the VCD features observed can only be reproduced
by further considering explicit hydrogen-bonding interactions be-
tween chiral solute and water molecules [4,13–16]. Since it may
be too expensive to include explicit water molecules in the simu-
lations of larger biomolecules in aqueous solution, it is of signifi-
cant interest to investigate in details why the PCM approaches
are able to adequately interpret the observed IR and VCD spectra
at one time and not at another. It is well known that the final sim-
ulated spectral features rely on both the spectral signatures of indi-
vidual conformers and their Boltzmann population contributions.
We therefore focus our attention on evaluating these two factors
for two model chiral molecular systems, namely N-Acetyl-L-Cys-
teine Methyl Ester (NALCME) and N-Acetyl-L-Cysteine (NALC) in
water under different pHs. Both NALCME and NALC are used for
example, as mucolytic agents to reduce the viscosity of mucus
secretions, while NALC is also used in the management of paracet-
amol overdose [17,18].

These two model systems are chosen for two main reasons. First,
standard amino acids and their derivatives are chemically highly
versatile molecules with a wide range of applications in pharmacy,
biology, and chemistry. Their specific functions in water depend
strongly on the pH of the solution and the particular conformations
they adopt under such conditions. It is therefore highly desirable to
obtain information about their dominant conformations in water
under different pH conditions. Second, NALCME has fewer hydro-
gen-bonding sites compared to NALC. In comparison to NALC, its
ability to form intramolecular hydrogen-bonds and intermolecular
hydrogen-bonds with water molecules is significantly reduced. This
allows one to evaluate how methyl substitution of the carboxylic
group influences the dominant conformations in aqueous solution
and how the related IR and VCD spectral features change. Although
the VCD spectrum of NALC under neutral pH = 7 was reported pre-
viously [15], we include the VCD spectra of NALC under acidic con-
ditions of pH = 2.5 and 3.1 in this study since the dominant species
are different under the neutral and acidic conditions. In particular,
we focus on the amide I band and the C@O stretching bands associ-
ated with the ACOOH and ACOOMe (Me = ACH3) groups in the re-
gion of 1800–1500 cm�1 which have strong IR and VCD intensities.
We examine the dominant conformations predicted and how their
geometries and relative stabilities change from the gas phase calcu-
lations to those with the PCM of water solvent. We aim to establish
empirical structural–spectral relationships which one may utilize

to extract conformational structural information for larger and re-
lated chiral molecular systems.

Experimental and theoretical details

Experimental IR and VCD measurements

NALC (99% purity), NALCME (90%, purity) and D2O (99.9%, pur-
ity) were obtained from Aldrich and were used without further
purification. D2O was used as solvent for all the IR and VCD mea-
surements reported. The experimental IR and VCD spectra were re-
corded using an Fourier transform IR spectrometer (VERTEX 70,
Bruker) equipped with a VCD module (PMA50, Bruker) at room
temperature [13]. The spectral range of 1800–1500 cm�1 was se-
lected for the current study where the solvent does not show any
strong interference. In order to obtain VCD spectra with good qual-
ity, the concentration and path-length were optimized so that the
experimental absorption coefficients are in the range of 0.2–0.8 for
the relevant IR bands. Solutions with a concentration of �0.6 M
and a path-length of 0.05 mm were used. All VCD spectra were ob-
tained with a resolution of 4 cm�1 and with a total measurement
time of 3 h (3 � 1 h), roughly �4300 scans per hour. Upon dissolv-
ing of NALC sample in water, a solution with a pH value of �2.5 is
obtained. The NALC solutions with higher pH values were prepared
by adding a small amount of 6 M NaOD dropwise. Upon dissolving
of NALCME sample in water, a solution with a pH value of �6.6 is
made. Please note that the pH values reported are the direct read
out values in a D2O solution using a H2O-calibrated pH-meter.
Please see Ref. [19] for the detailed differences between pH and
pD. The final reported VCD spectra were baseline corrected using
the solvent spectra obtained under the same condition.

Theoretical

The Gaussian 09 [20] suite of programs was used in all the
geometry optimization calculations, potential energy surface
scans, and harmonic vibrational frequencies calculations, as well
as the IR and VCD intensities predictions. DFT [21] calculations
were performed with the Becke, three-parameter, Lee–Yang–Parr
(B3LYP) [22–24] hybrid functional and the augmented correla-
tion-consistent triple zeta basis sets with added diffuse functions,
i.e. aug-cc-pVTZ [25] for all conformational searches and spectral
simulations. A Lorentzian line shape with a half-width at half-
height (HWHH) of 4 cm�1 was used for the simulations of IR and
VCD spectra. The integral equation formalism of polarization con-
tinuum model (IEF-PCM) [26] using the universal force field
(UFF) radii was used to account for the effects of solvent molecules
implicitly. A dielectric constant of 78.3553 was used for D2O. It was
established previously [15] that the H/D exchange happens at the
three possible hydrogen-bonding sites, namely the ACOOH, ASH
and ANH sites, under the current experimental conditions. Conse-
quently, in all the spectral simulation performed in this study, all
these possible sites are fully D substituted whenever it is appropri-
ate. Please note that we use R-enantiomers throughout this study.

Results and discussions

The experimental IR and VCD spectra

Fig. 1 shows the experimental IR and VCD spectra of NALCME at
pH = 6.6 and NALC at pH = 7, 3.1, and 2.5. Comparing to NALC, NAL-
CME has no acidic proton and the dominant species is expected to
be the same in the pH range from 2.5 to 7.0. Therefore, only one pH
result is reported here. Different spectral features are noted for
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NALC under different pHs. It is known from the previous study that
the carboxylic group exists essentially as ACOOH at a pH value of
2.5, and as COO� at pH = 7.0, whereas both species coexist at
pH = 3.1 [15]. While IR spectra at pH values ranging from 0.65 to
13 and VCD spectrum at pH = 7.0 of NALC were reported in Ref.
[15], the VCD spectra of NALC at pH = 2.5 and 3.1 are reported here
for the first time. At pH = 2.5, two IR bands are observed for NALC
at �1720 and �1630 cm�1. These corresponds to the C@O stretch
of the –COOH group, i.e. m(C@O)ca where ‘ca’’ stands for carboxylic
acid’, and the amide I mode, i.e. m(C@O)ac where ‘ac’ stands for
acetyl. At pH = 3.1 and 7, a new band corresponding to the asym-
metric stretch of ACOO�, i.e. mas(COO�), appears at 1599 cm�1.
For NALCME, two IR bands are observed, corresponding to the
C@O stretch of the ACOOME group, i.e. m(C@O)ester, and the amide
I band, m(C@O)ac, from high to low wavenumber. In the case of
NALCME, the amide I band occurs at essentially the same wave-
number position as the NALC molecule, whereas m(C@O)ester

emerges at �1735 cm�1 which is blue shifted by �15 cm�1 com-
pared to m(C@O)ca of NALC. The experimental VA and VCD spectra
extended down to 1300 cm�1 are provided in Fig. S1, Supporting
Information.

Another interesting observation highlighted in Fig. 1 is the sign
reversal of the VCD amide I mode. For neutral NALC and NALCME,
this band exhibits a negative VCD sign, whereas for the deproto-
nated NALC species, i.e. depNALC, the sign of this VCD band
changes to positive. In addition, the VCD signs of the m(C@O)ca of
neutral NALC and of m(C@O)ester of NALCME remain positive.

In the following, we use theoretical modeling to explain these
observations. In particular, we focus on the comparison of the
experimental and theoretical VCD patterns of the most stable con-
formers of the NALCME, NALC, and depNALC species predicted. Our
goals are to establish useful empirical structural-spectral relation-
ships and to explore a suitable approach to interpret the experi-
mental VCD spectra in water adequately and efficiently.

Conformational searches

The conformational search of depNALC is discussed first since
NALC and NALCME also contain similar molecular fragments. A
preliminary two-dimensional energy plot of depNALC at the
B3LYP/6-31G(d) level in the gas phase, scanned along two of its
most important rotational angles about the C3AC5 and C3AN1
bonds (see Fig. 2 for atom labeling), was reported previously
[15]. It was recognized that the lone electron pairs of the N atom
is involved in a resonance structure with the adjacent AC@O

group, and the ANH group forms an intramolecular hydrogen-
bond with the ACOO� group. As a result, this part of molecule is
fairly rigid. Therefore, the main conformational freedom involves
the rotation of the ASH group about the C3AC5 bond. We further
carried out the potential energy scan along this angle at the
B3LYP/aug-cc-pVTZ level in the gas phase and with the PCM of
water solvent. The scanned results obtained in the gas phase and
with PCM are provided in Fig. S2, Supporting Information. Alto-
gether, five most stable conformers of depNALC with the PCM of
water solvent were optimized and proved to be true minima with
no negative frequencies. Their geometries with the PCM of water
solvent are provided in Fig. 3, while the corresponding gas phase
geometries are given in Fig. S3, Supporting Information. To facili-
tate easy differentiation of the conformers, all intramolecular
hydrogen-bond lengths or van der Waals bond lengths less than
3 Å are indicated in the related figures. Their relative energies
and the associated Boltzmann population factors at room temper-
ature of these five conformers are summarized in Table 1. We note
that the most stable conformers identified are similar to those ob-
tained with the 6-311++G(d,p) basis set [15], although with a
somewhat different stability order.

For the next species, i.e. neutral NALC, its conformational land-
scape had been studied extensively before both in the gas phase
and with the PCM of water solvent [15–28]. Therefore, only the
six most stable NALC conformers re-optimized at the B3LYP/aug-
cc-pVTZ are reported here. Their geometries with the PCM of water
solvent are shown in Fig. 3, while the corresponding gas phase
geometries are depicted in Fig. S4, Supporting Information. Their
relative energies and the associated Boltzmann population factors
at room temperature are provided in Table 1.

For NALCME, because of the methyl substitution at the carbox-
ylic site of NALC, its ability to form hydrogen-bonds is reduced and

Fig. 1. Experimental IR (left) and VCD (right) spectra of NALC in water at pH = 7, 3.1, 2.5 and of NALCME in water at pH = 6.6, from the top to the bottom, respectively. The
dominant species under each pH are also indicated.

Fig. 2. Atom labeling for the depNALC (left) and NALCME (right) molecules.

M.R. Poopari et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 136 (2015) 131–140 133



the conformational landscape for NALCME is less-complicated
compared to that of neutral NALC. In fact, methyl esterification
was used before as a method to eliminate or minimize the inter-
and intramolecular hydrogen-bonding interactions in the related
chiral systems, such as 2-(2-chlorophenoxy) propanoic acid and
2-(3-chlorophenoxy) propanoic acid, in order to identify their
absolute configurations [27]. Building on the results obtained for
neutral NALC [15,28], potential energy scans along the two dihe-
dral angles namely, O9AC8AC3AN1 and H6AC5AC3AN1 (see Fig. 2
for atom labeling) were performed. Such scans allow the ACH2SH
group to make an intramolecular hydrogen-bond with either the
ANH or the ACOOMe group. Furthermore, such hydrogen-bonding
interaction can happen either with the carbonyl or the ester oxy-
gen atom of the ACOOMe group. Overall, seven most stable con-
formers were identified. The optimized geometries of these seven
conformer at the PCM/B3LYP/aug-cc-pVTZ level are shown in
Fig. 4, while the corresponding gas phase geometries are summa-
rized in Fig. S5, Supporting Information. Their relative energies
and the related Boltzmann population factors at room temperature
obtained with the PCM of water solvent and in the gas phase are
also summarized in Table 1.

The energy spread is relatively small among these conformers.
For example, NALCME1 and NALCME3 differ only in one main as-
pect: ANH points to the ester oxygen atom in NALCME3 instead
of the carboxylate oxygen atom as in NALCME1. It is known from
both the solution [13,15] and the gas phase [29,30] experimental

studies that the ANH� � �Oester or AOH� � �Oester interactions contrib-
ute less to the stabilization energy compared to the ANH� � �O@C or
AOH� � �O@C interactions. Indeed, the intramolecular hydrogen-
bonding distance of ANH� � �O@C in NALCME1 is 2.26 Å, whereas
that distance of ANH� � �Oester in NALCME3 is 2.78 Å.

Changes in the conformational geometries and their relative stability
ordering in the gas phase and with the PCM of water solvent

To appreciate the effects of bulk solvent, it is interesting to
highlight some changes in the geometries and the relative stability
of the most stable conformers from the gas phase and to the pres-
ence of an implicit solvent. For consistency, the following discus-
sions are based on the relative free energies at room temperature
(see Table 1). Comments about the differences in the DG- and
DE-based stability orderings are provided at the end of the section.

The most stable conformer of depNALC in the gas phase exhibits
an –NH� � �OCO� intramolecular hydrogen-bond, and at the same
time the H atom of the ASH group points toward the oxygen atom
of OCO� (see Fig. S3). The corresponding PCM conformer has a
similar geometrical arrangement with the same intramolecular
hydrogen-bonds. The exception is that the intramolecular hydro-
gen-bond lengths become noticeably longer: from about 1.8 Å in
the gas phase to about 2.1 Å with the PCM of water solvent. The
two aforementioned cyclic hydrogen-bond formations deliver sig-
nificant stability to the particular structure in the gas phase. While

Fig. 3. Geometries of the most stable conformers of depNALC and the neutral NALC at the PCM/B3LYP/aug-cc-pVTZ level. All relevant intramolecular bonds with a bond
length less than 3 Å are indicated.
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this most stable conformer of depNALC in the gas phase carries
about 60% of the total population, its corresponding structure opti-
mized with the PCM of water solvent contributes only about 14%.
In general, the intramolecular hydrogen-bond or van der Waals
bond lengths associated with the ASH group are in the range of
2.10–2.99 Å in the conformers obtained with the PCM of water,
while their values vary from 1.88 to 2.88 Å in the gas phase. As a
result of these geometric changes, the relative stability ordering

of the depNALC conformers also changes going from the gas phase
to the PCM of water solvent.

For the NALC species, a number of dihedral angles are important
in generating the low energy conformations. This flexibility brings
about a more complex conformational landscape. It is interesting
to note that all six conformers identified in the gas phase have
the one-to-one corresponding PCM conformers. Similarly, for the
NALCME, the inclusion of the implicit solvent model tends to alter

Table 1
Values of the relative free energy DG (in kcal/mol) in the gas phase and with PCM, and the relative zero-point-corrected energy DE (kcal/mol) with PCM, as well as the
corresponding Boltzmann population percentage factors at room temperature of the most stable conformers of depNALC, neutral NALC and NALCME at the B3LYP/aug-cc-pVTZ
level.

PCM Gas phase PCM

Conformers DG [rank]a pop%DG DG [rank]b pop% – DG DE [rank]c pop% – DE

Deprotonated NALC
depNALC1 0.00 [1] 39.68 0.42 [2] 29. 97 0.01 [2] 37.72
depNALC2 0.04 [2] 36.54 1.95 [4] 2.29 0.00 [1] 38.49
depNALC3 0.60 [3] 14.34 0.00 [1] 61.48 0.50 [3] 16.33
depNALC4 1.05 [4] 6.74 1.35 [3] 6.25 1.21 [4] 4.92
depNALC5 1.59 [5] 2.70 N/Ad 1.61 [5] 2.53

Neutral-NALC
NALC1 0.00 [1] 25.82 0.22 [3] 20.15 0.00 [1] 70.50
NALC2 0.08 [2] 22.45 0.65 [5] 9.70 2.10 [5] 2.03
NALC3 0.16 [3] 5.90 0.00 [1] 29.05 1.47 [3] 19.42
NALC4 0.34 [4] 14.49 0.06 [2] 26.33 1.83 [4] 3.21
NALC5 0.48 [5] 11.35 0.43 [4] 13.95 2.33 [6] 1.37
NALC6 0.82 [6] 6.74 2.11 [6] 0.82 0.84 [2] 17.00

Methyl ester-NALC
NALCME1 0.00 [1] 21.53 2.24 [6] 0.97 0.61 [3] 13.92
NALCME2 0.05 [2] 19.70 0.71 [3] 2.80 0.88 [4] 8.95
NALCME3 0.09 [3] 18.37 2.81 [7] 0.37 1.19 [6] 5.21
NALCME4 0.23 [4] 14.52 0.00 [1] 42.44 0.00 [1] 39.43
NALCME5 0.32 [5] 12.50 0.21 [2] 29.80 0.35 [2] 21.64
NALCME6 0.56 [6] 8.36 0.80 [4] 10.90 1.23 [7] 4.91
NALCME7 0.86 [7] 5.04 1.63 [5] 2.73 1.12 [5] 5.93

a Relative stability based on DG obtained with the PCM of water.
b Relative stability based on DG obtained in the gas phase.
c Relative stability based on the zero-point-energy corrected DE obtained with the PCM of water solvent.
d This optimized structure in the gas phase turns to depNALC4 (see Fig. S3).

Fig. 4. Geometries of the seven most stable conformers of NALCME at the PCM/B3LYP/aug-cc-pVTZ level. All relevant intramolecular bonds with a bond length less than 3 Å
are indicated.
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some dihedral angles for those involved in the intramolecular
hydrogen-bonds, such as the ANH and ASH groups. While the first
five conformers with PCM contribute about 10–26% each to the to-
tal population, i.e. contribute fairly evenly, this trend is not seen
with those in the gas phase where two main conformers contribute
over 70% to the total population.

Overall, the bulk solvent environment plays two important
roles here, namely to modify both the relative stability ordering
of the conformers and their geometries. Generally speaking, the
gas phase structures are more compact than those obtained with
the PCM of water solvent. This is not surprising since without
the interference of water solvent, the solute molecule is free to
optimize the possible intramolecular hydrogen-bonds, resulting
in more compact geometries.

The relative stability orderings based on DG and on DE are more
or less the same for the depNALC species, with the first two most
stable conformers having essential the same stability. For NALC,
although the most stable conformer is strongly favored with about
70% of the total population based on DE, the contributions of the
five lowest energy conformers are fairly evenly distributed based
on DG. Related observation can also be made for NALCME. Overall,
stability orderings based on the DG and DE values differ slightly for
depNALC, and more drastically for NALC and NALCME, as can be
seen from Table 1. Since the amount of order or disorder is directly
associated with the entropy term which makes the two terms, DG
and DE, different, one can expect different stability ordering based
on these two terms. In fact, a strong temperature dependence of the
DG values for different conformers in other systems had been
clearly demonstrated in a number of previous studies [31]. Conse-
quently, it is not surprising that the stability ordering of the con-
formers based on DG can differ noticeably from that based on DE.
For the solution measurements considered here, it is logical to
use DG rather than DE for population weighed spectral simulations.

Comparison of the experimental and simulated IR and VCD spectra

NALCME
The experimental IR and VCD spectra of NALCME are compared

with the corresponding spectra of individual conformer in Fig. 5 to

facilitate detailed comparison. It is noted that the peak frequencies
of the m(C@O)ester stretch mode for all seven conformers show only
a small spread, i.e. from 1755 cm�1 to 1740 cm�1. For the amide I
bands, this spread is even smaller, i.e. from �1675 cm�1 to
1666 cm�1. Therefore, based on the comparison of the calculated
and observed IR spectral features, one cannot tell apart of these
possible conformers. The VCD spectral features, on the other hand,
differ drastically for the different conformers of NALCME. While
NALCME1 shows a positive–negative couplet in accord with the
experimental observation, NALCME2, NALCME3, and NALCME7
all show a negative-positive couplet, in contrary to the experiment.
Furthermore, NALCME4 and NALCME5 have both very low or
diminishing amide I VCD intensity, whereas two negatives VCD
bands with low intensities are predicted for NALCME6.

It is clear from Fig. 5 that the population weighted VCD spec-
trum based on the DG-Boltzmann factors in Table 1 would be in
poor agreement with the experiment. While the room temperature
Boltzmann factors suggest similar amount of NALCME1, 2, and 3 in
solution, the spectral signatures observed indicate that NALCME1
should dominate over NALCME2 and 3 in order to obtain the exper-
imental observed features. One may argue that the DFT energies
predicted are off. There are, however, a substantial body of litera-
ture, where such predictions serve their purposes well [2,32,33].
In general, it appears that the relative free energy predictions tend
to deviate more when water is the solvent and the targeted chiral
molecules have multiple hydrogen-bonding sites. It is therefore
desirable to probe this phenomenon further by examining the re-
lated systems which have stronger hydrogen-bonding capability.
In the following sections, we look at the cases of depNALC and neu-
tral NALC.

depNALC
The dominant species of NALC in water at pH = 7.0 is depNALC.

The corresponding experimental IR and VCD spectra were reported
before and both implicit and explicit solvation models at the
B3LYP/6-311++G (d,p) level were utilized to interpret the experi-
mental data [15]. For completion, the comparison of the experi-
mental and simulated IR and VCD spectra with the new basis set,
aug-cc-pVTZ, is presented in Fig. 6. It is interesting to note that

Fig. 5. Comparison of the experimental IR (left) and VCD (right) spectra of NALCME with the related theoretical spectra of the seven conformers of NALCME at the PCM/
B3LYP/aug-cc-pVTZ level.
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all five most stable conformers exhibit two closely spacing IR
bands, corresponding to the amide I and mas(COO�) bands, from
high to low wavenumber. They also all show a positive–negative
VCD couplet. The spacing between the amide I and the carboxylate
bands differ slightly among conformers. This spacing depends
mainly on the relative orientation of the ASH group with respect
to the rest of the molecule where it can make an intramolecular
hydrogen-bond with either ANH, A(O@C)ac or ACOO�. Since both
experimental IR and VCD bands appear quite broad in the spectra,
it is likely that all these conformers contribute to the observed
spectra. In the previous study, it was found that the significant
hydrogen-bonding interactions with water molecules influence
mostly the VCD features in the 1500–1300 cm�1 region [15]. Nev-
ertheless, the most stable conformers identified with the joint im-
plicit and explicit solvent approach [15] are consistent with those
predicted with the PCM model. On the other hand, since all the
conformers show very similar IR and VCD patterns, it is not possi-
ble to discriminate one against another. This is in contrast to the
case of NALCME.

Neutral NALC
In Fig. 7, the experimental IR and VCD spectra of NALC in water

at pH = �2.5 are compared with the simulated spectra of the six
most stable conformers of the neutral NALC which is the dominant
species at such a low pH value. While the m(C@O)ca bands are pre-
dicted to have very similar peak wavenumbers for all six conform-
ers, the amide I bands spread widely. In particular, the m(C@O)ac

bands of NALC1 and NALC6 are red shifted by �65 cm�1 compared
to NALC2. This is because in these two conformers, the A(OH)ca

group points toward the A(C@O)ac group to make an intramolecu-
lar hydrogen-bond, whereas the A(C@O)ac groups in the other con-
formers are free. Since the experimental m(C@O)ac band of NALC
appears at essentially the same peak position as for NALCME, and
NALCME does not have the A(OH)ca group to form such an intra-
molecular hydrogen-bond, we conclude that NALC1 and NALC6
do not contribute significantly in solution. At the same time, their
corresponding m(C@O)ac VCD signals are positive, in contrary to the
sign of the corresponding experimental VCD band at �1630 cm�1.
A closer examination reveals that this strongest experimental IR
band has a tail at the lower frequency side. Correspondingly, there

is a small positive VCD bump at �1615 cm�1. These observations
suggest that there may be a small amount of NALC1 in solution.

The other four conformers have very similar IR patterns and one
cannot tell them apart based on the IR spectral features observed.
On the other hand, the VCD features predicted for these four con-
formers are quite different. NALC5 shows the VCD couplet with the
opposite sign of the experiment. While the m(C@O)ca bands of
NALC3 and NALC4 have the same positive sign as the experiment,
their VCD bands at the amide I band have diminishing intensity, in
contrast to the experiment. The only remaining conformer, namely
NALC2, shows consistent VCD signatures as the experiment. We
therefore conclude that overall, NALC2 contributes dominantly to
the observed spectra, while some small contributions from other
conformers may also be present as discussed above.

As can be seen from Table 1, the first three conformers of NALC
were predicted to have very similar stability, whereas the experi-
mental data clearly suggest that only one of them, i.e. NALC2, is
the dominant conformer. This conclusion echoes the result ob-
tained with NALCME: it is possible to utilize the rich VCD spectral
patterns to identify the dominant conformers even though the cal-
culated abundance of these conformers may not support the same
conclusion. The latter point will be further discussed in ‘The solute-
water hydrogen-bonding interactions and DFT conformational
stabilities’.

The conformational structure markers

It is known that the sign and the intensity of a VCD band are
associated with its rotational strength R. R can be expressed as
the imaginary part of the dot product of the electric and magnetic
transition dipole moment vectors, i.e. R = |l|�|m|cosh, [1] where |l|
and |m| are the magnitudes of the electric and magnetic transition
dipole moment vectors, respectively, and h is the angle between
these two vectors. Clearly, the sign of a particular VCD band is
determined by the angle h. On the other hand, such h values do
not provide one with the intuitive structural information. We
therefore set out to seek a more direct, empirical correlation be-
tween the observed VCD signatures and the corresponding confor-
mational structures. The four atoms involved in the amide bonds
are essentially in one plane due to the resonance structure of the

Fig. 6. Comparison of the experimental IR (left) and VCD (right) spectra of depNALC with the related theoretical spectra of the five conformers of depNALC at the PCM/B3LYP/
aug-cc-pVTZ level.
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with the ANH group with the adjacent AC@O group. Here, we de-
fine a conformational frame angle, s, which is the dihedral angle be-
tween this amide plane and the ACOO plane. This angle
characterizes the most important conformational arrangement of
the three targeted species, except the orientation of the ASH group.
For depNALC, s can in principle take on values ranging from �90�
to +90� where ‘‘+’’ means clockwise rotation viewing from the
amide plane to the ACOO plane and ‘‘�’’ the opposite. For neutral
NALC and NALCME, this range expands to �180� to +180� since
there are either an H atom or a methyl group attached to the ACOO
group, respectively. The values of this conformational frame angle
for all conformers studied here are summarized in Fig. 8. The s val-
ues are color coded. Red indicates that the conformer with this spe-
cific s value has both VCD signatures in agreement with the
experiment. Black means that one or both VCD signature bands
show opposite signs to those observed or both bands have dimin-
ishing intensities. Green indicates that while the C@O stretching
band shows consistent sign as the experiment, the amide I band
has very weak or diminishing intensity.

As one can see, all five conformers of depNALC have a positive s
value ranging from about 32� to 51�. All them show the positive
amide I VCD bands and the negative mas(COO�) VCD bands, in
according with the experimental observed spectral features. For
the neutral NALC conformers, those with the negative s values all
show the opposite amide I VCD sign compared to the experiment,
whereas NALC2 with a positive s value of about 80� has both of
its amide I and carboxylic bands agree well with the experiment.
NALC3 and 4 have the s values of about 47� and both have very
weak VCD amide I band. The same parallel observation can be
made for NALCME conformers as for the NALC conformers. In par-
ticular, the dominant conformers identified for NALC and NALCME
in water, i.e. NALC2 and NALCME1, have essentially the same con-
formational frame angle of about 80�. Of course, s does not have a
simple one-to-one relationship to hs. Nevertheless, as shown here,
the VCD signatures observed for the amide I band and the C@O
stretching bands can be used as markers to identify such confor-
mational preference in water.

For depNALC, the conformational frame as defined above is
fairly rigid. It is not surprising that all five conformers show very

much the same VCD signatures in the 1800–1500 cm�1 region. Fur-
thermore, it appears that these two VCD bands are not sensitive to
the relative orientation of the ASH group in the molecule since this
is precisely how the five conformers are generated. On the other
hand, one may expect different VCD signatures for the ASH
stretching band. Indeed, the simulated VCD features of the ASH
mode for these five conformers are very different (see Fig. S6, Sup-
porting Information). Unfortunately, this mode is too weak to be
measured experimentally.

The solute-water hydrogen-bonding interactions and DFT
conformational stabilities

It is recognized in the current study that the dominant conform-
ers identified are not necessary those predicted theoretically.
Although DFT population factors have been used successfully in
many cases, their applications with highly polar solvents tend to
be less successful. One can hypothesize that the explicit solute-
water hydrogen-bonding interactions may alter the relative stabil-
ity of individual conformers significantly. Indeed, clear evidences
of such explicit hydrogen-bonding interactions between chiral sol-
ute and water molecules in aqueous solution were demonstrated
previously using chirality transfer spectral features [13,14,34]
and other characteristic changes in the VCD spectra [4,15]. For a
number of small model chiral molecular systems, it has been pos-
sible to probe the chiral solute-water interacts in solution directly.
Using both the implicit and explicit solvation models, the experi-
mental VCD features observed can be accounted for in detail. For
large chiral molecular systems with multiple relevant conformers,
on the other hand, it may be too expensive or not feasible to utilize
the explicit solvation methodology. The approach of using the IR
and VCD spectral signatures simulated with the PCM model of
water solvent as markers to extract information about chirality
and dominant conformations is a viable alternative, as demon-
strated in the current study.

It is also noted that some detailed IR spectral features could not
be explained satisfactorily based on the PCM of water solvent. For
example, the 15 cm�1 blue shift of m(C@O)ester of NALCME com-
pared to m(C@O)ca of neutral NALC was not correctly predicted. It

Fig. 7. Experimental IR (left) and VCD (right) spectra of NALC at pH = 2.5 where the dominant species is the neutral form of NALC. The corresponding simulated spectra of the
six most stable NALC conformers at the PCM/B3LYP/aug-cc-pVTZ level are also presented.
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is acknowledged that such a small vibrational shift is in general
challenging to reproduce with harmonic vibrational calculations.
In addition, the PCM approach does not capture the explicit hydro-
gen-bonding interactions between NALCME and water and be-
tween NALC and water. A plausible reason for such a blue shift is
that the neutral form of NALC can engage more extensively in
the hydrogen-bonding interactions between water and the ACOOH
group, causing m(C@O)ca to red-shifted more significantly com-
pared to that of NALCME.

Conclusions

IR and VCD spectral signatures of the amide I and C@O stretch-
ing bands of NALCME and NALC were measured in water under dif-
ferent pHs. With the extensive conformational calculations and the
detailed analyses of the resulting spectral features and structural
parameters, we establish a clear relationship between the observed
VCD spectral signatures and the preferred conformations. The sign
inversion observed for the amide I VCD band going from neutral
NALCME and NALC to depNALC is explained satisfactorily based
on the changes in the corresponding conformational frame angles
in these species. In addition, the geometric changes going from
the gas phase to the PCM of water solvent were investigated to
highlight the effects of a dielectric bulk environment.

It is noted that drastically different VCD spectral signatures
were predicted in the above spectral window for different con-
formers of neutral NALC and NALCME. This advantage allows one
to confidently identify the particular conformations favored in
solution, regardless of their DFT stability ordering. The present
study shows that the relative free energies predicted may not re-
flect the actual situation in solution as demonstrated in the cases
of neutral NALCME and NALC. Such deviations are rationalized in

terms of the interferences from the explicit hydrogen-bonding
interactions between chiral solute and water molecules. Based on
the current study, it is recommended to include the PCM of water
solvent in the studies of amino acids and the related chiral mole-
cules since it is relatively inexpensive and can capture some of
the main conformational changes in the presence of a dielectric
solution environment.
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ABSTRACT: Two chiroptical spectroscopic techniques,
namely, electronic and vibrational circular dichroism (ECD
and VCD), as well as NMR spectroscopy have been utilized to
determine the absolute configurations and geometries of two
Frat́er−Seebach alkylation reaction products with long hydro-
carbon chains. The experimental studies have been com-
plemented with density functional theory calculations. Strong
characteristic bisignate VCD signatures in the carbonyl
stretching region have been observed for both compounds in
film state. Truncated models, i.e., without the long CH2 chains,
have been utilized to examine different hydrogen-bonding topologies between two monomeric moieties and to simulate the
corresponding IR and VCD spectra of the dimers. In addition, the exciton coupling model has also been applied to the CO
groups of the two monomeric moieties, which can be coupled through intermolecular hydrogen-bonding. On the basis of these
simplified approaches, the absolute configurations of the compounds have been unambiguously assigned using VCD and ECD
spectroscopy. Spectral simulations in the IR and UV−vis regions have also been carried out with the full dimers to validate the
fitness of the truncated model. The study shows that the combination of the film VCD and ECD techniques is a relatively
straightforward method to determine the absolution configurations of such synthetic compounds.

■ INTRODUCTION
The Frat́er−Seebach alkylation1,2 reaction is an efficient means
for the diastereoselective introduction of α-substituents to
chiral β-hydroxy esters using superbases such as lithium
diisopropylamide (LDA) or lithium bis(trimethylsilyl)amide
(LHMDS). In such reactions, both hydrocarbon groups, which
are connected to the two stereogenic carbon centers of the β-
hydroxy ester product (Figure 1), can be engineered as

needed.3 In the current study, two chiral β-hydroxy esters with
different lengths of α-hydrocarbon chain substituents (1 and 2,
Figure 1) have been synthesized by using the Frat́er−Seebach
alkylation reaction. Each product contains two stereogenic
carbon centers where one is connected to an −OH group and
the other one to an ester (−CO2Me) group. In addition, a long

hydrocarbon chain is attached to each stereogenic carbon
center. The synthesis of 1 was reported before,4,5 whereas that
of 2 is reported here for the first time.
These compounds are synthetic analogs of mycolic acids,

lipids that are found in the cell wall of a number of
actinomycete bacteria.6 In particular, they are important
constituents of cell wall arabinogalactan in the human
pathogens Mycobacterium tuberculosis and Mycobacterium leprae,
the causative agents of tuberculosis and leprosy, respectively.7

The two compounds have been synthesized for use in the
preparation of a library of glycolipids that will be used to probe
the host immune response that occurs upon infection by
mycobacteria.
One of the most important properties for further biological

and other applications is the absolute configuration of the
products. The three-dimensional spatial arrangement of a chiral
molecular system can be determined by using different
spectroscopic tools such as NMR spectroscopy, X-ray
crystallography, electronic circular dichroism (ECD) spectros-
copy, and vibrational CD (VCD) spectroscopy. Each method
has its own pros and cons and also level of confidence in the
absolute configuration assignment. While X-ray crystallography
has been used extensively for this purpose, it is often tedious if
not impossible to obtain the necessary single crystals for many
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Figure 1. Chemical structure of 1 and 2. The stereogenic centers are
indicated with *.
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synthetic products. VCD spectroscopy has been utilized
successfully in recent years to determine absolute config-
urations and characterize chiroptical properties of synthetic
compounds8 and natural products.9 In this study, we have
applied both VCD and ECD spectroscopies, complemented
with density functional theory (DFT) calculations, to
determine the absolute configuration (AC) of these products
and to characterize the associated hydrogen (H)-bonding
interactions under film conditions. We have further discussed
the benefits of using two complementary chiroptical spectro-
scopic tools to enhance the level of confidence in the AC
assignments.10 For comparison, the absolute configuration of
the stereogenic carbinol carbon, i.e., 3* in Figure 1, has also
been established by using an approach similar to the Mosher
ester method11 and complemented with the DFT calculations
of NMR chemical shifts.
The VCD and ECD measurements have been carried out by

using a cast film in the current study. There are a number of
advantages associated with the cast film technique. One is that
the resulting spectra have no contribution from the solvent
molecules and no interference from the solvent molecules
through H-bonding interactions or other intermolecular
interactions. The latter greatly simplifies the necessary
theoretical modeling for spectral interpretation. The other
point is that the film measurements generally require less
amount of sample compared to the solution measurements.12

For example, Polavarapu and co-workers found that for L-
phenylalanine and L-tryptophan, which have low solubility in
water, the cast film technique is the method of choice.13 Not
only strong water interference could be eliminated to uncover
amide I bands,14 but also the signal-to-noise ratio of film-VCD
spectra was enhanced noticeably compared to that obtained in
solution.15 More recently, the reversal of helical chirality of
fibrils in dried film under different pH conditions was studied
by Nafie and co-workers using VCD spectroscopy.16 One
known drawback of the cast film VCD technique is the possible
formation of microcrystalline assemblies during film prepara-
tion, thus preventing artifact-free VCD spectra to be obtained.
This, however, depends on specific solute and solvent
properties and can be avoided by choosing an appropriate
solvent or using the matrix-assisted film-VCD technique
reported previously.17 Experimental aspects of solid state
VCD measurements were reviewed by Abbate and co-
workers.18 Furthermore, procedures for verifying if the system
is free of such artifacts and for correcting such artifacts were
reported before19 and have utilized in the current study.

■ RESULTS AND DISCUSSION
1. Experimental IR and VCD Spectra in Film and in

Solution. Figure 2 shows the experimental IR spectra of 1 in
film and in CDCl3 solvent. Clearly, the main IR features are
similar in film and in solution, except the noticeable baseline
elevation and band overlapping in the region below 1450 cm−1

in the solution measurement due to solvent interference. The
film IR spectrum also shows two closely spaced bands at ∼1720
cm−1 separated by ∼12 cm−1, while the corresponding feature
in solution shows only one broad band at roughly the same
position. The raw solution IR spectrum and the corresponding
solvent IR spectrum are provided in Figure S1, Supporting
Information. The corresponding VCD spectrum in solution, on
the other hand, shows a poor signal-to-noise ratio, possibly a
result of intermolecular interactions with CDCl3.

20 Because of
the limited amount of the synthetic sample, no further testing

with other solvents was carried out. Rather, we focus on the
experimental data obtained with the film method.
The observation of the two closely spaced IR bands in the

CO stretching region in film may indicate the formation of a
dimer. This is because the monomer of 1 features essentially
only one type of intramolecular H-bond with the hydroxyl H
atom pointing to the carbonyl O atom (Section 3).
Furthermore, differences in the orientation of the hydrocarbon
chains typically result in much smaller separation in the
carbonyl region than that observed (Section 3). The clear
evidence for the formation of a dimer comes from the greatly
enhanced +/− bisignated VCD couplet in the same region,
going from low to high wavenumber. Such noticeably enhanced
VCD signatures are common for two strongly coupled C
O oscillators.21−23 On the other hand, one would generally
expect low VCD intensity in the carbonyl stretching region if
the two oscillators are not coupled, for example, from
conformers due to different hydrocarbon chain orientations
(see Section 3).

2. NMR Spectroscopic and DFT Determination of
Chirality at the Carbinol C Atom. There are two stereogenic
centers in these two products: one is at the carbinol C atom
whose chirality was set by an enantioselective reduction of a
ketone using a chiral catalyst and the other during the
alkylation reaction (see Experimental Section). In this section,
we utilized an approach analogous to the Mosher ester
analysis11 for the determination of the absolute configuration
of the stereogenic carbinol carbon atom. Since α-methoxy-α-
trifluoromethylphenylacetic acid (MTPA−OH), also known as
Mosher’s acid, is rather expensive, we chose a cheaper chiral
acid, i.e., (S)-(+)-O-acetylmandelic acid, as our NMR shift
agent. Briefly, 3, the product of the above enantioselective
reduction of a ketone and a precursor for 1, was reacted with
(S)-(+)-O-acetylmandelic acid, as shown in Scheme 1. Since 3
was produced with 93% ee, we expected to obtain two
diastereomeric esters with (2R,5S) and (2S,5S) absolute
configurations. The resulting ester 1H NMR spectroscopic
experiments show two well resolved peaks at 3.64 and 3.37
ppm with the latter having much less intensity, arising from the
methyl group of the methyl ester. Generally speaking, because
of the different orientation of the phenyl group in these two
diastereomeric esters shown in Figure 3, one may speculate that

Figure 2. Experimental IR spectra of 1 in film (solid) and in CDCl3
solution (dashed). The corresponding experimental VCD spectrum in
film is shown at the bottom.
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the methyl protons in the (2S,5S) ester are more shielded and
therefore move upfield in its NMR spectrum. To validate this
assumption, the corresponding DFT calculations at the 6-311+
+G(d,p)//6-31+G(d) was carried out. The (δRS − δSS) NMR
shift value was predicted to be +0.18 ppm, in good agreement
with the experimental +0.27 nm. In calculating these NMR
shifts, we have adopted the linear scaling model reported by
Rablen et al.24 From this combined experimental and
theoretical approach, we deduced that the chirality at the
carbinol C of the 1 and 2 is R for the major product.

3. Absolute Configuration of 1 and 2 from Chiroptical
Spectroscopy with Simplified Models. Truncated Models.
For both 1 and 2, the −OH and −CO2Me groups can in
principle adopt two H-bonding topologies, i.e., OH···OC
or OH···OMe intramolecular H-bonds. It is well docu-
mented that theOH···OC H-bonding topology is strongly
preferred.25,26 The more subtle conformations related to the
long hydrocarbon chains will be addressed in Section 4.
In order to determine the absolute configurations of the 1

and 2 from chiroptical measurements in film, we need to
consider the H-bonded dimers alluded to in Section 1. First, the
experimental IR and VCD spectra of both 1 and 2 with
different alkyl chains show somewhat similar features in the
fingerprint region (vide infra). Second, the most prominent
VCD features observed are in the carbonyl stretching region,
whereas the vibrational modes of the alkyl chains in the
fingerprint region are generally below 1500 cm−1. We therefore
decided to first utilize the truncated models where the long
alkyl chains are replaced with the methyl groups to reduce
computational cost. Such simplified approach was reported
before for complex systems with a long hydrocarbon chain or
formed H-bonded dimers.27

Two intermolecular H-bonding models are proposed in
Figure 4. In Model_I, the two OC groups act as the proton
acceptors and the −OH groups as the H-donors. In Model_II,

Scheme 1. Production of a Mosher Ester Analogue for the
NMR Spectroscopic Determination of the Absolute
Configuration at the Carbinol C of 3

Figure 3. Optimized geometries of the two diastereomeric esters
(3S,5S) and (3R,5S) and the corresponding NMR shifts of the methyl
protons predicted at the 6-311++G(d,p)//6-31+G(d) level. The first
and second chiral labels refer to the chirality of the carbinol carbon and
the acid used, respectively. Note that in (3S,5S), the methyl protons
are better shielded by the aromatic group than in (3R,5S), as
highlighted with dotted lines.

Figure 4. Calculated VA and VCD spectra (left) in the carbonyl stretching region and ECD spectra (right) of the truncated dimers. The truncated
models used are provided in the middle. For clarity, only experimental VA and VCD data (dotted line) of 1 and ECD data of 2 are shown for
comparison. The vertical units are those of the calculated ones.
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one hydroxyl group is inserted into the existing intramolecular
H-bond of the other molecule and acts both as the H-donor
and acceptor. The simulated IR and VCD spectra of Model_I
and II of the truncated (2R,3R) and (2S,3R) products in the
1800 to 1700 cm−1 region. The corresponding results of
(2S,3S) and (2R,3S) are not shown since (2S,3S) and (2R,3S)
give the same IR and the mirror-imaged VCD spectra as
(2R,3R) and (2S,3R), respectively. In Model_I where the two
CO groups are involved in the intermolecular H-bonded
ring, the calculated VCD features exhibit greatly enhanced
intensity with the +/− bisignate couplet from low to high
wavenumber for both (R,R) and (R,S) isomers. For Model_II,
since one CO group is not involved in the intermolecular
H-bonding interaction, its IR band appears blue-shifted relative
to the one which is involved in the intermolecular H-bond. The
said IR band is also blue-shifted with respective the IR bands of
the two CO groups in Model_I, which are both involved
in the H-bonds. Furthermore, in Model_II, the two CO
groups are not coupled oscillators. Their motions clearly appear
to be independent of each other in GaussView.28 As a result,
the VCD features in this region change from the intense +/−
bisignate pattern in Model_I to two weak negative bands,
which are well separated in wavenumber in Model_II.
It is interesting to note that both the (2R,3R) and (2S,3R)

isomers in Model_I generate similar VCD features in the
carbonyl stretching region. This is somewhat unexpected since
the carbinol C is further away from the CO group than
the second chiral C atom which is directly connected to the
−CO2Me group. One may intuitively expect that the chirality of
C connected to the ester group would have a greater influence
on the VCD features at the carbonyl stretching region than the
carbinol chirality. In this case, such a “common-sense”
prediction has not worked. A closer examination of the related
diastereomeric structures reveal that the carbonyl groups in the
(2S,3R) isomer need to twist differently compared to those in
the (2R,3R) isomer in order to form the intermolecular H-
bonds. Indeed, researchers in the chiroptical field have become
increasingly aware of the effects of conformational or structural

twists on chiroptical spectral features, in addition to the
permanent chirality of the system.29,30 In this particular case
one can picture a structural arrangement that generates a
positive twist for the two coupled CO groups using the
exciton coupling model discussed below. Clearly, Model_I with
the (2R,3R) and (2S,3R) isomers are both consistent with the
experimental VCD data, while the carbonyl VCD features of
Model_II deviate noticeably from the experiment. Therefore,
the VCD study indicates that chirality at the carbinol C atom is
R, consistent with the NMR spectroscopic result. However, one
cannot tell if the compound is of (2R,3R) or (2S,3R) with only
the experimental carbonyl VCD features.
To complement the VCD study, we have also carried out

ECD spectral simulations of the two aforementioned models
and the related diastereomers. The resulting calculated ECD
spectra are also summarized in Figure 4. Experimentally, ECD
spectra of both 1 and 2 consist of a broad and shallow negative,
a positive, and a strong negative band, going from long to short
wavelengths. For simplicity, only the ECD spectrum of 2 is
shown in Figure 4, while that of 1 is provided in the next
section. As one can see, the experimental ECD data are again
well-captured by Model_I with the (2R,3R) isomer. Fur-
thermore, the simulated ECD features of Model_I with the
(2S,3R) isomer are considerably different that those of the
(2R,3R) isomer. Therefore, ECD spectral features also allow
one to identify the chirality at both stereogenic carbons. The
combined ECD and VCD approach is desirable. The VCD
features provide a clear indication of the formation of the H-
bonded dimer and the preferred H-bonding model utilized,
thus greatly reducing the amount of structural search needed,
while the ECD features provide a clear discrimination among
the diastereomers proposed. Therefore, the combined ECD
and VCD spectroscopic approach enables one to determine the
chirality of the stereogenic centers of these two synthetic
compounds independently of the NMR spectroscopic data.

Exciton Coupling Model. The exciton coupling model has
been used broadly and successfully to interpret ECD spectral
features since its development by Harada and Nakanishi.31 One

Figure 5. Illustration of the exciton coupling phenomenon of the two chromophoric carbonyl moieties in Model_I.
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attractive feature is that it is easy to use, with little
computational demand. More recently, Monde et al. explored
the application of this method for interpreting VCD spectral
features.32 The CO stretching modes are well-suited for
the VCD exciton coupling approach because they are well-
localized and often well separated from other modes, and their
related electric transition moments are essentially parallel to the
CO bond. We have therefore tested the validity of such a
simple and useful approach on these two synthetic compounds
here.
Both 1 and 2 show a bisignate VCD signal at ∼1720 cm−1.

Such spectral features imply the presence of two electric
transition moments, which can interact through space, thus
causing the split-type bisignate VCD signals. The absorbing
chromophores can either be identical or not. More importantly,
they do not necessarily need to exist in the same molecule to
start with. Rather, in the current case, dimerization through
intermolecular H-bonding interaction is enough to bring the
two chromophores close enough to couple and to cause the
bisignate VCD signatures.33 If the two chromophoric sites are
oriented in a positive twist with respect to each other, i.e.,
clockwise rotation, looking down from the closest electric
transition moment to the one further away, it produces +/−
couplet signals from low to high wavenumber (see Figure 5).
The opposite coupling features are generated if the two
transition moments are in a negative twist arrangement, i.e.,
counterclockwise rotation. As can be seen in Figure 5, the two
CO bonds are in a positive twist in Model_I with the
(2R,3R) monomers and therefore capture the experimental
signatures correctly, while the two are in a negative twist with
the (2S,3S) monomers. Furthermore, the dimer with the
(2S,3R) monomers also provides a positive twist, consistent
with the truncated models discussed before.
While the exciton VCD method works well for the two 

CO bonds in Model_I where both are involved in the same
intermolecular H-bonded ring, its application to the twoC
O bonds in Model_II is less obvious. Although geometrically
these two CO chromophores are in a negative twist in
Model_II with the (R,R) isomer (see Figure S2, Supporting
Information), the corresponding VCD signatures in the C
O stretching region emerge as two weak negative bands rather
than an intense bisignate couplet. It appears that these two
chromospheres do not have any strong coupling with each
other. This was already alluded to in the discussion of the
truncated Model_II (Figure 5). In Model_II, the stretching
motions of the two CO groups show essentially no
synchronization at all, i.e., no symmetric and antisymmetric
characters. Rather, they are independent of each other and
therefore exciton coupling does not apply here.
4. Spectral Simulations with Full 1 and 2 Monomers

and Dimers. The simplified models such as the truncated
model and exciton coupling method work well to provide the
absolute configuration assignments from the experimental
spectra. However, we thought it important to extend the
calculations to include full geometries of both monomers and
dimers of 1 and 2 to test the validity of the truncated model
and to examine what additional information can be extracted
from the experimental data. For the monomer of 1, our
preliminary molecular mechanics simulation shows a large
number of conformers with bends at different positions of the
long hydrocarbon chains. The most stable conformers sampled
are provided in Figure S3, Supporting Information, together
with their corresponding IR and VCD spectra. There is only

one dominant conformer that has theOH···O(C) H-bond
and all CH2 groups in the trans arrangement, i.e., both alkyl
groups extended. The latter finding is consistent with previous
experimental and theoretical studies, which showed that the all
trans conformation is by far the dominant one for the shorter
chains such as those considered here.34

For the full dimer geometry, we utilized the dominant all
trans monomeric conformer and the intermolecular H-bonding
topology of Model_I. Dimers containing bended hydrocarbon
chains are much less stable than that with all trans hydrocarbon
chains. So are those with Model_II binding topology.
Therefore, these much less stable conformers are not
considered further here. The dominant monomeric and dimeric
geometries are summarized in Figure 6 for both 1 and 2. We

have also tested the inclusion of dispersion correction in our
calculation. This resulted in a geometry in which the
hydrocarbon chains are bunched together rather than extended
(see Figure S4, Supporting Information). This is likely due to
an overcorrection of the dispersion interaction.35 The resulting
IR and VCD spectra of the dimer of 1 (bunched) are compared
with the corresponding experimental data in Figure S5,
Supporting Information. The agreement achieved with the
dispersion correction is somewhat worse compared to the
standard DFT calculation, and we therefore left out the
dispersion correction in the remainder of the paper.
Figure 7 shows the comparison of the experimental and

theoretical VA and VCD spectra of the monomer and dimer of
1. As can be seen, the simulated IR spectrum of the 1_dimer
(clipper) captures essentially all the important IR bands
observed in this region, although the relative intensities of
some IR bands are not reproduced precisely. For example, the
triplet IR bands observed in the 1500−1400 cm−1 region were
observed with higher relative intensity than predicted. The
agreement between the simulated IR spectrum of the 1
monomer and the experimental data is considerably worse. For
the corresponding VCD spectra, the prominent +/− couplet
from low to high wavenumber observed in the carbonyl
stretching region is well reproduced by the dimer, but not at all
by the monomer. This is consistent with the truncated model
and exciton coupling model presented above. The +/−/+
triplet features observed experimentally in the 1500−1400 cm−1

region are also reproduced theoretically, although the predicted
intensity is lower than the experimental one, as in the case of
the corresponding IR bands. Making detailed assignments in
the low wavenumber region is challenging because the
vibrational modes associated with the hydrocarbon chains

Figure 6. Dominant monomeric and dimeric structures of 1 and 2.
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such as scissoring, wagging, twisting motions of CH2 groups,
bending motions of −CH3 groups (both terminal methyl of the
hydrocarbon chains and the −CO2Me groups), and bending
modes of −CαH and −OH groups overlap severely. Overall,
1_dimer (clipper) provides satisfactory agreement with the
experiment, while its monomer does not.
For the sake of completeness, simulations of the UV−vis and

ECD spectra of both monomer and dimer of 1 were carried
out. Figure 8 shows the comparison of the experimental and

theoretical ECD spectra of the monomer and dimer of 1, as
well as the corresponding UV−vis spectra. In the calculated
spectra, the monomer exhibits two bands centered at ∼170 and
205 nm, while the dimer shows an intense broad UV−vis peak
at ∼210 nm and a low-intensity one at ∼275 nm, which are
bathochromic shifted from those of the monomer due to
intermolecular H-bonding interactions. The experimental UV−
vis spectrum consists of a very broad band. As a result, one
cannot differentiate between the monomer or dimer preference
using the UV−vis spectrum. The experimental ECD spectrum
consists of several Cotton bands with the −/+/+/− trend from
long to short wavelengths. These unique spectral features are
well reproduced by the simulated ECD spectrum of the dimer.
To guide the eye, the experimental bands are labeled with
numbers 1 to 4, while the corresponding calculated bands are

labeled with 1′ to 4′. It is also clear that the monomer does not
reproduce the experimental ECD data.
The same calculation procedure has also been repeated for

the monomer and dimer of 2. Figure 9 shows the comparison
of the experimental and theoretical VA and VCD spectra of 2.
The positions of almost all the observed IR bands are well
reproduced by the simulated IR spectrum of the dimer of 2,
including the two closely spaced bands in the carbonyl
stretching region. The intensity of some IR bands are not as
well captured as their positions. For example, the triplet at the
1500−1400 cm−1 region was predicted to be less intense than
observed, similar to the case of 1. As can be seen from Figure 9,
the corresponding observed VCD spectral features can be
satisfactorily assigned based on the predicted VCD spectrum of
the dimer of 2. Not only the intense bisignate carbonyl VCD
stretching bands due to the dimer are correctly captured, but
also most of the VCD features in the lower wavenumber region.
For example, the +/−/+ VCD features mentioned above are
well reproduced by using the dimer but not by the monomer of
2. Also, the +/+/−/− features from low to high cm−1 in the
1125−1100 cm−1 region are consistent with the dimeric
structure of 2.
Figure 10 compares the experimental UV−vis and ECD

spectra with the corresponding simulated spectra of the
monomer and dimer of 2. As one can see, the simulated
UV−vis and ECD spectra of the 2 dimeric clipper structure
agree well with the corresponding experimental ones. For
example, the −/+/− ECD features from long to short
wavelength are well reproduced by the calculation. Overall,
the dimeric clipper structure fulfills the experimental observa-
tion, allowing one to assign confidently the absolute
configuration and dimeric clipper structure to the sample. The
better agreement for 2 compared to 1 may perhaps be due to
the fact that 2 contains one noticeably shorter hydrocarbon
chain and thus less severe overlaps in the low wavenumber
region.
Finally, we compared the simulated spectra using the full

dimer geometries for these two compounds with the truncated
Model_I. The experimental UV−vis spectra observed for both
1 and 2 are very broad, with no noticeable difference. The main
experimental ECD features observed are also quite similar for
both compounds, although the two positive ECD bands are
better resolved for 1 than 2. The simulated UV−vis and ECD
spectra also appear similar for the 1_dimer (clipper) versus the
2_dimer (clipper). Furthermore, it is satisfying to note that the
ECD simulations also capture the subtle differences in the

Figure 7. Comparison of the experimental IR (left) and VCD (right) spectra with the corresponding simulated spectra of the dominant monomer
and dimer of 1 at the B3LYP/cc-pVTZ level of theory.

Figure 8. Experimental (dotted-line) UV−vis (left) and ECD (right)
spectra are compared with the corresponding simulated (color solid-
line) spectra of the dominant monomer and dimer of 1 at the B3LYP/
6-31G(d,p) level of theory. The vertical units used are for the
calculated ones. The experimental and the corresponding calculated
ECD features of the dimer are marked with Arabic numbers 1−4 and
1′−4′, respectively.
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experimental ECD features of the 1 and 2 samples due to the
length of the hydrocarbon side chains, although the length
generally does not affect the electronic transitions and the
corresponding ECD features significantly. This is essentially the
reason for the success of the simplified truncated model. Since
the IR and VCD spectra have a much narrower bandwidth and
contain some vibrational modes directly related to the
hydrocarbon chains in the fingerprint region, we compared
the simulated IR and VCD spectra of 1_dimer (clipper) and
2_dimer (clipper) with those of the truncated Model_I in
Figure S6, Supporting Information. In this fingerprint region,
the IR spectra of all three systems look very much the same,
while there are some obvious differences for the corresponding
VCD spectra in the region below 1500 cm−1. In particular,
Model_I exhibits much different VCD features in the region
below 1400 cm−1 from those of 1_dimer (clipper) and 2_dimer
(clipper). This potentially means that some details about the
hydrocarbon chains may be extracted from the VCD features in
this region. Unfortunately, because of the severe overlapping of
the bands in this region, it is currently very challenging to
capture the VCD features exactly right in order to extract
detailed structural information related to the hydrocarbon
chains.

■ CONCLUSIONS

We have applied ECD and VCD spectroscopy, together with
DFT calculations, to determine the absolute configurations and
geometries of two Frat́er−Seebach alkylation reaction products
with long hydrocarbon chains to be (2R,3R) with extended all
trans hydrocarbon chains. The strongly enhanced carbonyl
stretching VCD features indicate that the compounds in the
film state exist predominantly as H-bonded dimers. Two
simplified models, i.e., the truncated model and the exciton
coupling model, have also been utilized and tested against the
calculations performed for the full dimers. It appears that these
simplified models are sufficient to allow extraction of chirality
information on the systems and to identify the main H-bonding
interaction. We have also carried out an NMR spectroscopic
study, complemented with DFT calculations, to determine the
chirality of the carbinol carbon. Consistent results have been
obtained with NMR spectroscopy and chiroptical spectroscopy.
Overall, the study shows that the combination of the film VCD
and ECD techniques is a relatively straightforward method to
determine the absolution configurations of such synthetic
compounds in film.

■ EXPERIMENTAL SECTION
IR and VCD Measurements. Compounds 1 and 2 were dissolved

either in chloroform or acetone and a few drops of the resulting
solution were placed on an CaF2 window and let to dry at room

Figure 9. Comparison of the experimental IR (top) and VCD (bottom) spectra with the corresponding simulated spectra of the dominant monomer
and dimer of 2 at the B3LYP/cc-pVTZ level of theory.

Figure 10. Experimental (dotted-line) and theoretical (colored solid-line) UV (left) and ECD (right) spectral comparison of the monomer and
dimer structures of 2 at the B3LYP/6-31G(d,p) level of theory.
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temperature. IR and VCD spectra were recorded using a Fourier
transform IR spectrometer equipped with a VCD module. The
concentration and film thickness were optimized so that the
absorption coefficients of the IR bands of interest are in the range
of 0.2−0.9. The spectral ranges of 1800−1100 cm−1 were selected for
the purpose of this paper. All IR and VCD spectra were obtained with
a resolution of 4 cm−1 and with a total measurement time of 3 h (3 × 1
h). The final reported VCD spectra were baseline corrected using the
background spectra subtraction. A sample holder which can be rotated
freely from 0° to 360° was constructed. The cast film CaF2 window
was mounted on the rotatable holder. The VCD spectra were found to
be essentially the same with angles at 0°, 45° and 90°, confirming that
the samples have no noticeable anisotropy.
UV−Vis and ECD Measurements. The UV−vis spectra of the

samples in film were collected using a Spectrophotometer. The
thickness of the cast film was optimized to have the UV−vis
absorbance in the range of 0.2−0.9. Thereafter, the ECD spectra were
collected using an circular dichroism spectrometer. The final ECD
spectra were background-corrected.
Theoretical Modeling. The Gaussian 0936 suite of programs has

been used for all geometry optimization and harmonic vibrational
frequencies calculations, as well as the IR and VCD intensities
predictions. DFT37 calculations were performed with the Becke, three-
parameter, Lee−Yang−Parr (B3LYP)38 hybrid functional and the
augmented correlation-consistent triple-ζ basis sets, i.e., cc-pVTZ,39

for final conformational calculations and spectral simulations. A factor
of 0.98 was used for the frequency scaling. A Lorentzian line shape
with a half-width at half-height (HWHH) of 4 cm−1 was used for the
simulations of IR and VCD spectra.
UV−vis and ECD spectral simulations were carried out using the

time dependent-DFT (TD-DFT) approach and the 6-31G(d,p) basis
set. The basis set employed offers a good compromise between
accuracy and computational expense. We have added an extra
polarization p-function to the double-ζ 6-31G(d) basis set which is
considered to be the minimal basis set recommended for optical
spectral simulations.40 UV−vis and ECD calculations for 1 were also
done with 6-31+G(d) for comparison (see Figure S7, Supporting
Information). The UV−vis spectra have been simulated with the first
100 electronic excited states. A Gaussian line shape with a half-width at
half-height (HWHH) of 0.33 eV was used for the simulations of UV−
vis and ECD spectra.
For the initial conformational search of 1 and 2, we have employed

the Spartan program.41 About 1000 conformers were predicted by
using either the universal force field (UFF) molecular mechanics
(MM) or semiempirical AM1 method42 and the “conformer
distribution” option implemented in the Spartan program. About
100 most stable conformers were kept for further analyses and similar
conformers were identified with the MM and AM1 methods. Four
conformers were deemed relevant at room temperature with their
relative energy within ∼20 kJ/mol. These most stable conformers were
reoptimized with the DFT approach described above and only one
dominant structure was identified. See the Results and Discussion
section for more information.
Synthesis. General Methods. All reagents were purchased from

commercial sources and were used without further purification unless
noted. All reactions were carried out under a positive pressure of argon
or nitrogen at room temperature unless specified and were monitored
by TLC on silica gel 60-F254 (0.25 mm). Visualization of the reaction
components was achieved using UV fluorescence (254 nm) and/or by
charring with acidified anisaldehyde solution in ethanol. Organic
solvents were evaporated under reduced pressure and the products
were purified by column chromatography on silica gel (230−400
mesh). Optical rotations were measured in a microcell (10 cm, 1 mL)
at ambient temperature and are in units of degree·mL/(g·dm). 1H
NMR spectra were recorded at 500 MHz and chemical shifts are
referenced to residual CHCl3 (7.26 ppm, CDCl3).

13C NMR spectra
were recorded at 125 MHz and chemical shifts are referenced to
CDCl3 (77.0 ppm). Reported splitting patterns are abbreviated as s =
singlet, d = doublet, t = triplet, m = multiplet, br = broad, app =

apparent. ESI-TOF/MS spectra were recorded on samples suspended
in THF or CH3OH and added NaCl.

(2R,3R)-Methyl-3-hydroxy-2-tetradecyloctadecanoate (1).4 A sol-
ution of lithium diisopropylamine (8 mL) prepared from n-BuLi (2.5
M hexane solution, 2.64 mL, 6.6 mmol) and diisopropylamine (0.93
mL, 6.6 mmol) was cooled to −78 °C, and the β-hydroxy ester 34

(0.691 g, 2.2 mmol) was added as a solution in THF (2 mL). After 1 h
at −45 °C, 1-iodododecane (1.43 g, 4.4 mmol) and HMPA (0.76 mL,
4.4 mmol) were added via a syringe. The mixture was stirred at −45
°C for 3 h then warmed slowly to −20 °C overnight. The mixture was
treated with saturated NH4Cl and extracted with ether. The ether layer
was washed with brine, dried over MgSO4 and concentrated. The
crude product was purified by column chromatography (hexane−
EtOAc, 10:1) to give 1 (0.44 g, 40%) as a white solid (Scheme 2): Rf =

0.67 (hexane−EtOAc, 4:1); [α]D +4.8 (c 0.7, CHCl3);
1H NMR (500

MHz; CDCl3) δ 3.71 (s, 3H), 3.68−3.62 (m, 1H), 2.43 (dt, 1H, J =
9.1, 5.3 Hz), 2.39 (d, 1H, J = 8.3 Hz), 1.73−1.25 (m, 54H), 0.88 (t,
6H, J = 7.0 Hz); 13C NMR (125 MHz; CDCl3) δ 176.2, 72.3, 51.4,
51.0, 35.7, 31.9, 29.68, 29.67, 29.65, 29.61, 29.58, 29.56, 29.55, 29.53,
29.49, 29.41, 29.35, 27.4, 25.7, 22.7, 14.1; HR ESIMS m/z [M + Na]+

Calcd for C33H66O3Na 533.4903, found 533.4904.
(R)-Methyl-2-((R)-1-hydroxyheptyl)octadecanoate (2). A solution

of lithium diisopropylamine (5 mL) prepared from n-BuLi (1.6 M
hexane solution, 2.5 mL, 4 mmol) and diisopropylamine (0.56 mL, 4
mmol) was cooled to −78 °C, and the β-hydroxy ester 55 (0.37 g, 2
mmol, mixture of stereoisomers 50% ee) was added as a solution in
THF (2 mL). After 1 h at −45 °C, 1-iodododecane (1.76 g, 2.5 mmol)
and HMPA (0.52 mL, 1.5 mmol) were added via a syringe. The
mixture was stirred at −45 °C for 5 h then warmed slowly to −20 °C
overnight. The mixture was treated with saturated NH4Cl and
extracted with ether. The ether layer was washed with brine, dried over
MgSO4 and concentrated. The crude product was purified by column
chromatography (hexane−EtOAc, 10:1) to give 2 (0.173 g, 21%, 50%
ee) as a white solid (Scheme 3): Rf = 0.69 (hexane−EtOAc, 4:1); [α]D

+4.3 (c 0.6, CHCl3);
1H NMR (500 MHz; CDCl3) δ 3.73 (s, 3H),

3.70−3.65 (m, 1H), 2.46 (dt, 1H, J = 9.2, 5.3 Hz), 2.42 (d, 1H, J = 8.3
Hz), 1.75−1.27 (m, 40H), 0.90 (t, 6H, J = 6.9 Hz); 13C NMR (125
MHz; CDCl3) δ 176.2, 72.3, 51.5, 51.0, 35.7, 31.94, 31.78, 29.71,
29.70, 29.67, 29.66, 29.64, 29.58, 29.51, 29.44, 29.37, 29.22, 27.4, 25.7,
22.70, 22.61, 14.13, 14.08; HR ESIMS m/z [M + Na]+ Calcd for
C26H52O3Na 435.3797, found 435.3809.

(S)-(+)-O-Acetylmandelic ester 4. To a stirred solution of β-
hydroxy ester 34 (62.9 mg, 0.2 mmol) and (S)-(+)-O-acetylmandelic
acid (58.3 mg, 0.3 mmol) in CH2Cl2 (4 mL) was added EDCI·HCl
(76.7 mg, 0.4 mmol) at 0 °C and the mixture was stirred for 1 min.
Subsequently, DMAP (2.4 mg, 0.02 mmol) was added, and the
mixture was stirred for an additional 30 min at the same temperature.
The resulting mixture was diluted with CH2Cl2 (6 mL), and was
washed with brine. The organic layer was dried over anhydrous
Na2SO4 and concentrated. Then the resulting crude product was
purified by column chromatography (hexane−EtOAc, 8:1) to give the
4 (93.1 mg, 17.8 mmol, 95%) as a white solid: Rf = 0.4 (hexane−

Scheme 2. Synthetic Route for 1

Scheme 3. Synthetic Route for 2
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EtOAc, 4:1); 1H NMR (400 MHz; CDCl3) δ 7.46−7.44 (m, 2H),
7.39−7.35 (m, 3H), 5.86 (s, 3H), 5.25−5.22 (m, 1H), 3.63 (s, 1H),
2.64 (dd, 1H, J = 15.6, 7.6 Hz), 2.52 (dd, 1H, J = 15.6, 5.6 Hz), 2.17
(s, 1H), 1.50−1.44 (m, 2H), 1.26−0.95 (m, 26H), 0.88 (t, 3H, J =
7.0); 13C NMR (100 MHz; CDCl3) δ 170.0, 169.7, 167.8, 133.5,
128.8, 128.3, 127.2, 74.2, 71.5, 51.4, 38.7, 33.4, 31.5, 29.3, 29.2, 29.0,
28.9, 28.7, 24.1, 22.3, 20.2, 13.7; HR ESIMS m/z [M + Na]+ Calcd for
C29H46O6Na: 513.3187, found 513.3177.
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(27) (a) Muñoz, M. A.; Areche, C.; Rovirosa, J.; San-Martín, A.;
Joseph-Nathan, P. Heterocycles 2010, 81, 625−635. Cichewicz, R. H.;
Clifford, L. J.; Lassen, P. R.; Cao, X.; Freedman, T. B.; Nafie, L. A.;
Deschamps, J. D.; Kenyon, V. A.; Flanary, J. R.; Holman, T. R.; Crews,
P. Bioorg. Med. Chem. 2005, 13, 5600−5612.
(28) Dennington, R.; Keith, T.; Millam, J. GaussView, Version 5;
Semichem Inc.: Shawnee Mission, KS, 2009.
(29) (a) Frelek, J.; Butkiewicz, A.; Gorecki, M.; Wojcieszczyk, R. K.;
Luboradzki, R.; Kwit, M.; Rodee, M. F.; Szczepek, W. J. RSC Adv.
2014, 4, 43977−43993. (b) Bouchet, A.; Brotin, T.; Linares, M.;
Ågren, H.; Cavagnat, D.; Buffeteau, T. J. Org. Chem. 2011, 76, 1372−
1383.
(30) (a) Dezhahang, D.; Poopari, M. R.; Hernańdez, F. E.; Diaz, C.;
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