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1. Introduction 

The importance of quantum chemical computation is marked by the Nobel prizes given to the 

pioneers of the field. In 1998 Pople and Kohn and 2013 Karplus, Levi and Warshel were 

awarded. The quantum chemical computations can be used to study the structure of molecules 

and molecular complexes, reaction mechanisms and to predict spectra. 

At the dawn of quantum chemistry large supercomputers were necessary to study even small 

molecules. Nowadays molecules of more than a hundred atoms can be studied on a modern 

personal computer. Recently more and more research projects aided by computational 

chemistry are getting published. 

Our group started the computational study of the Chan-Lam-Evans coupling in order to 

understand the reaction mechanism to increase preparative yields in the laboratory. In 

collaboration with Pharmaceutical Chemistry Institution of the Semmelweis University we 

began to study the ECD spectra of natural products and their semisynthetic derivatives and the 

structure of cyclodextrin inclusion complexes. Several neolignans were isolated from the fruit 

wall of Cirsium eriophorum at the Plant Anatomy Department of ELTE. The spectroscopic 

study and chromatographic separation of the compounds were conducted in the Analytical 

Chemistry Department of ELTE and in the Pharmaceutical Chemistry Institution of the 

Semmelweis University 

2. Review of the literature 

2.1. Study of the Chan–Lam–Evans reaction 

Among natural and biologically active compound several diaryl ethers can be found. The 

synthetic version of thyroid hormones (thyroxin and triiodothyronin) have been used for 

decades. The diaryl ether functional group can also be found in the anti-HIV complestatin and 

the antibiotic vancomycin. These examples illustrate the occurrence and importance of diaryl 

ethers, hence their synthesis through O-arylations is reaction of industrial interest and a 

constantly developing area of synthetic chemistry. 

The Ullmann diaryl ether synthesis published in 1905 can be considered the first metal 

catalyzed cross coupling reaction.1 Phenols and aryl halides can be coupled in the presence of 

copper or copper(I) salts. During the reaction copper(III) complexes are formed. The drawback 

of this reaction is that high temperature and strong bases are required which can racemize chiral 

molecules especially amino acids.  

                                                 

1 Evano, G.; Blanchard, N.; Toumi, M. Chemical Reviews 2008, 108, 3054. 
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Scheme 1. Ullmann diaryl ether synthesis 

The groups of Chan and Evans at same time independently developed the coupling of 

phenols and aryl boronic acids mediated by copper(II) acetate.2,3 The benefit of this reaction 

that it has wide functional group tolerance, can be performed on room temperature and the metal 

salt used is cheap. The reaction later was applied to alcohols, aniline derivatives, and acidic N-

heterocycles. In the theorized mechanism copper(III) complexes play important role. Best to 

our knowledge the reaction mechanism was not studied by computational methods. 

 

Scheme 2. Chan–Lam–Evans coupling 

Due to their reactivity only a handful of stable copper(III) compounds were ever synthesized 

and characterized.4 They are prepared by the oxidation of the appropriate copper(II) compound 

by the means of electrochemical and chemical oxidation. Ribas et al synthesized a stable 

copper(III) compound by the disproportion of the copper(II) starting complex (Scheme 3.).5 

This reaction showed that copper(II) compound can indeed disproportionate and the formed 

copper(I) and copper(III) compounds under the right conditions can coexist.  

 

Scheme 3. Synthesis of stable copper(III) complexes 

 

                                                 

2 Chan, D. M. T.; Monaco, K. L.; Wang, R.-P.; Winters, M. P. Tetrahedron Letters 1998, 39, 2933. 

3 Evans, D. A.; Katz, J. L.; West, T. R. Tetrahedron Letters 1998, 39, 2937. 

4 Casitas, A.; Ribas, X. Chemical Science 2013, 4, 2301. 

5 Ribas, X.; Jackson, D. A.; Donnadieu, B.; Mahía, J.; Parella, T.; Xifra, R.; Hedman, B.; Hodgson, K. O.; Llobet, 

A.; Stack, T. D. P. Angewandte Chemie International Edition 2002, 41, 2991. 
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2.2. Application of quantum chemical computation for the study of ECD spectra 

The determination of the absolute configuration and optical purity is essential in pharmaceutical 

research.6 Circular dichroism spectroscopy is based on the phenomena that chiral molecules 

absorb right and left polarized light differently. There are no widely applicable empirical rules 

for deciphering ECD spectra. For example there are sector rules for simple carbonyl and cyclic 

compounds, by their use in simple cases the configuration can be deduced.7 However the ECD 

spectra can be predicted by quantum chemical computations and by the comparison of 

experimental spectra the configuration can be determined. 

Balanophonin was first isolated by Haruna et al. in 1982 from  Balanophora japonica.8 Jung 

et al. isolated the compound from the seed of Dipteryx odorata and determined that due to its 

quinone reductase activity it has possibly cancer preventive effects.9 Nakashima et al isolated 

it from Anastatica hierochuntica and observed its melanin synthesis inhibitor effects in murine 

B16 cell lines.10 Recently balanophonine was isolated from Cirsium eriophorum, which is 

native to Hungary.11 

 

Scheme 4. Structure of balanophonin 

2.3. Study of cyclodextrin inclusion complexes 

The pharmaceutical industry uses cyclodextrins because of their ability to form 

inclusion complexes. The main area of application is to increase the bioavailability of 

compounds since the inclusion complex of a drug is usually more soluble in water than the drug 

in itself.12 These complexes can be used to mask unpleasant taste or odor, decrease tissue 

irritation and to increase stability of the drug.13 Nowadays cyclodextrins are used in several 

products on the market. They can be also used as chiral modifiers in gas chromatography, 

                                                 

6 Ariëns, E. J. Eur J Clin Pharmacol 1984, 26, 663. 
7 Berova, N.; Polavarapu, P. L.; Nakanishi, K.; Woody, R. W. Comprehensive Chiroptical Spectroscopy, 

Applications in Stereochemical Analysis of Synthetic Compounds, Natural Products, and Biomolecules; Wiley, 

2012. 
8 Haruna, M.; Koube, T.; Ito, K.; Murata, H. CHEMICAL & PHARMACEUTICAL BULLETIN 1982, 30, 1525 
9 Jang, D. S., J. M.; Kinghorn, A. D et al. Journal of Natural Products 2003, 66, 583. 
10 Nakashima, S.; Matsuda, H.; Oda, Y.; Nakamura, S.; Xu, F.; Yoshikawa, M. Bioorganic & Medicinal Chemistry 

2010, 18, 2337. 
11 Sólyomváry, A.; Tóth, G.; Komjáti, B.; Horváth, P.; Kraszni, M.; Noszál, B.; Molnár-Perl, I.; Boldizsár, I. 

Process Biochemistry 2015, 50, 853. 
12 Carrier, R. L.; Miller, L. A.; Ahmed, I. Journal of Controlled Release 2007, 123, 78. 
13 Loftsson, T.; Brewster, M. E.; Másson, M. American Journal of Drug Delivery 2012, 2, 261. 
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reverse phase liquid chromatography and capillary electrophoresis.14,15 Based on the numerous 

application the modelling of cyclodextrin inclusion complexes is important, however due their 

size the modelling of these supramolecular systems is difficult. 

3. Methods 

The quantum chemical computations were carried out with Gaussian 09 rev. B and ORCA 3.0.3. 

Due to the size of the studied systems density functional methods were used. When choosing 

the basis set and functionals the size of the system and the literature suggestions were taken 

into consideration. The solvation was always taken into account. In case of the Chan-Lam-

Evans reaction and ECD spectra prediction the IEF-PCM model was used. In case of the 

cyclodextrin inclusion complexes. COSMO implicit model or an explicit model containing 25 

water molecules were used. 

UV and ECD spectra were simulated with overlapping Gaussian functions with σ = 0.30 eV 

fitting parameter using SpecDis program. Compositions of molecular orbitals, overlap 

populations between molecular fragments were calculated using the AOMix program. Analysis 

of excited states was carried out with Gauss Sum. Molecule orbitals, spin densities and natural 

transition orbitals were visualized with Gabedit. The 3D molecular geometries were visualized 

with Avogadro. 

The CD and UV spectra were recorded simultaneously on a Jasco J-720 spectropolarimeter 

(Jasco INC, Tokyo, Japan) in cylindrical cuvettes (1-10 mm) using water, methanol or 

acetonitrile for spectroscopy as solvent. (Merck GMBH, Darmstadt, Germany). The recording 

parameters were: speed: 50 nm/min; response: 2 sec;  accumulation 3-5x; slit: 1 nm. 

4. Results and Discussion 

4.1. Study of the Chan–Lam–Evans reaction 

The Chan-Lam-Evans reaction was studied on ωB97XD/6-311+G(2df,2pd)//ωB97XD/6-

31+G(d,p) level of theory. The first step of the reaction is the transmetalation, which proceeds 

through a sixmembered ring transition state with 27.8 kcal/mol activation barrier (Scheme 5.). 

This followed by the addition of the phenolate. The key step is the oxidation of the copper(II) 

complex bearing the phenyl group. A redox equilibrium is hypothesized in the reaction mixture. 

The following reactions seems to be the most probably according to out computations: 

[Cu(II)OAcOPhPhPyr2](–) + Cu(II)(OAc)2Pyr2 ⇌Cu(III)OAcOPhPhPyr2 + [Cu(I)(OAc)2Pyr2](–) 

The last step is the reductive elimination which yields the diaryl ether and copper(I) complex. 

The later can be oxidized by oxygen from air. The free energy diagram is on Scheme 5.  

                                                 

14 Han, S. M. Biomedical Chromatography 1997, 11, 259. 
15 Scriba, G. K. E. V. Journal of Separation Science 2008, 31, 1991. 
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Scheme 5. Gibbs free energy diagram of the Chan–Lam–Evans-reaction with acetate ion 

 

Scheme 6. Gibbs free energy diagram of the Chan–Lam–Evans-reaction with fluoride ion 

It is known that fluoride ion can aid cross coupling reactions. 16,17 We showed that the counter 

ion of copper participates in the breaking of carbon-boron bond and we presumed that fluoride 

behaves similarly to acetate in this reaction. According to our computations the activation 

barrier of the transmetalation is 24.7 kcal/mol with fluoride counter ion. The redox reaction is 

                                                 

16 Mee, S. P. H.; Lee, V.; Baldwin, J. E. Angewandte Chemie International Edition 2004, 43, 1132. 

17 Wright, S. W.; Hageman, D. L.; McClure, L. D. The Journal of Organic Chemistry 1994, 59, 6095. 
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activated by the addition of fluoride ion, which then substituted to a phenolate and in the final 

step the reductive elimination yields the product. The free energy diagram is on Scheme 6.  

The computations revealed that fluoride ion decrease the activation barrier with 3,1 kcal/mol 

compared to acetate. We used copper(II) fluoride to increase the yield in Chan-Lam-Evans 

coupling. We showed the benefits of the new reagent on six model reactions. We used the 

reaction parameters of Chan et al.. We found that the copper salts are not soluble in 

dichloromethane and no reaction occurs without pyridine. The reaction was monitored by TLC 

and was worked up after 18 hours. The results are summarized in Table 1. We managed to 

increase yields, decrease the necessary quantity of boronic acid and the reaction time. The 

achieved drastic improvement in the case of air sensitive 3-ethoxy-4-hydroxybenzaldehide and 

the sterically hindered N-BOC-3,5-diiodo-L-thyrozine methyl ester 

 

Scheme 7. General scheme of coupling reactions 

Table 1. Chan–Lam–Evans reaction with copper(II)-acetate and copper(II)-fluorid reagents 

Phenol 

Yield (%) 

Cu(OAc)2 CuF2 

phenol 96 98 

3-ethoxyphenol 61 77 

4-bromophenol 20 38 

3-ethoxy-4-hydroxybenzaldehyde 30 89 

4-nitrophenol 31 34 

N-BOC-3,5-diiodo-L-thyrozine methyl ester 50 80 

Reaction conditions: 

0,5 mmol phenol, 1,5-2 mmol phenilboronic acid, 0,5 mmol copper(II) salt, 10 ml dichloromethane, room 

temperature, opened to air by a CaCl2 tube 

2.2. Application of quantum chemical computation for the prediction of ECD 

spectra 

Preliminary tests revealed that the spectra of aromatic nitro compounds can differ greatly 

computed by different functionals. We designed and synthesized six model compounds, three 
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of them did not contain nitro group and three nitro substituted derivatives of the first ones. 

These compounds were synthesized from commercially available enantiopure starting materials 

under reaction conditions that did not affect the configuration of asymmetrical carbon atoms. 

We performed the spectra prediction with B3LYP and CAM-B3LYP functionals and compared 

them to the experimental spectra. In case of [(1R,E)-bornan-2-ylidene]aniline the predicted and 

the measured spectra are similar. On the other hand there are greater differences in the spectra 

of [(1R,E)-bornan-2-ylidene]-4-nitroaniline. CAM-B3LYP gave the better prediction. 

 

 

8. Scheme Comparison of predicted and measured spectra [(1R,E)-bornan-2-ylidene]aniline 

(left) és [(1R,E)-bornan-2-ylidene]-4-nitroaniline (right). 

To understand the phenomena we performed fragment population analysis, examined 

excitations and natural transition orbitals. It was determined that CAM-B3LYP can correctly 

describe charge transfer excitations, in which the nitro group acts as acceptors. 

The neolignans balanophonine and its biosynthetic intermedier prebalanophnine were isolated 

from the fruit wall of Cirsium eriophorum at the Plant Anatomy Department of ELTE. Their 

2D structure was determined at the Pharmaceutical Chemistry Institution of the Semmelweis 

University. If a natural product is isolated from a new source it is necessary to determine the 

absolute configuration because it is not necessarily the same as from other sources. 

The predicted spectrum of prebalanophonin matches the experimental for the most part. The 

band at 230 nm is somewhat stronger in the measured spectrum. In case of balanophonin the 

predicted spectrum matches the experimental. According to our previous result and suggestion 

in literature we can accept the proposed absolute configuration. 
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(7S,8S) 

 

Scheme 10. Structure and spectra of (7S,8S)-Prebalanophinin 

 

(7R,8S) 

 

Scheme 11. Structure and spectra of (7R,8S)-Balanophinin  

2.3. Study of cyclodextrine inclusion complexes 

Asenapine is an atypical antipsychotic, which is sold as a racemate. Thalidomide was first 

marketed as a hypnotic and antiemetic, but its teratogenic side effect was discovered in 1960’s. 

Nowadays it is used in the treatment of autoimmune diseases, malignant tumors and leprosy. 

The structure of pomalidomide is similar to thalidomide and it is used against myeloma 

multiplex. The structure of the compounds are shown on Scheme 12.  

  

Scheme 12. Structure of (R,R)-Asenapine and S-thalidomide 

 In case of asenapin due to their size only one aromatic ring can fit inside the cavity of the CD. 

According to our computations the aromatic ring bearing the chlorine atoms binds stronger. In 
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the optimized geometries the protonated amino group bonds with hydrogen bond to rim of the 

cyclodextrin ring. The two enantiomers have different binding energy, (R,R) binds stronger 

(Scheme 13). 

 

Hydrogen bond between the small molecule and solvent is what dominates the complexation 

of thalidomide and pomalidomide. The parts of the studied molecules outside the CD were 

covered with 21 and the smaller opening of the CD ring was closed with 4 water molecules. 

Without the explicit solvent molecules the structure of the complex would fall apart. We 

modelled both enantiomer with two orientations. The geometry optimization was carried out in 

the presence of explicit molecules. The aromatic phtalimido ring system has higher affinity for 

the cavity and the (S) enantiomer binds stronger. (Scheme 14.). 

Table 2.   Binding energy of inclusion complexes of asenipine and β-cyclodextrine (kcal/mol) 

Complex 1 2 3 4  

ΔE1-3 ΔE1-2 Orientation phthalimido inside cavity glutarimid inside cavity  

Enantiomer RR SS RR SS  

Computational method        

PM3 (gas phase) 0.7 -9.1 -0.4 -5.8  1.1 9.8 

HF-3c -12.7 -10.0 -9.9 -13.0  -2.8 -2.7 

PBE/def2-SVP -12.8 -8.2 -11.4 -7.5  -1.4 -4.6 

PBE/def2-SVP D3 -41.4 -38.4 -40.3 -37.7  -1.1 -3.0 

PBE/def2-TZVP D3 -25.2 -22.0 -23.6 -21.3  -1.6 -3.2 

 

   

Scheme 13. Structure of the inclusion complex of  (R,R)-asenapin and β-cyclodextrin  
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Table 3. Binding energy of inclusion complexes of thalidmid and pomalidomide (kcal/mol) 

Complex 1 2 3 4  

ΔE1-3 ΔE1-2 Orientation phtalimido inside cavity glutarimid inside cavity  

Enantiomer R S R S  

Thalidomid        

PM3 (gas phase) -1.2 -8.9 -1.3 -5.1  0.1 7.7 

HF-3c -9.0 -16.1 -4.7 -25.4  -4.3 7.0 

PBE/def2-SVP -6.5 -18.2 17.8 -7.7  -24.3 11.7 

PBE/def2-SVP D3 -55.5 -64.1 -46.7 -58.1  -8.8 8.6 

PBE/def2-TZVP D3 -37.3 -44.2 -28.3 -38.7  -9.0 6.9 

        

Pomalidomid        

PM3 (gas phase) 8.8 1.9 15.7 12.9  -6.9 6.9 

HF-3c -13.9 -17.2 -8.1 -18.6  -5.8 3.3 

PBE/def2-SVP -9.0 -20.1 25.7 -4.8  -34.7 11.1 

PBE/def2-SVP D3 -35.5 -40.5 -28.4 -34.3  -7.1 5.0 

PBE/def2-TZVP D3 -21.4 -26.4 -15.5 -19.9  -5.9 5.0 

 
Scheme 13. Inclusion complexes of thalidomide and β-cyclodextrine. 25 explicit water 

moleucles are shown (left), cut-through rendering without explicit waters (right) 
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5. Thesis points 

1. The Chan-Lam-Evans coupling with was studied by quantum chemical methods. The first 

step is transmetalation, which is followed by a disproportion which gives the active 

copper(III) complex. The final reductive elimination step yields the diaryl ether product. 

The effect fluoride counter ion was also studied. The first transmetalation step proceeds 

similarly as with acetate ion, but the activation barrier is 8,1 kcal/mol lower. In the next 

step the addition of one fluoride ion necessary to active the complex toward the oxidation 

to copper(III). By understating the mechanism we may be able to optimize reaction 

parameters. 

2. We demonstrated in six model reactions that the application copper(II) fluoride instead of 

copper(II) acetate increase the preparative yield significantly, while the reaction time and 

the quantity of the boronic acid component can be decreased. [I] 

3. The accuracy of ECD spectra prediction by B3LYP and CAM-B3LYP functionals were 

evaluated on six synthesized model compounds. It was established by the use of fragment 

population and natural transition orbital analysis that the range separated CAM-B3LYP 

can describe charge transfer excitation more accurately than B3LYP, hence gives better 

ECD spectra predictions. [II] 

4. The absolute configuration of (7S,8S)-prebalanophonin and (7R,8S)-balanophonin isolated 

from Cirsium eriophorum can be determined by ECD spectroscopy and quantum chemical 

computations. The method can be extended to other chiral natural products. [III] 

5. The inclusion complexes of asenapine and β-cyclodextrine were studied at PBE/def2-SVP 

level of theory with implicit COSMO solvent model. The more lipophilic chlorine 

substituted aromatic ring binds more strongly in the cavity then the unsubstituted one. The 

(R,R) enantiomer form stronger complexes than the (S,S), based on the binding energies 

the elution order in capillary electrophoreses can be predicted. [IV] 

6. The inclusion complexes of thalidomide and pomalidomide with β-cyclodextrine were 

studied at PBE/def2-SVP level of theory with implicit COSMO solvent model and 25 

explicit water molecules. The aromatic phthalimido ring system bind more strongly than 

the glutarimide ring inside the cavity. In case of both studied molecules the S enantiomer 

forms stronger complexes. It was concluded that the use of explicit solvent molecules are 

necessary since in the formation host-guest complexes is governed by the hydrogen bonds 

between the solvent and guest molecule. Based on the binding energies the elution order in 

reverse phase liquid chromatography can be predicted. 
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6. Applications 

The quantum chemical modelling of the Chan-Lam-Evans reaction allowed us to find a new 

more efficient reagent to increase yields. With the new method the yields can be significantly 

increased while the reaction time and the quantity of the boronic acid component can be 

decreased, which can make industrial synthesis more economical and more environmental 

friendly.  

The determination of absolute configuration of chiral molecules is an important task. It was 

shown that by the combination of quantum chemical computations and circular dichroism 

spectroscopy the structure of natural products and pharmaceutical ingredient can be elucidated. 

The cyclodextrin inclusion complexes are widely used in the pharmaceutical industry due to 

their more favorable properties than the pure substance.  Cyclodextrine modified stationary 

phases can be used to separate enantiomers. By the modeling of cyclodextrine inclusion 

complexes their structure, properties, stability and behavior can be predicted.  
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