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THE INVESTIGATION OF OXIDATIVE DECOMPOSITION OF PHENYL 

ALANINE BY TRANSITION METAL IONS 

SUMMARY 

Amino acids are the molecules of fundamental interest and critical to life as they 

have many functions in metabolism. Phenyl alanine (abbreviated as Phe or F) is an α-

amino acid with the formula C6H5CH2CH(NH2)COOH. This essential amino acid is 

classified as nonpolar because of the hydrophobic nature of the benzyl side chain. L-

Phenyl alanine is an electrically neutral amino acid, one of the twenty common 

amino acids used to biochemically form proteins, coded for by DNA. Phenylalanine 

is a precursor for tyrosine, the monoamine signaling molecules dopamine, 

norepinephrine (noradrenaline), and epinephrine (adrenaline), and the skin 

pigmentmelanin. Amino acids with an aromatic side chain, such as phenyl alanine, 

are targets for oxidation by transition metals. For instance, there are experimental 

reports indicating that expression of genes coding the enzymes involved in the 

synthesis and breakdown of aromatic amino acids are affected by metal stress, in 

particular by cobalt stress. A literature survey revealed that there are no reports on 

oxidative decomposition of zwitterionic phenyl alanine by cobalt(III) ions at neutral 

pH. Therefore, in the present work, the reactions of cobalt(III) with the simplest 

aromatic aromatic amino acid, phenyl alanine have been studied with quantum 

mechanical approaches. For that reason, all the ground and transition state structures 

are optimized with the M06-2X functional. The basis set is chosen as aug-cc-pVDZ 

basis set (except transition metals where the cc-pVDZ basis set is used). For getting 

more accurate results, single-point energy calculations were carried out with the aug-

cc-pVTZ basis set (except transition metals where the cc-pVTZ basis set is used). 

The standard states of all the molecules have been taken as 1 M, except water for 

which a standard state of 55 M has been used. Then, in the light of these optimized 

structures, it has been seen that the zwitterionic phenyl alanine can form complexes 

with Co(OH)
2+

.(5H2O) and decomposes to phenyl acetamide and/or phenyl 

acetaldehyde, depending on the reaction pathway. These reaction have low activation 

free energies and can proceed at biologically relevant time scales.  
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FENİL ALANİNİN GEÇİŞ METALLERİ TARAFINDAN OKSİDATİF 

YIKIMININ İNCELENMESİ 

ÖZET 

Aminoasitler metabolizmada hayati öneme sahip, proteinleri oluşturmada görevli 

monomerlerdir. Aminoasitler sahip oldukları yan zincirin kimyasal özelliklerine 

göre, asidik-bazik, polar-apolar, alifatik-aromatik gibi kategorilere ayrılabilirler. En 

basit aromatik aminoasit olan fenilalanin ise, yan zincirinde hidrofobik bir benzil 

halkasına sahip olan, dışarıdan beslenme yoluyla alınması zorunlu bir aminoasittir. 

Beslenme yoluyla süt ve süt ürünlerinden veya gıda takviyesi olarak alınabilir. 

Fenilalanin, bir diğer amino asit olan tirozin ve vücutta sinyal molekülleri olarak 

görev yapan dopamin, norepinefrin (noradrenalin) ve epinefrinin (adrenalin) 

üretilmesinde öncül moleküldür. 

Protein yapısına katılmayan serbest amino asitlerin parçalanması biyolojik 

sistemlerde büyük bir oranda enzimatik olarak gerçekleşir. Enzimatik olmayan 

parçalanma tepkimeleri bilinen en yavaş tepkimelerdendir. Yapılan çalışmalara göre 

bir amino asidin kendi kendine dekarboksile olabilme tepkimesinin yarı ömrü 1.1 

milyar yıl olarak öngörülmüştür. Bu olası tepkime, fenilalanin amino asidi için 

hesapsal olarak da denenmiştir. Herhangi bir katalizörün olmadığı bir ortamda olası 

bir fenilalanin dekarboksilasyon tepkimesi için aktifleşme enerjisi 45.3 kcal/mol 

olarak hesaplanmıştır. Diğer yandan, olası bir deaminasyon tepkimesinin de 

aktifleşme enerjisi 50.6 kcal/mol olarak hesaplanmıştır. 

Bulunan her iki enerji değeri de herhangi bir enzimin aynı tür bir tepkimeyi 

başlatabilmesindeki aktifleşme enerjisinin çok üstünde olmaktadır. Biyoteknoloji ve 

genetik alanlarında çok yaygın bir şekilde model organizma olarak kullanılan ekmek 

mayası (Saccharomyces cerevisiae), hücre içinde serbest veya bağlı halde bulunan 

fenilalanin, tirozin ve triptofan gibi aromatik aminoasitleri Ehrlich yolağını 

kullanarak parçalamaktadır. Ehrlich yolağı, 3 ana adımdan oluşmaktadır, bunlar: 1- 

Aromatik amino asidin pirüvat veya alfa-ketoglutarat moleküllerinden birisi ile 

enzimatik tepkimeye girerek ilgili alfa-keto asidi oluşturması, 2- oluşan alfa-keto 

asidin ilgili aldehit ürününe dönüşümü, 3- aldehitin ilgili alkol ürününe enzimatik 

dönüşümüdür. 

Serbest amino asitlerin enzimler dışında çeşitli oksitleyici ajanlar (yükseltgen madde) 

tarafından da yükseltgenerek parçalanabildikleri bilinmektedir. Oksitleyici ajanlar, 

elektron donörlerinden kolayca elektron alabilen kimyasal bileşiklerdir. Bu 

elektronları yükseltenme-indirgenme tepkimeleri sonucunda alırlar. Yapılan 

çalışmalarda asidik-bazik ortamlar gibi koşullara veya iyonlaştırıcı radyasyon/metal 

iyonları gibi oksitleyici ajanın seçimine bağlı olarak belirli amino asitlerin bu 

yükseltgen maddeler ile verdikleri tepkimeler incelenmiştir. Çeşitli değişkenlerin 

değiştirilmesi ile birlikte ortam koşullarına bağlı olarak parçalanma ürünlerinin 

oluşum mekanizması önerilmiştir. Örneğin bu çalışmaların birinde, ortam koşulları 

asidik ve oksitleyici ajan olarak iyonlaştırıcı radyasyon kullanıldığında, amino 

asitlerin ilgili aldehit veya karboksilik aside parçalandığı gözlemlenmiştir.  



xx 

Deneysel bir çalışmada, kobalt iyonuna dirençli olması sağlanmış bir Saccharomyces 

cerevisiae mutantında, ayrıca hücre içinde kobalt iyonu taşınımını ve 

zehirsizleştirilmesini sağlayan COT1 geninin silindiği bir başka Saccharomyces 

cerevisiae mutantında, diğer genlerin seviyelerinin değişimi incelendiğinde, pirüvat 

dekarboksilaz enziminin üretimini sağlayan PDC5 geninin seviyesinin arttığı 

gözlemlenmiştir. Pirüvat dekarboksilaz enzimi ise, yukarıda bahsedilen Ehrlich 

yolağındaki ikinci adımı katalizleyen enzimlerden bir tanesidir. Ayrıca aromatik 

aminoasitlerin ilgili pirüvata dönüşmesini katalizleyen aromatik aminoasit 

aminotransferaz enzimini kodlayan ARO9 geninin de seviyesinin arttığı 

gözlenmiştir. Diğer yandan aromatik amino asit sentezinin ilk dört adımını 

katalizleyen enzimi kodlayan ARO1 geninin ifadesi azalmıştır. Hücrede serbest 

aromatik aminoasit konsantrasyonunu azaltmaya yarayan bu yönelimler, kobaltın 

aromatik amino asitlerle tepkimelerinin ürünlerinin organizma için zararlı olduğunu 

düşündürmektedir. Bu çalışmada hem mekanizması aydınlatılmamış bu konunun 

kuantum mekaniksel yöntemlerin bir parçası olan Yoğunluk Fonksiyoneli Teorisi 

(DFT) ile araştırılarak kobalt ile aromatik amino asitler arasındaki ilişkiye dair bir 

fikir sunulması, hem de amino asitlerin parçalanmasında oksitleyici ajan olarak 

kobalt iyonunun kullanılmasının literatürde bir örneğine daha rastlanmadığı için bu 

eksiğin tamamlanması amaçlanmıştır. 

 

Hesapsal modelleme aracılığıyla çok kısa ömürlü komplekslerin ve geçiş yapılarının 

geometri ve enerjilerinin tespit edilmesi mümkün olmaktadır. Farklı yolaklar 

üzerinde bulunan yapıların enerjilerinin elde edilmesi ve bu enerjilerin 

karşılaştırılmasıyla en düşük aktivasyon enerjisi gerektiren yolak 

öngörülebilmektedir. Kuantum mekaniksel hesaplamaların bir dalı olan yoğunluk 

fonksiyoneli teorisine (DFT) dayanan yöntemlerin son yıllardaki gelişimiyle beraber, 

enerjiler oldukça doğru ve hızlı bir şekilde hesaplanabilmektedir. Bu çalışmada 

kuantum yöntemi olarak 2006 yılında geliştirilmiş M06-2X hibrid fonksiyoneli 

kullanılmaktadır. Yöntem seçilirken, kobalt da dahil olmak üzere çeşitli geçiş 

metallerinin iyonlaşma enerjisi, saf ve hibrid fonksiyonellerden oluşan bir düzine 

fonksiyonel ile hesaplanmış ve deneysel değerlere en yakın sonucu veren 

fonksiyonel olarak M06-2X hibrid fonksiyoneli bulunmuştur. Bu fonksiyonelin geçiş 

yapıları içermeyen sistemlerin kinetiğinin incelenmesinde oldukça başarılı olduğu 

literatürde bilinmektedir. Geçiş metalleri sözkonusu olduğunda ise bu fonksiyonelin 

%54 miktarında bir Hartree-Fock değiş-tokuş enerjisi içermesi ve geçiş metalleri 

haricindeki atom veya moleküller için parametrize edilmiş olması nedeniyle daha 

başarısız olma olasılığı göz önünde bulundurulmuştur. Yüksek miktarda Hartree-

Fock değiş-tokuş katkısının özellikle statik korelasyonun önemli olduğu sitemlerede 

sorun yaratabileceği bilinmektedir. Statik korelasyonun öneminin belirlenmesi için 

oluşturulmuş T1 testine göre, T1 değeri 0.02’nin altında çıkan fonksiyoneller için 

yüksek miktarda Hartree-Fock değiş-tokuş katkısı içeren yöntemlerin kullanılması 

uygun olmaktadır. M06-2X fonksiyonelinin T1 testi sonucu 0.02’nin altında 

bulunmuş ve buradan hareketle çalışmanın ilerleyen bölümlerinde kullanılmak üzere 

bu fonksiyonel uygun görülmüştür. Moleküler orbitallerin tanımlanması için de cc-

pVDZ taban kümesi kullanılmış, elektronlara daha yüksek bir hareket serbestisi 

tanımlanması için de optimize edilen bütün yapı ve geçiş halleri cc-pVTZ taban 

kümesi ile tekrar hesaplanmıştır. Hesaplamalarda çözücü etkisi SMD adlı sürekli 

ortam çözücü yöntemiyle hesaba katılmış, yük transfer etkileşimlerinin önemli 

olduğu durumlarda gerçek su molekülleri de sisteme dahil edilmiştir. 
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Nötr pH’da kobalt(III)’ün koordinasyon kabuğunda yer alan sulardan birinin 

deprotone olduğu deneysel olarak bilindiğinden, hesaplamalarda metal ve 

koordinasyon kabuğu Co
3+

(OH
-
)(5H2O) formunda betimlenmiştir. Hesaplamaların 

ilk adımı olarak, kobalt(III) iyonunun sulu ortamda zwitteriyonik fenilalanin ile 3 

farklı şekilde etkileşimi incelenmiştir. Bu komplekslerin oluşum enerjilerine 

bakıldığında kobalt iyonunun fenilalaninin karboksil grubu ile etkileşime girdiği 

kompleks en ideal yapı olarak görülmüştür. Ancak kobalt(III)’ün etrafında bulunan 

hidroksit iyonunun etkisi ile kobalt(III) iyonu kobalt(II)’ye indirgenememekte, 

dolayısıyla redoks tepkimesini yapamamakta ve fenilalaninin parçalanma 

tepkimesini başlatamamaktadır. Reaksiyonun ilerleyebilmesi için, hidroksit iyonunun 

fenilalaninin amino grubundan veya solventten bir proton alması gerekmektedir. 

Amino grubundan proton transferinin geçiş hali incelenmiş ve geçiş halinin 

enerjisinin düşük olması, tepkimenin buradan ilerleyeceği kanısına götürmüştür.  

Eğer hidroksit iyonu solventten proton alır ve kobaltın koordinasyon kabuğu 6’ya 

tamamlanırsa, kobalt(III) redoks tepkimesi oluşturmak için etrafından 2 su 

molekülünü uzaklaştırmalıdır. Bu şekilde oluşan redoks tepkimesinden sonra, amino 

grubundan suya proton transferi kolayca gerçekleşerek, amino grubundan ilerleyen 

reaksiyon ile aynı yapı oluşmaktadır. Üzerinde radikal bulunduran bu yapı, düşük 

enerjili bir geçiş halinden geçmekte ve alfa-karbon ile karboksil karbonu arasındaki 

bağın henüz tam kırılmadığı bir yapıyı oluiturmaktadır. Buradan dekarboksilasyon 

reaksiyonu da kolayca gerçekleşebilmektedir. Tepkime bitiminde oluşacak yapı 

ikinci bir kobalt(III) iyonu ile karşılaştığı zaman oluşacak kompleks modellenmiş, bu 

durumda kobalt(III) iyonunun solvatasyon kabuğunda bulunan hidroksil iyonunun 

alfa-karbon atomuna saldırarak bir katılma reaksiyonu verdiği görülmüştür. Bu 

reaksiyonun devamında yolağın ikiye ayrıldığı gözlemlenmiştir. Birinci yolak, alfa-

karbon atomuna katılan hidroksil grubunun protonun amino grubuna transfer olması 

ile bir molekül içi düzenlenme gerçekleşmesi ve amino grubunun amonyak molekülü 

halinde ayrılması, bunun sonucunda fenilasetaldehit molekülünün oluşmasıdır. İkinci 

yolak ise redoks tepkimelerinin devam ederek bir fenilasetamid oluşturmasıdır. Her 

iki yapı da enerjetik açıdan incelenmiş ve her iki yapının da oluşumunun zincirleme 

tepkime boyunca gerçekleşebileceği kanısına varılmıştır. Kobaltın yanı sıra, Ni
3+

 ve 

Mn
3+

 iyonlarının da fenilalanini yükseltgeyebileceği, ancak Fe
3+

 iyonunun bu 

tepkimeye girmeyeceği görülmüştür. 
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1.  INTRODUCTION 

Aromatic amino acids have been identified as stepping-stones in the electron transfer 

chain and are conserved during the evolution of charge transfer in respiratory 

complex. Oxidative reactions play an important role in a variety of biochemical 

events. Thus, the oxidation of amino acids is considered as an important reaction for 

both mammals and other species. Furthermore either an anabolism or a catabolism is 

present, the oxidation of amino acids can occur both enzymatically or not, depending 

on the reaction conditions.  

In recent years, the oxidation of the free amino acids by different oxidizing agents 

was studied extensively. In 1993, Stadtman reported that [1] the oxidation of 

aliphatic amino acids by ionizing radiation in the presence of oxygen proceeded with 

two main reactions; one is the formation of NH4
+
 and α-keto acids, the second one is 

the formation of NH3, CO2, and either an aldehyde or a carboxylic acid, summarized 

in these general reactions: 

R-CH-NH3
+
COO

-
 + O2+ H2O  RCOCOO

-
 + NH4

+
 + H2O2 (1.1) 

R-CH-NH3
+
COO

-
 + O2+ H

+ 
 RCHO + NH4

+
 + CO2 + H2O2 (1.2) 

R-CH-NH3
+
COO

-
 + O2  RCOO

-
 + NH4

+
 + CO2 (1.3) 

According to Stadtman, the targets of the ionizing agents are different in aromatic 

amino acids than aliphatic amino acids. The indole ring of tryptophan and the 

aromatic group of tyrosine and phenyl alanine are the primary targets of these 

oxygen radicals produced during radiolysis. The oxidation of phenyl alanine leads to 

the production of tyrosine and various other hydroxyl derivatives at first; also 

phenyl-pyruvic acid and phenyl-acetaldehyde are minor products. The secondary 

pathways of the decomposition of phenyl alanine are the α-hydrogen abstraction and 

deamination [1]. 

An interesting study was done in 2004 by Zubavichus et al. [2]. The decomposition 

mechanism of the two amino acids which have similar chemical structure, phenyl 
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alanine and tyrosine was analyzed by XFS (X-ray photoelectron spectroscopy) and 

NEXAFS (near-edge X-ray absorption fine structure spectroscopy). For phenyl 

alanine, the relative amount of carbon increased; while the amount of oxygen and 

nitrogen decreased. This result showed that there are two major pathways, and the 

decarboxylation and deamination of phenyl alanine happened simultaneously by 

radiation. Thus, decomposition of the phenyl alanine enriched the hydrocarbon-like 

species. In addition, deprotonation of the amino group occurred. However, tyrosine 

seemed more stable than phenyl alanine. Zubavichus et al. did not observe any 

significant change in the amount of amino group for tyrosine. They reported that the 

substitution of an H atom by an OH group in the benzene ring of phenyl alanine led 

to a stabilization of the tyrosine molecule. These experiments were carried out in the 

solid phase. Therefore any possible addition of water was not studied. In addition, 

the products were analyzed by mass spectroscopy. Thus, it is not clear whether some 

of the products were formed after ionization in the mass spectrometer or because of 

the ionizing radiation. 

Many transition metals are powerful oxidizing agents. Since they can change easily 

their oxidation state, they can act as cofactors in the enzymatic oxidation-reduction 

reactions, or they can participate in the control of various metabolic and signalling 

pathways. On the other hand, excess amount of transition metals can give rise to 

metal stress and may be lethal to the organisms when the level of intracellular 

oxidative damage increases. Oxidative damage can originate from toxic levels of 

oxygen derived reactive species. It is known that, reactive oxygen species (ROS) are 

mainly singlet oxygen (O), superoxide anion (O2
-
), hydrogen peroxide (H2O2) and 

hydroxyl radical (OH
•
). In addition to the production of ROSs, metal ions can 

directly interact with various biomolecules and oxidize them. The effects of 

oxidative damage can be listed under four categories; modifications to DNA bases, 

enhanced lipid peroxidation, protein denaturation and altered sulfhydryl homeostasis. 

One of the possible targets of these oxidizing agents are amino acids, therefore 

oxidation of the amino acids by various transition metals and subsequent reactions 

have been investigated in the literature. The studies can be divided into two groups, 

i.e. in vitro and in vivo studies. Some of the in vitro researches in the literature are 

detailed below. 
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Hosamani et al. [3] investigated the oxidation of L-phenyl alanine by 

diperiodatocuprate(III) in alkaline medium at constant ionic strength of 0.25 mol/dm
3
 

spectrophotometrically at different temperatures (298–313 K). In alkali medium, 

phenyl alanine is at the anionic state and therefore it is very facile to make a complex 

with [Cu(OH)2(H3IO6)]
-
. A possible complex is proposed by Hosamani et al., in 

which there is an electrostatic interaction between copper(III) and the amino and 

carboxyl group of phenyl alanine, which can be seen in Figure 1.1.  

 

Figure 1.1 : Complex between [Cu(OH)2(H3IO6)]
-
 and anionic phenyl alanine. [3]. 

When this complex was formed, it was seen that phenyl alanine decarboxylated 

slowly, and the newly formed radical is fastly converted by a second 

[Cu(OH)2(H3IO6)]
-
 complex to form phenyl-acetaldehyde. All these complexes were 

identified by infrared spectroscopy and GC-MS. Also, according to Hosamani et al., 

the reaction rate constants increased, when the alkali concentration is increased. The 

suggested mechanism for the decomposition of anionic phenyl alanine is shown in 

Figure 1.2. 

 

Figure 1.2 : Decomposition of anionic phenyl alanine by [Cu(OH)2(H3IO6)]
-
 [3]. 
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Kumara et al. [4] studied the kinetics of oxidation of L-amino acids glycine, alanine, 

valine, isoleucine, leucine, proline, and phenyl alanine by a transition metal ion 

(Mn
3+

) and its hydroxide (Mn(OH)
2+

) in sulfuric acid medium at 26
o
C by a 

spectrophotometrical method. When the reaction mixture reached an equilibrium, the 

stochiometric equation was determined: 

NH3-CHR-COOH +Mn(OH)
2+

+ Mn
3+
 RCHO +CO2 +NH

4+
+2Mn

2+
 + H

+
    (1.4) 

where -R is -CH2C6H5 for phenyl alanine. Based on the kinetics of the reaction, it 

was suggested that the initial step of the reaction was the deprotonation of the amino 

group by the –OH
-
 group coordinated to the manganese. As a result, a water 

molecule was eliminated. This deprotonation step was followed by an oxidation step. 

Then, it is thought that a second oxidation step occurred and decarboxylation took 

place. The last step of the reaction was the addition of water to the amino acid, 

yielding an aldehyde. Kumara et al. [4] observed that all tested amino acids were 

oxidized to their corresponding aldehyde. Figure 1.3 shows the suggested oxidation 

pathway. 

 

Figure 1.3 : Oxidation pathway of L-Phenyl alanine by Mn
3+ 

[4]. 

Another interesting study done by Sherigara et al. [5] deals with the oxidation of 

levodopa (3-(3,4-dihydroxy phenyl)-L-alanine) and methyldopa (3-(3,4-

dihydroxyphenyl)-2-methyl-L-alanine) by manganese(III) in pyrophosphate medium. 

They observed a change in the reaction rate when reaction conditions such as 

temperature, pH and ionic strength were altered. 

In the beginning of the experiment, they prepared the manganese(III) pyrophosphate 

solution and all the ingredients were added to the solute at pH 4.0 and 40
o
C. When 
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the reaction reached an equilibrium, the species was monitored by a 

spectrophotometer at 500 nm. The stochiometric equation of this reaction was 

obtained as: 

2Mn(III)+NH2-CHR-COOH+H2O  3Mn(II)+R-CHO +NH3+CO2+2H
+
   (1.5) 

where –R is –CH2C6H3(OH)2 for this reaction mixture. 

In acidic medium, manganese(III) pyrophosphate is considered as a chelate, i. e. 

Mn(H2P2O7)3
3-

. The mechanism proposed by Sherigara et al. is given below: 

 

Figure 1.4 : Oxidation pathway of L-Levodopa by Mn
3+ 

[5]. 

Figure 1.4 shows the possible oxidation pathway of levodopa by Mn(III), where S 

represent the substrate, levodopa, SH
+
 represent the mono cationic forms of the 

substrate, X is Mn(III)–substrate complex anion, Y is the free radical cation, and Z is 

the free radical. It can be clearly seen in the Figure 1.4 that the rate-limiting step of 

the reaction is the formation of the free radical. This study also showed that any 

increase in the pH of the medium decreased the reaction rate constant. 

All the reactions described aboved consist of decarboxylation and deamination of the 

amino acids triggered by oxidation due to transition metal ions. Usually, 
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decarboxylation and deamination reactions are catalyzed by enzymes in biological 

systems. However in the absence of the enzymes, the uncatalyzed reactions are 

extremely slow. According to Snider et al. [6], the uncatalyzed decarboxylation of 

amino acids is among the slowest reactions that exist. The half-time for the 

decarboxylation of glycine at 25 
o
C in neutral solution is predicted as 1.1 billion 

years. On the other hand, breakdown of amino acids is possible at extremely high 

temperatures. For example, Jie et al. [7] have identified the products of the thermal 

decomposition pathways of phenyl alanine and tyrosine quantitatively by thermo-

gravimetric analysis coupled with a Fourier-Transform-Infrared spectroscopy. They 

stated that the primary pathway began with the decarboxylation step. Furthermore, 

the main products of the tyrosine decomposition were identified as CO2, NH3 and 

H2O, indicating that the primary decomposition steps include decarboxylation, 

deamination and dehydration. 

Alexandrova et al. [8] investigated computationally how catalytic decomposition of 

amino acids proceed in the absence of catalysis. For this purpose, they combined 

quantum mechanical and molecular mechanical methods. Various mechanisms for 

uncatalyzed decarboxylation and deamination of glycine in aqueous solution were 

investigated. For decarboxylation, it was found that the transition state occured at a 

Cα-Cβ distance of 2.5 Å, with a free energy of activation of 45.3 kcal/mol. The initial 

step was followed by water-assisted proton transfer from the amino group to the 

alpha-carbon, to yield the end-products: CO2 and methylamine. If deamination was 

chosen as an initial step, the free energy barrier for the deamination was calculated as 

50.6 kcal/mol, and the end products were NH3 and α-lactone. The comparison 

between these two reactions showed that, the decarboxylation was more favorable 

with respect to deamination, although both pathways are unlikely in biological 

medium. 

A model organism used extensively in the biotechnological studies, S. cerevisiae 

degrades the aromatic amino acids (phenyl alanine, tyrosine, and tryptophan) via the 

Ehrlich pathway [9]. This pathway consists of the following steps: 1) transamination 

between the aromatic amino acid and pyruvate or α-ketoglutarate, yielding the 

corresponding α-keto acid, such as phenyl pyruvate, 2) decarboxylation of the 

resulting α-keto acid to the respective aldehyde; and, 3) reduction of the aldehyde to 

form the corresponding alcohol. The reaction pathway is detailed in Figure 1.5. 
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Figure 1.5 : Degradation pathway of L-phenyl alanine in S. cerevisiae [46]. 

The in vitro studies in the literature always consisted of free amino acids and an 

appropriate oxidizing agent, which are all summoned in a medium. However, both 

genetic and environmental causes can alter the homeostasis of transition metals in 

any organism and the overexposure to these transition metals can cause genotoxic 

effects and mutagenic symptoms, such as oxidative stress. Figure 1.6 shows these 

metal toxicity mechanisms and metal responses. As seen in Figure 1.6, many 

transition metals trigger oxidative stress in cells, interfere with protein or DNA 

function and therefore gene expression and metabolism are altered. 

 

Figure 1.6 : The metal toxicity mechanisms and metal responses in organisms.[10] 
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There are numerous researches in the literature which attempt to explain the exact 

mechanisms of transition metal-induced toxicity in different organisms. On the other 

hand, it seems that genome wide researches with clear evidences for how the genetic 

routes are altered for different species, are few in the literature. Recently, a couple of 

works for profiling the transcriptomic data of S. cerevisiae when exposed to 

transition metals were done.  

An early study done by Jin et al. [11], involved the comparison of the transcriptomic 

and deletion profiles of yeast, when exposed to copper, silver, zinc, cadmium, 

mercury, chromium and arsenic elements individually but in equal concentrations. 

The first part of this experiment consisted of observing the effects of different 

concentrations of transition metals on cell growth. The microarray analysis showed 

that each of the seven metals affected the level of expression of 175-760 genes. 

Transcriptional analyses created two groups of genes responding in a similar way to 

all metals: These genes were classified as “common metal-responsive” (CMR) genes. 

These CMR genes seemed to be related to metal ion transport and homeostasis, 

detoxification of reactive oxygen species, carbohydrate metabolism, fatty acid 

metabolism in general. 

The second part of the experiment was analyzing the deletion profiles. For this 

purpose, 4739 non-essential mutant strains in the presence of transition metal ions 

were obtained and analyzed. As a result, the deletion analyzes contained genes which 

are involved in serine, threonine, glutamate, aspartate, arginine and shikimate 

metabolism. These genes are located upstream in the sulfur, methionine and 

homocysteine metabolic pathways. These two different approaches in this 

experiment helped the identification of the essential genes for cell survival in the 

presence of the transition metals. However, the connection between the regulated 

genes and the pathways are not fully understood. 

Another experiment done by Takumi et al. [12], attempted to understand the cellular 

response systems of S. cerevisiae, when it is cultivated with excess nickel(II). In this 

research, the yeast cells were cultivated with 25 mM nickel chloride for 2 hours. 

Then for observing the transcriptomic changes in the yeast, microarray analyses were 

done. As a result, nickel chloride increased the expression levels in 601 genes and 

decreased in 696 genes. A great portion of the genes, whose expression was 

increased in the nickel exposed cells, were related to sulfuric amino acid metabolism, 
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iron and other heavy metal homeostasis and oxidative stress response genes. These 

results seemed to be correlated with the previous research done by Jin et. al, but they 

did not deal with the reason why these genes were upregulated. 

The need of identification of toxicity and carcinogenicity of several transition metals, 

led Bleackley et al. [13] to a microarray screening in S. cerevisiae again. In this 

experiment they used high density yeast array technology to find genes which are 

involved in the iron, copper, manganese, nickel, zinc and cobalt tolerance. The 

deletion set in the microarray consisted of 4786 non-essential genes, and these 

individual metal-sensitive genes were analyzed for each specific metal. The results 

showed that 226 genes were correlated to cobalt sensitivity when grown on a 

medium containing 2.5 mM CoCl2. Among these 226 genes, important ones were the 

genes which were related in vacuolar transport and the metabolism of tryptophan and 

other aromatic amino acids, especially TRP1,2,3,4 and ARO1,2,7. The deletion of 

these genes made the cell sensitive only to cobalt. Therefore, it was suggested that 

there must be a connection between the aromatic amino acids and the detoxification 

of the cobalt. On the other hand, the explanation for knockout of the vacuolar 

transport genes is simple: metals are stored and stabilized in vacuoles and deletion of 

them makes the cell more sensitive to transition metals in general. Additionally, it 

was suggested that when genes coding for metallochaperones were deleted, transition 

metal ions inside the cell could not be transferred to vacuoles and therefore they 

could not be stabilized either. 

Very recently, cobalt hyper-resistant S. cerevisiae mutants were obtained by Çakar et 

al. [14]. In order to obtain mutants, Çakar et al. used in vivo evolutionary 

engineering approach. The highest survival rate showing colony in the presence of 8 

mM CoCl2, named as CI25E was further examined and characterized phenotypically 

and physiologically in order to understand the cobalt resistance and also homeostasis 

mechanism in the yeast. Then some of the genes with the potential of having a role of 

cobalt resistance phenotype (for example, cot1Δ) were deleted. Furthermore, 

microarray experiments were done to wild type Saccharomyces cerevisiae and these 

hyper-cobalt resistant mutant (CI25E) cells. This microarray data showed that the 

PDC5 gene, which encodes the pyruvate decarboxylase enzyme (Pdc5p) in 

Saccharomyces cerevisiae (Figure 1.2), is upregulated in mutant cells. This 

phenomenon can be explained with an invention of a possible survival pathway by 
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the Saccharomyces cerevisiae cells. Pyruvate decarboxylase catalyzes the conversion 

of pyruvates to aldehydes and CO2. In addition, the expression of ARO1 was found 

to decrease whereas the expression of ARO9 increased. ARO1 codes an enzyme 

which catalyzes five steps in the biosynthesis of chorismate, a precursor of aromatic 

amino acids. The protein product of ARO9 is aromatic aminotransferase (Aro9p), an 

enzyme catalyzing the first step of aromatic amino acid catabolism (Figure 1.2). 

Sequential actions of Aro9p and Pdc5p convert aromatic amino acids to the 

corresponding aldehydes. Apparently, the cobalt-resistant mutants have a tendency to 

reduce the amount of aromatic amino acids, more specifically free aromatic amino 

acids because Aro9p acts on free aromatic amino acids. These findings are 

contradictory to the works done by Bleackley et al. 

The experimental observations on the importance of aromatic amino acids in cobalt 

resistance, the fact that the in vitro experiments dealt with metals other than cobalt 

and the lack of the information on the detailed mechanism even with the metals 

studied in the in vitro experiments motivated us to investigate computationally the 

reactions of cobalt with aromatic amino acids. To our knowledge, there is no 

computational study in the literature, about the decomposition of aromatic amino 

acids due to the oxidation by the redox active form of cobalt, cobalt(III) ion. Only 

complexes of Co
+
 and Co

2+
 with glycine [15], lysine [16], cysteine [17], and 

polyglycine were investigated computationally. For that reason, in the present work, 

the reactions of cobalt(III) with the simplest aromatic aromatic aminoacid, phenyl 

alanine (Figure 1.7) have been studied with quantum mechanical approaches. All the 

ground and transition state structures are optimized using density functional theory. 

Then, in the light of these optimized structures, a decomposition pathway of phenyl 

alanine to phenyl-acetamide and/or phenyl-acetaldehyde is proposed. 

 

Figure 1.7 : The structure of neutral phenyl alanine.
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2.  MATERIALS AND METHODS 

All calculations have been carried out using the GAUSSIAN 09 program package 

[18]. The geometries of all reactants, products and transition states (except where 

indicated) have been optimized using the hybrid density functional M06-2X method 

[19] and the cc-pVDZ basis set [20]. Except for the metals in the system, diffuse 

functions have been added to all atoms with a prefix “aug-“. However, we have not 

been able to locate some stationary points, although the optimizations are close to 

convergence. Therefore only approximate energies are presented for these structures. 

All stationary points have been identified as minimum (number of imaginary 

frequencies = 0) or transition state (number of imaginary frequencies = 1). Some of 

the transition states have been verified by the intrinsic reaction coordinate (IRC) [21] 

calculations to connect the designated reactants and products at the same level. To 

obtain more reliable free energies of each minimum on the potential energy surfaces, 

single-point energy calculations have been performed with the larger cc-pVTZ basis 

set [20], based on the optimized geometries at the M06-2X/cc-pVDZ level. Also, the 

charges on all atoms in the optimized geometries have been calculated by the Natural 

Bond Orbitals (NBO) method [22]. Spin densities have been computed by the 

Mulliken method. Solvent effects have been taken into account via the continuum 

SMD method [23]. The standard states of all molecules have been taken as 1 M, 

except water for which a standard state of 55 M has been used. In the calculations 

involving proton uptake from the solvent, the free energy of the proton has been 

taken from experiment. 

2.1 Density Functional Theory 

All calculations in this study have been carried out using density functional methods 

(DFT) implemented in the GAUSSIAN 09 program [18]. Density functional theory 

is a quantum mechanical method. In quantum mechanics, unlike classical mechanics, 

the position and the momentum of a particle cannot be known simultaneously 

without any uncertainty. Therefore the position of a particle is expressed as a 
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probability function, Ψ
2
. Ψ is known as the wavefunction and is obtained by solving 

the Schrödinger equation: 

Ĥ Ψ(x)= EΨ(x)  (2.1) 

Ĥ is the Hamiltonian operator, and it provides the energy (E) and the wavefunction 

of the system. 

                                        N                 N   M             N   N 

Ĥelec = - ½ Σ ∇i
2
 - Σ Σ ZA/ riA + Σ Σ 1 / rij  = T + VNe + Vee 

                                       i=1              i=1  A=1             i=1 j>1 

 

(2.2) 

In 2.2, the first term gives the kinetic energy of electrons, the second term gives the 

attraction between electrons and nuclei, and the third term gives the interelectronic 

repulsion. ZA is the charge of any nucleus, N the number of electrons, M the number 

of nuclei, rij distance between electrons i and j, and riA distance between electron i 

and nucleus A. One can see that the Hamiltonian is a function of N (the number of 

electrons) and the positions (RA) and charges of the nuclei (ZA), so the energy is a 

function of these three variables, E(N, RA, ZA). 

There are many acceptable solutions of the Schrödinger equations, identified by the 

quantum number n: 

Ĥ Ψn(x)= EΨn (x)  n=1,2,…  (2.3) 

The exact solution of the Schrödinger equation exists only for one-electron systems. 

For many-electron systems only approximate solutions can be obtained.  The first 

step to obtain these approximate solutions is the separation of variables by 

expressing the many-electron wavefunction Ψ(1,2,3..) as the product of one-electron 

wavefunctions χ1(1), χ2(2), χ3(3).. 

Such a separation is possible only if the electrons are independent from each other, 

which is of course not true in real systems. Therefore, the error introduced by the 

independent electron approximation must be corrected later in the calculations. 

On the other hand, according to Pauli Exclusion Principle, the wavefunction must be 

antisymmetric with respect to the exchange of the labels of any two electrons. Hence, 

expressing Ψ as the product of one-electron wavefunctions would violate the Pauli 

Exclusion Principle. Instead, Ψ is expressed as a Slater determinant: 
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                         ΨSD =            (2.4) 

 

 

which is constructed from a set of N single-electron wave functions (N being the 

number of electrons in the molecule) in Hartree-Fock theory. Every χi (xN) function is 

equal to the spin function multiplied by the spatial wave function. The Schrödinger 

equation with a Hamiltonian in (2.2), and Ψ given as a Slater determinant, can be 

reorganized as: 

                                                                                 N                               N  N 

EHF = ∫ Ψ0H0 Ψ0 dτ = Σ(i | ĥ | i) + ½ ΣΣ(ii | jj) – (ij | ji) 

                                                      
i                  i    j

 

(2.5) 

                                    M 

(i | ĥ | i) = ∫ χi* (x1) (-1/2 ∇i
2
 – ΣZA / riA) χi (x1) dx1 

                             A 

(2.6) 

(ii | jj) = ∫∫ |χi (x1)|
2
1/r12 |χj (x2)|

2
dx1 dx2 (2.7) 

(ij | ji) = ∫∫ χi (x1) χj
*
 (x1) 1/r12 χj (x2) χj

*
 (x2) dx1 dx2 (2.8) 

(2.6) gives the kinetic energy of a given electron and the interaction energy between 

this electron and the nuclei. The integral in (2.7) is known as the Coulomb integral 

(J), and gives the total Coulombic repulsion between any two electrons. The integral 

in (2.8) is called the exchange integral (K). It has no classical counterpart, and arises 

completely from the Pauli Exclusion Principle. 

Each one-electron orbital (χi) can be approximated by using a linear combination of 

Gaussian functions, known as the basis set.  

                                                                                         N 

χi = ∑ cμi υμ 
                                                                             μ=1 

 

 (2.9) 

The energy calculated with a wave function, which is described with a basis set, is 

always higher than the exact energy. Therefore cμi values (molecular orbital 

expansion coefficients) are calculated by minimizing the energy, with respect to 

these coefficients. This procedure is called as variation principle. 
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The method described above is known as the Hartree-Fock method. Since this 

method starts with the independent electron approximation and the errors introduced 

by this approximation are never corrected, it lacks the electron correlation effects. 

This means that each electron moves in the average field created by all other 

electrons, without knowing their instantaneous positions. Therefore electrons can get 

unrealistically close to each other. There are methods which are based on the 

calculation of the wavefunction, and which can include the electron correlation 

effects, but these methods are computationally very expensive. Instead density 

functional methods offer a cheaper solution of this problem. 

DFT is based on Kohn-Hohenberg theorems, which state that the electron density 

ρ(r) includes all the information carried in Ψ. ρ(r), which can be obtained from a 

many-electron wavefunction Ψ, is given by: 

ρ(r1) = N ∫ … ∫ dr2 … drN | Ψ(r1, r2, … rN) |
2
 (2.10) 

where r denotes both spin and spatial coordinates of electrons. 

The first Kohn-Hohenberg theorem (Existence theorem) states that the electron 

density ρ(r) determines the external potential v(r), i.e. the potential due to the nuclei. 

This means that for a given electron density, there exists only one particular 

distribution of a nuclei with their given charges.  

The second theorem introduces the variation principle, i.e. the energy computed with 

an approximate density is always greater than the true energy. Therefore the energy 

is minimized with respect to ρ(r). 

Three variables in the energy, E(N, RA, ZA), can be known when electron density is 

known. The energy can be written as: 

           E[ρ] = ∫ v(r) ρ(r) dr + T[ρ] + Vee[ρ]                           (2.11) 

where T[ρ] is the kinetic energy of the interacting electrons and Vee[ρ] is the electron-

electron repulsion energy. Calculation of the kinetic energy of the interacting 

electrons is difficult. Therefore Kohn and Sham defined a reference system with non-

interacting electrons, such that the one-electron wavefunctions of these electrons give 

the true density. The wavefunction of this system can be expressed as a Slater 

determinant of one-electron functions χi(r) and the density can be written as; 
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                                                                                         N 

                                                ρ(r) = ∑ |χi(r)
2
|                                      (2.12) 

                                                                                        i=1 

The kinetic energy of this system can be calculated by using χi(r)’s as in the Hartree-

Fock theory. Now the electronic energy may be rewritten as: 

                            E[ρ] = ∫ v(r) ρ(r) dr + Tni[ρ] + J[ρ] + Exc[ρ]    (2.13) 

with J[ρ] being the coulomb energy, Tni[ρ] being the kinetic energy of the non-

interacting electrons and Exc[ρ] being the exchange-correlation energy functional. 

The exchange-correlation functional is an unknown functional and expressed as the 

sum of an exchange functional Ex[ρ] and a correlation functional Ec[ρ], although it 

contains a correctional term, which accounts for the kinetic energy term arising from 

the kinetic energy difference between the interacting and non-interacting electron 

systems. 

Minimization of the energy with respect to ρ(r), with the constrain that the one-

electron orbitals are orthonormal, yields: 

                                    [ (-1/2) ∇KS
2
 + Veff(r) ] χi(r) = εiχi(r)    (2.14) 

where εi is the orbital energy of the corresponding independent (χi) Kohn–Sham 

orbital. 
 

In (2.14), the one-body potential Veff can be defined as;  

Veff =v(r) + [ ∂J(ρ) / ∂ρ(r) ] + [ ∂Exc(ρ) / ∂ρ(r) ]                (2.15) 

Veff= v(r) +[ ρ(r') / | r-r'| ] dr' + vxc(r)                          (2.16) 

where vxc(r)is the exchange-correlation potential.  

The exact form of the exchange-correlation functional is not known. It is possible 

only for simple systems to derive these functionals. Therefore approximate forms are 

studied and improved. If we assume that the density is kept same everywhere, 

ρ=N/V, we can make our first approximation, i. e. the local density approximation 

(LDA). This approximation gives the energy of a uniform electron gas, i. e. a large 

number of electrons uniformly spread out in a cube accompanied with a uniform 

distribution of the positive charge to make the system neutral. The total energy of the 

system is expressed as a functional of the charge density as: 
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E[ρ] = Ts[ρ] + ∫ ρ(r)vext(r)dr + J[ρ] + Exc[ρ] + Eb     (2.17) 

1. Ts is the Kohn–Sham kinetic energy functional, which is expressed in terms 

of the Kohn–Sham orbitals as: 

                                                     N 

Ts[ρ] = ∑ ∫ χi
*
(r) [(-1/2)∇2] χi (r) dr     (2.18) 

                                                     i=1 

2. vext is the external potential which acts on the interacting system at minimum, 

3. Exc is the exchange-correlation energy, 

4. E
b 

is the electrostatic energy of the positive background and since the positive 

charge density is the negative of the electron density due to uniform 

distribution of particles, the energy expression is reduced to: 

E[ρ] = TS[ρ] + EXC[ρ]       (2.19) 

E[ρ] = TS[ρ] + EX[ρ] + EC[ρ]     (2.20) 

The kinetic energy functional Ts can be rewritten as: 

TS[ρ] = CF∫ ρ(r)
5/3

dr                  (2.21) 

where CF is a constant equal to 2.8712. The exchange energy functional can be 

calculated exactly by: 

EX[ρ] = -CX∫ ρ(r)
4/3

dr                 (2.22) 

with Cx being a constant equal to 0.7386. Even for this simplest system, it is not 

possible to derive a similar approximation for the correlation energy, Ec[ρ]. Using 

Quantum Monte Carlo techniques, Ceperley and Alder (1980) calculated the total 

energy for uniform electron gases of several different densities to very high 

numerical accuracy. For each case, they were able to determine the correlation 

energy in these systems and the kinetic energy functional is obtained by fitting an 

analytical function to their results. 

A disadvantage of the LDA method is the underestimation of the exchange energy by 

about 10 percent and it does not have the correct asymptotic behavior. The exact 

asymptotic behavior of the exchange energy density of any finite many-electron 

system is given by:  
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limUX
σ
= -1/r     (2.23) 

    x  ∞ 

where UX is the Coulomb potential of the exchange charge and UX is related to total 

exchange functional, EX[ρ] by; 

EX[ρ] = ½ ∑ ∫ ρσUx
σ
dr                (2.24) 

              
σ 

To correct this problem, exchange-correlation functionals are created to have a 

proper asymptotic limit by adding a gradient correction term. 

The adiabatic connection formula connects the non-interacting Kohn-Sham reference 

system (λ=0) to the fully-interacting real system (λ=1) and is given by: 

                   1 

Exc = ∫ Uxc
λ
 dλ       (2.25) 

                   0 

where λ is the interelectronic coupling-strength parameter and Uxc
λ
 is the potential 

energy of exchange-correlation at intermediate coupling strength. The adiabatic 

connection formula can be approximated by; 

EXC= ½ EX
exact

 + ½ UXC
LD

                 (2.26) 

The equation 2.26, which is known as adiabatic connection formula, is the sum of 

exact and approximated exchange-correlations. This provides an accurate theory of 

the exchange-correlation functional and is the starting point of many approximations. 

The functionals which include an exchange term, are called hybrid functionals. 

The functional used in this thesis is M06-2X. It belongs to a family of functionals, 

including also M06 and M06-L, where the main difference being the amount of the 

exact exchange. It is designed by Zhao et al. [19] and is a hybrid meta-generalized 

gradient approximation. The reason why they are called hybrid functionals is the 

addition of Hartree-Fock exchange functional into pure DFT functionals. They are 

also called latest generation functionals and used extensively in recent years because 

of their accuracy, and this accuracy of calculation depends upon the exchange-

correlation functional, Exc[ρ]. 

The pure DFT parts (meta-GGA) depend on spin density (ρ), reduced spin density 

gradient (x) and kinetic energy functional [T(ρ)]. The reduced spin density gradient 

(x) is shown in (2.27): 
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xσ = | ∇ρσ | / ρσ
4/3

 (σ = α, β)     (2.27) 

The M06 functional family includes 3 additional terms; Z as a working variable, γ 

and h as working functions. 

Zσ = [2τσ / ρσ
5/3

] - CF, CF = 3/5 (6π
2
)
2/3

, γ(xσ, Zσ) = 1+ α(xσ
2
 + Zσ)   (2.28) 

h(xσ,Zσ)=[d0/γ(x, Z)]+[(d1xσ
2
+d2Z)/ γ

2
(x, Z)]+[(d3xσ

4
+d4xσ

2
Zσ + d5Zσ

2
)/γ

2
(x, Z)] (2.29) 

The exchange functional term (Ex[ρ]) of the M06-2X functional is kept same as in 

the M06-L functional: 

Ex
M06

 = ∑ ∫ [ Fxσ
PBE 

(ρσ(r), ∇ρσ(r))  f (ωσ) + εx
LDA

hx(xσ,zσ)] dr       (2.30) 

                   σ 

where hx(x,z) is defined in (2.29). Fx
PBE 

(ρσ(r), ∇ρσ(r))  indicates the exchange energy 

density, which is taken from PBE exchange model. According to Zhao et al., PBE 

model satisfies the correct uniform electron gas (UEG) limit and also gives rather 

good results in the non-covalent interactions [20]. 

εxσ
LDA

 is the local spin density approximation for exchange; 

εxσ
LDA

 = -3/2 (3/4π)
1/3ρσ

4/3
(r)     (2.31) 

and the f (ωσ) is the spin kinetic energy density factor; 

      m 

     f (ω) = ∑ ai ωσ
i
       (2.32) 

      i=0 

where the variable ωσis the function of tσ, and the tσ is the function of spin kinetic 

energy density (T) and spin density (ρσ). 

ωσ = (tσ – 1) / (tσ + 1)                (2.33) 

tσ = Tσ
LDA

 / Tσ             (2.34) 

where 

Tσ
LDA

 ≡ 3/10 (6π
2
)
2/3
ρσ

5/3
     (2.35) 

The correlation functional form of the M06-2X functional is again kept same as in 

their M06-L functional family. However, in this new correlation functional, the 

opposite spin and parallel spin correlations are treated differently by Truhlar and co-

workers. 
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The opposite spin M06 correlation energy is given by; 

EC
αβ

 = ∫ eαβ
UEG

 [ gαβ(xα, xβ) + hαβ(xαβ,zαβ)] dr        (2.36) 

where gαβ(xα, xβ) is described as: 

                       N 

gαβ(xα, xβ) = ∑CCαβ,i  [γCαβ (xα
2
 + xβ

2
) / 1+ γCαβ (xα

2
 + xβ

2
) ] 

i
   (2.37) 

                              
i=0 

and hαβ(xαβ,zαβ) is described in (2.29) with xαβ
2
≡ xα

2
 + xβ

2
  and zαβ ≡ zα + zβ. 

The parallel spin correlation energy is; 

EC
αα

 = ∫ eαα
UEG

 [ gαα(xα) + hαα(xα,zα)] Dα dr      (2.38) 

where this time gαα(xα) is described with: 

                             N 

gαβ(xα, xβ) = ∑CCαα,i  [ γCαα (xα
2
) / 1+ γCαα (xα

2
) ] 

i
     (2.39) 

                             
i=0 

In (2.38), Dα is the self-interaction correction term for avoiding self-interactions: 

Dα = 1 – ( xα
2
 / 4 [ zα + CF] )                  (2.40) 

If the system is a one-electron system, Equation 2.39 will be meaningless. The terms 

eαβ
UEG

 and eαα
UEG

 are the uniform electron gas correlation energy density for opposite 

spinned and parallel spinned systems.  

The total M06 correlation energy can be written as the sum of opposite spinned and 

parallel spinned components: 

EC = EC
αβ

 + EC
αα

 + EC
ββ

       (2.41) 

The γCαβ and γCαα terms in the (2.37) and (2.39) are constants equal to 0.0031 and 0.06, 

respectively [19]. 

All of this energies form the hybrid meta-generalized functional. The hybrid 

exchange-correlation energy (EXC[ρ]) now can be written as; 

EXC = (X/100) EX
HF

 + [1-(X/100)] EX
DFT

 + EC
DFT

     (2.42) 

Where EX
HF

 is the nonlocal Hartree-Fock exchange energy and X is the percentage of 

this Hartree-Fock exchange energy in the hybrid functional. The X value is 
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optimized to obtain the best results. In addition to X value, all the parameters in the 

equations are optimized against accurate data too.  

For observing the accuracy of the M06-2X method, some comparisons were done. 

These comparisons consisted of hybrid functionals, pure DFT functionals and 

functionals with full Hartree-Fock exchange. According to Zhao et al., it performed 

better than all other functionals for calculation of the atomization energies, ionization 

potentials, electron affinities and proton affinities [19]. The M06-2X method also 

performed better to calculate the alkyl-bond dissociation energies, proton affinities of 

conjugated π systems, binding energies of a Lewis acid-base complex, heavy-atom 

transfer barrier heights.  

The M06 functional is parametrized including both transition metals and nonmetals 

in the training set, whereas the M06-2X functional is parametrized only for 

nonmetals [24]. Therefore, the M06-2X functional is recommended only for studying 

main-group thermochemistry, kinetics and noncovalent interactions. Nevertheless, 

our benchmark calculations on ionization potentials have shown that M06-2X 

performs better than other common functionals. These data and the justification of 

the choice of the M06-2X method will be presented in Section 3.1. 

2.2 Basis Set 

A basis set is a set of functions used to build the molecular orbitals. With these 

functions, theoretical calculations can be performed to obtain useful results. In the 

first quantum mechanical calculations using the Hartree-Fock theory, molecular 

orbitals (MO) were calculated with the Linear Combination of Atomic Orbitals 

(LCAO) technique, which is described in (2.9). 

The approximation of molecular orbitals as the sum of one-electron atomic orbitals 

provided an easiness. These atomic orbitals are typically Slater-type orbitals (STO), 

defined by; 

Snlm(r,θ,υ) = Nr
n-1

e
- δ

Yl
m

(θ,υ)      (2.43) 

where N is a normalization factor in the radial part, n is the principal quantum 

number of the orbital, δ is called the orbital exponent (which controls the width of the 
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orbital) and Yl
m

 is the spherical harmonic. These orbitals can also be written with the 

Cartesian coordinates: 

Sabc(x, y, z) = Nx
a
y

b
z

c
e

-δr
       (2.44) 

One can see that these functions depend on quantum numbers (n,l,m) and decrease 

exponentially with distance from the nuclei. The difficulty of the integration process 

of this type of orbitals, led to some approximations. If the exponential term is written 

as exp(-δr
2
), thefunction becomes a Gaussian type function (GTO): 

Nx
a
y

b
z

c
exp(-δr

2
)             (2.45) 

which is called a primitive, an individual Gaussian function. With Gaussian functions 

the electron integrals can be solved analytically. Except that the Gaussian functions 

decay faster than Slater-type functions at large r values, this approach was better than 

STO’s, yet it was still taking longer to solve these integrals. To cure this problem, 

Pople and his co-workers proposed the minimal basis sets. They determined optimal 

contraction coefficients and exponents for mimicking STOs with contracted GTOs 

for a large number of atoms.  

With this approximation, a linear combination of Gaussian functions is treated as a 

single function. This linear combination of primitive Gaussian functions is called a 

contracted Gaussian function. Therefore this type of basis sets are called STO-nG 

basis sets, where n is the number of primitive Gaussian orbitals mimicking a single 

STO, varying from 2 to 6 (2.45). Higher the number of these primitive Gaussian 

functions better is the accuracy. 

                   n 

Sabc(x, y, z) = N ∑ ci x
a
y

b
z

c 
exp(-δr

2
)                            (2.46) 

                   
i=1 

This summation of linear combinations of Gaussian functions made the computation 

much easier, but the minimality was the problem. As one can see, there is only one 

contracted basis function defined for each type of orbital, either core or valence. A 

split-valence basis uses only one contracted basis function for each core atomic 

orbital, and multiple basis functions for the valence atomic orbitals. Therefore these 

types of basis sets are called split-valence basis sets. The simplest split-valence basis 

sets are called Pople basis sets, which are created by Pople and co-workers, and they 

used the X-YZG notation. X is the number of primitives for the core orbitals, but Y 

and Z indicate that the valence orbitals are composed of two contracted basis 
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functions, the first one is composed of a linear combination of Y primitive Gaussian 

functions, the other one is composed of a linear combination of Z primitive Gaussian 

functions.  

Basis sets can be modified with two functions, which are polarization functions and 

diffuse functions. The first one, polarization functions add higher angular momentum 

orbitals for any heavy atom in the system. This addition permits polarization of the 

wave function and gives a flexibility to electrons. 

The second function is the diffuse function, which is useful for systems which have 

anions, weak interactions, lone pairs. The diffuse function permits the orbitals to 

occupy larger spaces. 

All of the basis sets described so far were optimized for Hartree-Fock wavefunctions, 

however Thom Dunning pointed out that basis sets optimized at the Hartree-Fock 

level might not be ideal for correlated computations [20]. Thus, the basis sets 

developed by Dunning and co-workers were optimized for correlated wavefunctions. 

Therefore it differs from Pople-basis sets. The first step of this approach is to 

perform an atomic SCF calculation using a set of primitive Gaussian functions. The 

electron integrals will be too many when using the uncontracted basis sets, thus these 

primitive Gaussian functions must be contracted to reduce the calculation time. The 

core orbitals in any atom are described by single contracted Gaussian functions, 

while the valence orbitals are described by N-contracted Gaussian functions, where 

N can be D (double), T (triple), Q (quadruple), five (5), and six (6). That is why it is 

named correlation-consistent polarized valence (N)-zeta basis sets. In the Dunning 

basis sets the diffuse function is described with the aug- prefix. 

In this study, all the geometry optimizations were carried out with the aug-cc-pVDZ 

basis set (except transition metals where the cc-pVDZ basis set is used), and the 

single-point energy calculations were carried out with the aug-cc-pVTZ basis set 

(except transition metals where the cc-pVTZ basis set is used). From now on, for 

simplicity, we will refer to these basis sets as cc-pVDZ and cc-pVTZ even though 

the non metal atom have also diffuse functions. 

The contractions for the atoms used in this study are given in Table 2.1. 
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Table 2.1 : Contraction values of the Dunning basis sets. [20,25,26] 

 cc-pVDZ cc-pVTZ 

H (3s)/[2s1p] (5s2p1d)/[3s2p1d] 

N (9s4p1d)/[3s2p1d] (10s5p2d1f)/[4s3p2d1f] 

C (9s4p1d)/[3s2p1d] (10s5p2d1f)/[4s3p2d1f] 

O (9s4p1d)/[3s2p1d] (10s5p2d1f)/[4s3p2d1f] 

Co (19s15p7d2f)/[6s4p3d1f] (20s16p8d)/[7s6p4d2f1g] 

2.3 Solvation Models 

Solvation means the interaction of a solute with the solvent, thus a solvation free 

energy must be defined: 

ΔGsolv = ΔGcav + ΔGvdw + ΔGelec            (2.47) 

According to (2.47), there are 3 types of interactions inside the solvent; creation of 

the cavity inside a continuous medium, van der Waals interactions and electrostatic 

interactions between the solute and solvent, respectively. 

There are two main approaches to take into account the solvation effects: the first 

one is the addition of the explicit solvent molecules, and the other is the 

representation of the solvent as a continuum (continuous medium). In a continuum 

model, the solvent is treated as a polarizable and uniform continuum with a dielectric 

constant, ε, instead of explicit solvent molecules. This constant is equal to 1 for 

vacuum, and ≈ 78 for water.  The continuum model is simpler and cheaper than the 

explicit solvent model, but this easiness makes it less accurate. This disadvantage is 

also seen in this work. Thus, to calculate the free energy of solvation of the transition 

metals properly in this work, a mixed model, the addition of explicit water molecules 

inside a continuum, is also used when the charge-transfer interactions are to be 

calculated accurately. The combination of explicit water molecules with continuum 

solvent is called cluster-continuum model [27]. 

The first step in the solvation process inside a continuum is the creation of a cavity. 

A cavity is a defined place with a size and shape where all the solvent molecules are 

excluded and therefore the solute can be inserted. In early approximations, spherical 

and ellipsoidal cavities were used, where the radii of the molecules were determined 
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from the gas phase structure. But this was not a good approximation because of the 

unrealistic radius choice. Thus, more realistic molecular cavity shapes are invented 

and are used in polarized continuum model (PCM) calculations. In PCM model, 

cavities are based on spheres, which are centered on each atom, and the van der 

Waals radii of the atoms are used to determine the cavity surface. 

In the PCM approach the surface is divided into a number of small surface elements 

(tesserae, ΔS). A point charge qi is assigned to each tessera according to (2.48):  

qi = - [ ε–1 / 4πε] EiΔS                  (2.48) 

where Ei is the electric field gradient. (2.48) gives the point charges and they are 

summed in the total reaction potential term (φ). Therefore the charge distribution of 

the solute polarizes the solvent, and the reaction potential changes. This interaction 

must be defined by a solvent reaction potential into the Hamiltonian, so the 

Hamiltonian must be modified. The potential gives a new electric field gradient and 

the charges are calculated until they converge. The electrostatic component of the 

solvation free energy is given by: 

ΔGelec = ∫ Ψ (H
(0)

 – e/2. υ)Ψ dτ + e/2 ∑Zkυk - ∫ Ψ
(0)

H
(0)

Ψ
(0) 

dτ               (2.49) 

           k
 

where e is the atomic unit of charge, υk is the reaction field evaluated at atom k, Zk is 

the atomic number of atom k, Ψ
(0)

and H
(0)

 are the solute electronic Hamiltonian and 

electronic wavefunction in the gas phase, and Ψ is the polarized solute electronic 

wavefunction in solution, respectively. This modified Hamiltonian in (2.49) is used 

to calculate the wavefunction iteratively, at some point it becomes self-consistent, 

and thus it is called Self-consistent reaction field (SCRF) methods, generally.  

In this work, a modified version of the polarized continuum model, SMD is used 

[23]. The SMD model employs a set of parameters (such as van der Waals radii) 

optimized for the IEF-PCM algorithm (integral equation formalism PCM). 

The SMD method differs from IEFPCM method in the construction of the cavities. 

For the calculation of the non electrostatic contributions to the free energy of 

solvation, SMD method uses radii which are defined by Bondi. For the electrostatic 

contributions, a different set of radii are used. These radii are optimized by fitting 

solvation free energies calculated by the M05-2X/6-31G* method to a set of 

experimental values. 
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3. RESULTS AND DISCUSSION 

3.1. Validation of the Methodology 

For choosing the most suitable method for geometry optimizations, several methods 

have been tested. The ionization energy term has been chosen for these 

benchmarking tests because of its importance in the redox reactions. If the ionization 

energies could be calculated accurately, the latter stages of the work will be much 

errorless.  

The benchmark consisted of both pure and hybrid DFT methods, which are listed in 

Table 3.1. The ionization energies of the transition metals are calculated with the cc-

pVTZ basis set. All of the experimental molar ionization energies below are taken 

from data sheets in eV unit and converted to kcal/mol (1 eV = 23.061 kcal/mol). X 

describes the portion of the Hartree-Fock exchange in the hybrid exchange-

correlation energy. 

The difference between pure and hybrid DFT methods can be clearly seen from 

Table 3.1. It shows that the M05 and M06 families have performed best to calculate 

the ionization potentials.  

The non-dynamic correlations are included in the exchange functionals, although the 

name is a bit misleading. Therefore, the incorporation of high amount of exact 

exchange may decrease the accuracy of the calculations if non-dynamic correlation 

effects are important. For instance, transition metals have degenerate d-orbitals, 

rendering the use of M06-2X functional questionable. However, if non-dynamic 

correlation is not important, hybrid functional with a high exact exchange 

contribution perform quite well for transition metals, as indicated by Zhao et al. [28]. 

The T1 test provides an estimate of the importance of the non-dynamic correlation. A 

T1 value smaller than 0.02 indicates that non-dynamic correlation effects are not very 

important. In this study, the results of the T1 test for M06-2X method were below 

0.02, and this result has indicated that the chosen method is suitable for further 

calculations. 
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Zhao et al. reported that most functionals with more than 10% HF exchange fail to 

optimize the systems containing transition metals [20]. But their observation is not 

always consistent with our results. For example, a hybrid meta-GGA functional with 

a high exact exchange contribution (54%), M06-2X can calculate the ionization 

potentials very well. On the other hand, M06-L, which is a pure functional also 

yields good ionization energies for most of the transition metals tested, in line with 

the results of Zhao et al. From Table 3.1, it can be clearly seen that M06-2X gives 

very accurate results; the errors for cobalt, manganese and nickel ions are at a 

minimal level. 

Table 3.1 : Ionization energies of the transition metals with different functionals. 

 X Cu IE2 Co IE3 Fe IE3 Mn IE3 Ni IE3 

       

Exp.  468.0 772.5 706.9 776.4 811.5 

       

M06-L 0 463.4 773.8 704.1 777.2 820.3 

M06 27 477.6 771.6 706.4 785.3 831.6 

M06-2X 54 461.5 772.6 712.4 775.7 813.4 

M05 28 479.3 773.7 710.0 787.5 832.6 

M05-2X 56 463.1 774.0 714.1 777.3 807.1 

TPSSh 10 471.3 788.0 724.2 781.9 818.6 

B1LYP 25 470.7 784.3 721.5 780.2 820.9 

B3LYP 20 478.3 790.7 728.1 785.6 828.0 

B3PW91 20 475.0 787.1 724.4 787.7 825.3 

PBE1PBE 25 469.9 782.4 719.4 785.6 820.5 

MPWB1K 44 461.6 776.8 713.2  814.2 

MPW1B95 31 469.4 782.0 718.9   

OLYP 0 485.3 788.9 725.3 792.5 831.1 

TPSS 0 476.8 792.0 728.5 782.9 822.2 

BP86 0 487.7 796.1 734.7 788.9 834.5 

3.2. Solvation Free Energies of the Transition Metals 

When the SMD method is used alone, the calculated solvation free energies for the 

six cations are in poor agreement with the experimental data (data not shown). To 

solve this problem, a better model to depict the solvation free energies of metal ions 

must be developed, and for this purpose, a general solvation process must be 

considered.  

 



27 

If the solvation of a transition metal (M) in a solution (S) is considered, the solute 

(M) undergoes the following thermodynamic cycle in which it forms a tight complex 

(M-nS) with a certain number (n) of solvent molecules in the solution (Figure 3.1). In 

the cycle, ΔG
*
solvation is the solvation free energy as defined by Ben-Naim [29], which 

corresponds to passage of the solute from a fixed standard state in the gas phase to a 

fixed standard state in solution. ΔGM is the free energy change in the transition metal 

ion due to the phase change. ΔGvaporization is the vaporization free energy under 1 M 

standard conditions. ΔG°complexation is the free energy change of the complexation 

between metal and solvent molecules in the gas phase under 1 M standard 

conditions. 

ΔG
o
complexation 

M
a+

(g) + nH2O(g)  M
a+

(H2O)n(g) 

    

   ΔGM          ΔGvaporization     ΔG
*
solvation(M-S) 

 

M
a+

(aq) + nH2O(aq)  M
a+

(H2O)n(aq) 

Figure 3.1:The thermodynamic cycle for the cluster-continuum solvation model. 

Using the thermodynamic cycle in Figure 3.1, (3.1) can be written: 

ΔG*solvation(M) = n. ΔGvaporization+ΔG
o
complexation + ΔG

*
solvation(M-S)      (3.1) 

In (3.1), the number of explicit solvent molecules (n) has to be determined. The 

addition of explicit solvent molecules improves the calculation of the charge-transfer 

component of the solvation energy; however the addition of explicit molecules also 

increases the unharmonicity effects, which decreases the accuracy of the 

calculations. Therefore, upon addition of explicit solvent molecules, the solvation 

free energy becomes more negative up to a given value of n, then it starts to decrease 

in magnitude. Hence, n must be the value at which the solvation free energy 

ΔG*solvation(M) reaches the lowest value. Thus, starting with n =0, we have performed 

a series of calculations until we have found the lowest ΔG*solvation(M). This lowest 

ΔG*solvation(M) can be used as the best estimate to the real solvation free energy. 

The geometries of the metal-water clusters have been calculated with the M06-

2X/cc-pVDZ method, and in order to improve the accuracy of the results, single-



28 

point energy calculations have been carried out with the cc-pVTZ basis set. In Table 

3.2, the solvation free energies of the transition metal ions and also the number of 

solvent molecules (n) are listed.  

Table 3.2 : Solvation free energies of the transition metals (kcal/mol). 

ΔG*solvation (kcal/mol)   

 Exp. Calc. n Ref. 

Co+2 -481.0 -486.5 4 [30] 

Co+3  -1096.5 6  

Cu+1  -194.5 4  

Cu+2  -506.0 4  

Fe+2 -480.1 -477.1 5 [31] 

Fe+3 -1073.4 -1062.3 5 [31] 

Mn+2  -466.7 4  

Mn+3  -1079.7 6  

Ni+2 -492.8 -493.9 6 [30] 

Ni+3  -1112.9 6  

As seen in Table 4.2, the number of explicit water molecules (n) ranged between 4 

and 6. It is a known fact that the coordination number of the transition metal ions is 

generally 6. However in our calculations, for cobalt(II), the lowest value of the 

solvation free energy has been reached with 4 water molecules, indicating that the 

effect of the remaining 2 water molecules can be represented efficiently by the 

continuum solvent. Therefore, we have preferred to represent the first solvation shell 

of cobalt(II) by 4 water molecules instead of physically more intuitive 6 water 

molecules.  

Comparing the experimental [30,31] and calculated data in Table 3.2, it appears that 

the solvation free energy of cobalt(II) is overestimated in magnitude, whereas the 

calculated solvation free energies of nickel(II) and iron(II) ions seem to be in a good 

agreement with the experimental data.  

3.3 Oxidative Decomposition Pathways of Phenyl Alanine 

The zwitterionic form of phenyl alanine, which is the most abundant form at neutral 

pH, has been chosen as the starting structure. The pKa of the hexaaqua-cobalt(III) 

complex ranges between 1.8 and 2.9 [32-34]. Therefore Co(OH)
+2

.(5H2O) is the 

dominant form of this complex, and has been used throughout this study.  The 

reaction pathway starting with these structures, the optimized structures and 
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important bonded and non-bonded distances are schematically shown in the 

appropriate figures. 

Three possible complexes can be formed between the two reactants: In complex 1, 

cobalt is coordinated only to the carboxylate group. In complex 2, cobalt interacts 

with the carboxylate group while OH
-
 is H-bonded to the amino group. In complex 3, 

cobalt is complexed with the carboxylate group and the OH
-
 group is near the alpha-

hydrogen atom. It is known that the coordination shell of Co
3+

 consists of 6 ligands. 

Therefore, for complexes 1 and 2, we have assumed that one water molecule has 

been released from the coordination shell of the metal upon complexation. In 

complex 3, a second water molecule has been removed because of close contacts 

with the phenyl alanine side chain. The complexation free energies of these 

structures are -6,7, -1.1 and -2.1 kcal/mol, respectively. The free energies show that 

the formation of complex 1 is the most favorable one. Detailed structures of this 

complexes are shown on Figure 3.2.  

 

Figure 3.2: Complexes 1,2 and 3. 

In all three complexes, the charge of the cobalt ion is +3. Presumably, the negative 

charge on the OH
-
 ion prevents the electron transfer from phenyl alanine to Co

3+
. The 

shadowing effects of the hydroxide ion can be removed by a possible proton transfer 

to the OH
-
 group. This decreases the electrostatic and charge transfer interactions 

between Co
3+

 and its ligands, allowing the metal to be reduced. The proton may 

come either from the amino group of phenyl alanine or from the solvent. The proton 

transfer pathways from the amino group and the subsequent redox reaction are 

depicted in Figure 3.3. Protonation from the solvent and the following redox 

reactions are shown in Figure 3.4. 

The proton, which must be transferred to the hydroxide ion from the amino group, 

can be relayed in two ways: the first one is the direct proton transfer from the amino 
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group to hydroxide ion, the other one is the proton relay mechanism assisted by a 

solvent molecule (TS1 in Figure 3.3). The structure of the transition state involved in 

the proton relay reaction is shown in Figure 3.5. Note that the optimization of this 

transition state has not yet converged (maximum and RMS forces have converged 

but not the displacements) and the energy of the “semioptimized” structure give us 

only a rough estimate of the activation free energy (13.7 kcal/mol). 

We have observed that the oxidation states of cobalt and phenyl alanine depend 

largely on the composition and arrangement of the coordination shell of the metal 

ion. For instance, if cobalt is coordinated to the carboxylate group of the zwitterion 

and to 3 water molecules, both the +2 and +3 oxidation states of the cobalt ion have 

been observed, depending on the distance between the metal and the water 

molecules. When these distances are around 2.09 Å the oxidation state of cobalt is 

+2, whereas an oxidation state of +3 has been found at water-cobalt distances around 

2.00 Å. Thus, it appears that a loosening in the coordination shell of cobalt triggers 

the redox reaction. 

 

Figure 3.3 : Possible proton transfer and oxidation-reduction reactions starting with 

  the three possible Co
3+

(OH
-
).(H2O)5 - phenyl alanine complexes. 
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Figure 3.4 : Proton transfer and oxidation-reduction reactions of Complex 1. 

 

Figure 3.5 : The water assisted proton transfer transition state TS1. 

Removing explicit solvent molecules may also represent the loosening of the 

coordination shell of cobalt. In fact, removing an explicit solvent molecule 

corresponds to exchanging the solvent represented as a continuum with the solvent 

defined quantum mechanically. Therefore both situations should be chemically 

equivalent. However, a continuum treatment of the solvent effects does not take into 

account solute-solvent charge transfer interactions, which may be substantial in the 

case of highly charged transition metal ions. On the other hand, an explicit water 

molecule can be involved in charge transfer interactions. Hence the effect of the 
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presence or absence of an explicit water molecule on the oxidation states lies on the 

computationally different treatment of charge transfer effects. Nevertheless, the 

results can also be interpreted physically, although only qualitatively. The absence of 

charge transfer interactions in the continuum solvent model may represent a looser 

first solvation shell around the metal, whereas explicit water molecules are tightly 

coordinated to cobalt. 

Proton transfer from the amino group to OH
-
 and oxidation of phenyl alanine by 

cobalt yields the structure 4 (Figure 3.3). As mentioned in Section 3.2, the solvation 

energy of Co
2+

 is best modeled with 4 water molecules. In Structure 4, one of these 

water molecules has been removed because of the coordination with the carboxylate 

group. Therefore only 3 explicit water molecules have been included in this complex. 

The free energy of 4 (together with the free energies of the two water molecules 

released from the coordination shell of cobalt) is 4.3 kcal/mol above that of 1. 

The most important group involved in the redox reaction is the side chain of phenyl 

alanine, because the electron is transferred from the phenyl ring to the cobalt(III) ion. 

The spin densities on cobalt and side chain were 2.92 and 0.73, respectively. The 

importance of the reducing properties of the aromatic side chains can be seen very 

clearly in this reaction. 

The possible transition state of the proton transfer reaction from the amino group to 

the hydroxide ion in Complex 2 has been searched, but the proton always has moved 

onto the amino group. Also, a search for a configuration where the hydroxide group 

is protonated has yielded Complex 2 indicating that there is no minimum 

corresponding to the protonated hydroxide.  

Protonation of OH
-
 in Complex 3 should take place via proton transfer from the 

alpha-carbon atom. Obviously, this is not possible because of the extremely low 

acidity of alpha-protons. Nevertheless, a proton transfer in concert with a redox 

reaction may be imagined (yielding a hydrogen abstraction as the net reaction). 

However, our attempts to locate such a transition structure have failed, although the 

product 3r has been optimized (Figure 3.2). The free energy of 3r is -13.5 kcal/mol 

relative to 1. 
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The hydroxide ion in Complex 1 can also receive a proton from the solution instead 

of the amino group (Figure 3.4). The free energy of the protonated complex 1p lies 

4.9 kcal/mol above that of 1 (together with the free energy of the proton). Note 

however that this free energy is calculated for a 1M standard state of the proton. At 

neutral pH where the concentration is 10
-7

 M, this protonation free energy becomes 

14.6 kcal/mol. Then, the coordination shell of cobalt rearranges to yield looser 

interactions. This rearrangement has been modeled by firstly removing two water 

molecules (yielding 1pox where the oxidation state of cobalt is still +3) and 

increasing the cobalt-water distances (yielding 1pred where the oxidation state of 

cobalt is +2). As a result, phenyl alanine has been oxidized by cobalt, the unpaired 

electron being delocalized on the phenyl ring (spin density is 0.95). The search for a 

transition state is not very meaningful because the increase in cobalt-water distances 

is very small and the removal of the two water molecules is just a change in the 

computational treatment of the solvent effects. Therefore, the free energy 

requirement of the formation of the complex right before the redox reaction, 1pox, 

with respect to 1 (with the addition of a proton and removal of two water molecules) 

has been taken as an approximation to the activation free energy (28.6 kcal/mol for 

[H
+
] = 10

-7
 M).  

To summarize the reactions considered so far, one can say that, firstly the OH
-
 group 

coordinated to Co
3+

 must take a proton either from the amino group (Figure 3.3) or 

from the solvent (Figure 3.4). Then, a rearrangement in the coordination shell of 

Co
3+

 triggers a redox reaction where an electron from the aromatic side chain of 

phenyl alanine is transferred to the metal. The only difference between the products 

of these reactions is that the amino group remains protonated (as -NH3
+
) if the proton 

is taken from the solvent and it is deprotonated (as –NH2) if it is the source of the 

proton (Figure 3.3 and 3.4). By comparing the activation free energies, it appears that 

protonation from amino group is more favorable. 

After the redox reactions, Co
2+

 and its surrounding water molecules leave both 

complex 4 and complex 1pred (Figure 3.6) with dissociation free energies of 2.1 and 

-0.6 kcal/mol, respectively. Complex 4 dissociates into Structure 5 and Complex 

1pred into ZWr (Figure 3.6). 
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Figure 3.6 : Decarboxylation reaction starting with oxidized phenyl alanine. 

After the dissociation of the complexes, both 5 and ZWr can be decarboxylated 

(Figure 3.6). Decarboxylation of ZWr takes place through TS(ZWr-8) with a free 

energy of activation of 7.6 kcal/mol (with respect to ZWr). The detailed structure of 

TS(ZWr-8) is given in Figure 3.7. This reaction yields CO2 and Structure 8 where the 

unpaired electron is now on the alpha carbon atom (spin density = 0.97). The 

formation of CO2 and 8 from ZWr is exothermic by a free energy of -16.6 kcal/mol. 

 

Figure 3.7 : TS(ZWr-8). 
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Decarboxylation of amino acids is known to be one of the hardest reactions, because 

of their stability. The unoxidized zwitterionic phenyl alanine cannot be 

decarboxylated very easily, because the electrons on the C-C bond remain on the 

alpha-carbon as CO2 leaves, resulting in a negative charge build-up on this atom. On 

the other hand, decarboxylation can be facilitated after the redox reaction between 

the cobalt ion and the zwitterion because of the presence of an unpaired electron in 

the side chain. Upon decarboxylation, one of the electrons on the C-C bond can now 

fill the hole on the phenyl ring, and only one unpaired electron remains on the alpha-

carbon atom. As a result, this reaction is exothermic and has a very low activation 

free energy. 

Decarboxylation from 5 has an intermediate structure, 6 (Figure 3.6 and 3.8) where 

the C-C distance is 1.877 Å. In 6, the unpaired electron is delocalized between the 

nitrogen, Cα and CCOO. As a result, the spin density on the nitrogen atom is calculated 

as 0.5. In order for this delocalization to occur, there must be room at the Cα. This is 

provided by the reduction of the bond order between Cα and CCOO to 0.4. Because of 

this delocalization, the free energy of structure 6 is -17.3 kcal/mol, with respect to 5. 

Interestingly, the transition state TS(5-6) lies -0.4 kcal/mol below 5 at the M06-

2X/cc-pVDZ level. This means that the energy barrier on the potential energy surface 

of this reaction is very low and it is overcome by the thermal energy at room 

temperature. Therefore structures 5 and 6 are physically indistinguishable. It can be 

said that this system has practically just one minimum and it is oscillating with a 

large-amplitude motion. Finally, CO2 dissociates from 6 to yield 7. The transition 

state for this dissociation has not been optimized yet, but considering the low C-C 

bond order, it is expected to be very low. The free energy of decarboxylation with 

respect to 6 is -3.6 kcal/mol. 

 

Figure 3.8 : Structure 6. 
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Alternatively, ZWr can be deprotonated by giving a proton to the solvent. Since 

practically there is no barrier between 5 and 6, the deprotonation product can be 

taken as structure 6. The computed pKa of convergent of ZWr to 6 is -9.1. This 

unusually low pKa for an amino group arises from the delocalization of the lone pair 

to towards onto the N-C bond in 6, providing stability to this radical. Since the 

conjugate base is stabilized, the acidity of ZWr is high. 

Structure 7 can also be obtained by the deprotonation of 8 with a computed pKa of 

0.3. Again, this pKa is much lower than usual pKa values of amino groups because 

in 6, the lone pair on the nitrogen is delocalized towards the alpha-carbon where 

there is an unpaired electron. The spin densities of the nitrogen and alpha-carbon are 

0.16 and 0.85, respectively in 7.  

Hence, structure 7 can be obtained through various pathways differing in the order of 

the oxidation-deprotonation-decarboxylation steps, the most favorable order being 

1TS145TS5-667. Structure 7 lies 15.2 kcal/mol below 1 in free 

energy. 

Whether the decomposition of ZWr initiates with deamination has also been 

investigated. The end-products which are NH3 and [C9H8O2]
+
 are 39.9 kcal/mol 

higher in free energy with respect to ZWr. Thus, no attempt has been made to find 

any transition state. 

Structure 7 is a radicalic species. It can react with other molecules in a cell. This can 

be harmful for the organisms and can be one of the reasons why the cobalt resistant 

yeast tends to reduce the amount of free aromatic amino acids inside the cell. 

Alternatively, 7 can be oxidized by another Co(OH)
2+

.(5H2O). This can be concerted 

with or followed by the nucleophilic attack of the OH
-
 group in the coordination shell 

of cobalt to the alpha-carbon atom. After the addition of OH- to 7co, Co
+2

.(4H2O) 

leaves the complex, yielding structure 9. The concerted mechanism is depicted in 

Figure 3.9. First, we have attempted to optimize 7co with a multiplicity of 4. This 

corresponds to 4 unpaired α electrons on Co
3+

 and 1 unpaired β electron on the 

alpha-carbon. However, this optimization has led to the reduction of cobalt and 

transfer of OH
-
 without any barrier. In order to estimate the free energy of 

complexation, we have used a multiplicity of 6 where all unpaired electrons have α 
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spins. In this case, there is no room on cobalt for an α electron coming from the 

alpha-carbon, making electron transfer impossible. Hence, Complex 7co has been 

located with a multiplicity of 6. The complexation free energy has been calculated as 

7.2 kcal/mol. 

 

Figure 3.9 : The nucleophilic addition reaction of OH- to 7co in concert with 

          oxidation. 

It must be noted that here, the presence of OH
-
 in the coordination shell of cobalt 

does not prevent the redox reaction. On the other hand, we have observed that OH
-
 

must be protonated prior to the redox reaction between cobalt and phenyl alanine, as 

discussed at the beginning of this section and shown in Figure 3.2. The reason why 

the redox reaction is possible here is that 7 is a radical which is much more reactive 

than phenyl alanine, and it can reduce Co
3+

 even when complexed to OH
-
. 

We have also attempted to optimize a transition structure for the attack of OH
-
 to the 

alpha-carbon. We have obtained TS7-9 where the oxidation state of cobalt is +2 

(note that RMS has converged but not yet the displacements during the 

optimization). This suggests that there must be a complex where cobalt is reduced 

but OH
-
 has attacked the alpha-carbon yet. Presumably, the reaction is not concerted 

but stepwise, the redox reaction preceding the nucleophilic attack by OH
-
. Since we 

have not been able to locate the complex where cobalt is reduced, we cannot 

calculate the activation free energy of this step. The free energy of TS7-9 with 

respect to 7 is -71.4 kcal/mol. The detailed structure of TS7-9 is given in Figure 3.10. 

After this addition reaction takes place, the amino group can leave as an ammonia 

molecule, thus phenyl acetaldehyde can be formed (Figure 3.11). The –NH2 group in 
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9 takes a proton from the –OH group through a water assisted proton transfer 

reaction. 

 

Figure 3.10 : The structure of TS7-9. 

This could be achieved with a 6-membered transition state formation (TS9-10). The 

oxygen atom residing on the hydroxide group is transferred onto an explicit water 

molecule and simultaneously a proton is transferred onto the nitrogen (Figure 3.12). 

The free energy barrier of this reaction is 16.2 kcal/mol, which can be considered as 

an achievable barrier. Next, ammonia leaves the molecule to form Structure 11, 

which is 2.4 kcal/mol above 10. The distance between N-C in the transition state 

(TS10-11) has been computed as 2.1 Å [Figure 3.13].  

 

Figure 3.11 : The phenyl-acetaldehyde formation pathway. 
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Figure 3.12 : Six-membered transition state TS9-10. 

 

Figure 3.13 : Transition state of the detachment of ammonia (TS10-11). 

The product of these reactions is phenyl acetaldehyde. This is exactly the same 

product as the one obtained by the sequential action of Aro9p and Pdc5p on phenyl 

alanine in yeast. Therefore, it is not harmful to the organism and is probably used in 

fermentation.  

The enzymatic pathway does not involve radicalic intermediates whereas the reaction 

with Co
3+

 produces potentially harmful radicalic intermediates. It must be noted that 

the activation free energies observed in the reactions with Co
3+

 are low enough to 
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take place at biologically relevant time scales. It seems that the cobalt resistant yeast 

tries to convert aromatic amino acids to the corresponding aldehydes via an 

enzymatic pathway which can compete with Co
3+

 without producing free radicals. 

Another thing to discuss in here is the relationship between ethanol fermentation and 

its importance in yeasts. Currently, bioethanol is produced mainly from sucrose and 

corn starch in the world [35]. However, in the last 20 years, there have been 

remarkable efforts to produce ethanol from lignocellulosic biomass residues, which 

are more available for bioconversion than food crops and interfere less with the food 

economy [36]. The main components of lignocellulose are lignin, cellulose and 

hemicellulose. Of these, only cellulose and hemicellulose can be used as raw 

materials to produce ethanol by fermentation. Cellulose is composed of only glucose, 

but hemicellulose is a mixture of hexose and pentose sugars. 

Saccharomyces cerevisiae is a model organism for biotechnological processes and 

studied extensively in literature. It is known that Saccharomyces cerevisiae can 

produce high amounts of ethanol from hexoses, and it has a high tolerance to ethanol. 

However, it is unable to utilize xylose, which is a pentose sugar and an ingredient of 

hemicellulose, for growth or fermentation. Instead, it is said that it can metabolize D-

xylulose, an isomerization product of D-xylose [37,38]. If the conversion of xylose to 

xylulose is succeeded inside the cell, it can be further metabolized via pentose-

phosphate and fermentation pathways, and eventually ethanol is obtained. There are 

various studies in the literature regarding to xylose utilization [37,38], however, for 

conversion of all types of sugars in cellulose and hemicellulose to ethanol by 

Saccharomyces cerevisiae, metabolic engineering approaches should be applied.  

During the fermentation of these lignocellulosic compounds, some inhibitory 

compounds can be formed and released. These inhibitors can be divided into three 

groups: furaldehydes, weak acids and phenolic compounds [35]. It is thought that 

these compounds inhibit the growth and ethanol fermentation [35,38,39]. For 

example, weak acids inhibit the yeast growth by reducing the uptake of aromatic 

amino acids from the medium [35]. If the phenolic compounds and weak acids can 

be converted to less harmful compounds with the help of the transition metals, they 

cannot inhibit the uptake of aromatic amino acids inside the cell anymore. The 

effects of the excess amounted transition metal ions were mentioned earlier, however 
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if we consider the upregulation of the enzymes in the Ehrlich pathway with the help 

of cobalt, which is shown by Çakar et al. [14], the conversion of aromatic amino 

acids to phenylethanol and the latter stages of ethanol fermentation will be more 

facile. 

The details of the work done by Çakar et al. [14], were mentioned in Section 1, 

however, because of its importance for discussion, the results are summarized again. 

1- The phenotype test had shown that the mutants are sensitive to ethanol.  

2- The mutants produced more ethanol when grown in the presence of CoCl2. 

3- The mutants have a tendency to reduce the amount of aromatic amino acids, 

because of the upregulation of the PDC5 and ARO9. 

The cofactors of the pyruvate decarboxylase are thiamine diphosphate and Mg
2+

, and 

it is shown that the expression of the PDC5 is repressed by thiamine [40]. In the light 

of these results, the synergistic effect between upregulation of PDC5 and excessive 

ethanol could be explained with a possible connection between thiamine and cobalt 

ions. If the thiamine molecules are complexed with cobalt ions, they cannot repress 

the PDC5 gene. Thus, cobalt ions  can stimulate the aromatic amino acid degradation 

pathway indirectly.  

As seen in Figure 3.14, structure 9 may again undergo a redox reaction with another 

Co(OH)
+2

.(5H2O). The reduction of the cobalt(III) ion seems to occur spontaneously 

and after the oxidation of the structure 9 to structure 12, it can be seen that most of 

the +1 charge is delocalized on the phenyl ring of the molecule (0.7). If we assume 

that, hydroxide ion coordinated to cobalt(III) gets protonated from the solvent, the 

total free energy change of the redox and protonation reactions is calculated as -12.4 

kcal/mol for 1M [H
+
]. For [H

+
] = 10

-7
 at neutral pH, this value becomes -2.7 

kcal/mol. 

 

Figure 3.14 : The phenyl acetamide formation pathway. 
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The structure 12 can transfer a proton to the water and it can neutralize itself. There 

are 4 possible protons to be given to water: two of the protons are bound to the amino 

group, one is bound to the carboxyl group and the other one is bound to the alpha-

carbon group. pKa calculations have shown that, deprotonation from alpha-carbon is 

the favorable reaction. The pKa value of the structure 12 is calculated as -8.4, 

indicating an easy proton donation. The deprotonated structure 13 has not got any 

charges on it now and the alpha-carbon has an unpaired electron on it. Therefore the 

spin density on the alpha-carbon was calculated as 0.96.  

The structure 13 may be oxidized by Co(OH)
+2

.(5H2O) to give Structure 14. Again, 

one assumes that the hydroxide gets protonated before the redox reaction, the total 

free energy of the redox and protonation reactions is  -96.9 kcal/mol. It has been seen 

that the +1 charge on the structure 14, is delocalized between the amino group and 

Cα. A great portion of the charge (+0.76) resides on the Cα atom, and the remaining 

(+0.22) resides on the amino group. 

The final step of the decomposition pathway is the deprotonation of structure 14, to 

form a phenyl-acetamide molecule (Structure 15). The only available atom in the 

structure 14 is the proton, which belongs to the –OH group. A pKa calculation 

between the structures 14 and 15 has shown that the pKa value is -6.0, which means 

the hydroxyl group is very acidic and it can be deprotonated very easily. Also when 

the deprotonation occurs from the –OH group, it has been seen that the Cα atom 

makes a double bond with oxygen to form the phenyl acetamide. The distance 

between the Cα-O is 1.24 Å. The structure of the phenyl-acetamide is shown in 

Figure 3.15. None of the complexes and transition states involved in the formation of 

phenyl-acetamide have been optimized yet, this calculations will be done in the 

future. 

 

Figure 3.15 : Phenyl-acetamide. 
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It seems that phenyl acetamide is a by-product of the reaction of cobalt(III) with 

phenyl alanine along with phenyl acetaldehyde. Whether this molecule is harmful for 

yeast deserves further research. It may be that the cobalt resistant yeast converts 

phenyl alanine to phenyl acetaldehyde via an enzymatic pathway in order to avoid 

this by-product.  

On the other hand, the question whether Co
2+

 is able to catalyze the decarboxylation 

of phenyl alanine without oxidation has been addressed. One may think that the 

negative charge accumulated on the alpha-carbon upon the decarboxylation of the 

zwitterionic phenyl alanine may be stabilized by Co
2+

. The breaking C-C bond has 

been scanned both in the presence and absence of Co
2+

. The scan in the absence of 

Co
2+

 has reached a plateau at a C-C distance of 3.2 Å, with a ΔE value of 58.9 

kcal/mol (note that this energy is calculated at the M06-2X/aug-cc-pVDZ level, 

without the thermal and entropy contributions of the solute). Alexandrova and 

Jorgensen reported a value of 45.3 kcal/mol for glycine, based on QM/MM 

molecular dynamics simulations [8]. When Co
2+

 is placed between the carboxylate 

group and the alpha-carbon, a ΔE value of 42.7 kcal/mol has been obtained at a C-C 

distance of 3.37 Å (again, at the M06-2X/aug-cc-pVDZ level, without the thermal 

and entropy contributions of the solute). Hence, it appears that Co
2+

 decreases the 

activation energy of the decarboxylation of the zwitterion, but not to a degree 

relevant to biological reactions. 

3.4 Possible Oxidative Effects of Other Transition Metals on Phenyl Alanine 

It is known that transition metal ions are involved in many oxidation reactions. 

Therefore metal ions other than cobalt have been investigated, whether or not they 

make the same reaction. For this purpose, the free energy of the oxidation of phenyl 

alanine by various metal ions has been calculated according to the reaction: 

M
3+

(OH
-
).(5H2O) + Phe → M

2+
(6H2O) + 6 

where M is Fe, Ni or Mn. The results are listed in Table 3.3. 

Nickel is known for its higher electron affinity than cobalt, and it can be clearly seen 

in the Table 3.3, that nickel can undergo this reaction more easily than cobalt. Note 

that the asterisk denotes that the energy is calculated at the M06-2X/cc-pVDZ level. 

Table 3.3 shows that manganese can also oxidize phenyl alanine. 
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As seen in the Table 3.3, 3 out of 4 transition metals can yield the reaction, which is 

described above. However, to obtain more reliable results, the transition state of the 

reactions must be investigated. Therefore the possibilities of the redox reactions can 

be discussed more easily.  

Table 3.3 : The free energy of oxidation of phenyl alanine by various transition 

metal ions. 

 kcal/mol 

Fe 13.8 

Ni -23.7* 

Co -18.2 

Mn -12.8 
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4. CONCLUSIONS AND RECOMMENDATIONS 

The primary aim of this study was to comprehend the nature of the mechanism of 

catalysis of the phenyl alanine by the transition metals, using quantum mechanical 

tools. 

The study revealed several pathways of the decomposition reaction of zwitterionic 

phenyl alanine at neutral pH and the effect of the Co
3+

 ion on the decomposition 

reaction. 

It has been seen that, the first oxidation step of the phenyl alanine by a Co
3+

 ion has 

yielded a decarboxylated-deprotonated phenyl alanine. Then, oxidation by a second 

Co
3+

 in concert with the nucleophilic addition of a OH
-
 ion leads to a pathway that 

yields phenyl acetaldehyde. Another possible pathway proceeds through oxidation by 

two more Co
3+

 ions and yields phenyl acetamide. 

Another important task was the investigation of the possibility of decomposition by 

other transition metals. Several other transition metals, such as Fe, Ni, Cu and Mn 

are chosen for this purpose. The initial reaction step was taken into consideration in 

this work but there is still a need for improvements. The complexes of the reactions 

must be optimized for other transition metal ions and all the complexation energies 

must be compared to each other. In addition, the relationship between transition 

metals and enzyme cofactors must be taken into account and investigated. 

Also, it is known that the local density functional M06-2X is recommended for main-

group thermochemistry and kinetics, whereas M06-L and M06 is recommended for 

the study of organometallic thermochemistry. Thus, the optimized structures in this 

study can be calculated with another functional, which is parametrized for transition 

metals. Then the single point calculations of the geometries can be compared with 

each other. 
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