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ABSTRACT 
 
 
 

Fluorinated molecules have emerged as important probes in drug design, and as strategies 

for enhancing protein stability and altering physicochemical properties of biological 

systems. Fluorine NMR plays a crucial role in studying protein structure, dynamics and 

protein-ligand interactions. Histidine is an important amino acid involved in many 

enzymatic reactions and protein functions. 2-fluorohistidine and 4-fluorohistidine are 

fluorinated analogues of histidine, offering valuable tools in biophysical studies with their 

altered pKa values compared to the canonical amino acid.  

In this dissertation, the molecular properties of 2-fluorohistidine, 4-

fluorohistidine, and analogues are studied with different electronic structure calculations. 

Among the two tautomeric states of histidine at neutral pH, it was found that 2-

fluorohistidine prefers the τ-tautomeric state, whereas 4-fluorohistidine exclusively stays 

in the π-tautomeric state. While the 1H signal shifts downfield in both isomers upon ring 

protonation, the 19F signal of 2-fluorohistidine also shifts downfield but 19F in 4-

fluorohistidine shifts upfield. The reason for this unusual behavior is explained here. The 

effect of different environments (solvation effects, intramolecular hydrogen bonding 

effect, backbone effects) on tautomeric stabilities and fluorine chemical shifts are 

discussed. This work explains the role of histidine’s C4-H bond as a potential hydrogen 

bond donor. The results indicate that the C4-H bonds in histidine and 2-fluorohistidine in 

the τ-tautomeric states act as strong hydrogen bond donors. 
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CHAPTER 1 

Introduction 

 

1.1. Fluorine nucleus: 

The fluorine nucleus is poised to be a powerful probe in nuclear magnetic 

resonance imaging and spectroscopy. Fluorine (19F) is a half spin nucleas that is 100% 

naturally abundant. It has gyromagnetic ratio equal to 83% that of a proton’s, giving rise 

to high sensitivity and strong signals. It is also considered to be isosteric to hydrogen, 

having a van der Waal radius of 14% larger than the proton makes 19F compatible for 

incorporation of fluorinated tags into biomolecules.  

 19F NMR shifts are influenced by many factors including lone pair electrons, 

electrostatic interactions, van der Waal forces, hydrogen-bonding interactions etc.1 The 

wide range of chemical shifts (~800 ppm, for proton it is ~15 ppm) is one more 

advantageous property of fluorine NMR. Due to the lack of fluorine in naturally 

occurring biological systems, there will not be any overlap from background signals 

competing with the fluorolabelled residues, which makes spectra easy to analyze the 

signals.   Also, compared to other nuclei such as carbon and nitrogen, the fluorine atom is 

highly sensitive: ~20, ~250 times higher, respectively, and almost as sensitive as 

hydrogen. All these features make fluorine an important probe for studying protein 

conformational changes, enzyme kinetics, protein folding, hydrophilic or hydrophobic 

interactions, and weak binding interactions.  
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1.2. Carbon-fluorine bond: 

Fluorine is the ideal element to replace hydrogen due to being relatively it is isosteric to 

the proton. The C-F bond is the strongest bond, with a bond dissociation energy of ~105 

kcal/mol, possessing high thermal stability. It is a highly polarized bond with a bond 

length of 1.35 Å. Due to the fact that the C-F bond is more polar than the C-H bond, 

fluorine replacement may lead to geometry distortions in hydrocarbons. Due to charge 

transfer effect from carbon to fluorine, as we go from methane to fluoromethane to 

difluoromethane to trifluoromethane, the C-F bond shortens from 1.39 Å to 1.32 Å with 

concomitant increase in bond dissociation energy. Also, going from methane to 

difluoromethane the H-C-H bond angle widens due to electron pull towards the fluorine 

from the sp3 carbon, making carbon to attain a more like sp2 character.2 With its nearly 

ionic nature, the C-F bond possesses a high dipole moment. As the number of fluorines 

replacing hydrogen, the dipole moment increases. With its polarization and presence of 

lone pairs on fluorine atoms, the C-F bond also acts as a hydrogen bond acceptor. 

However, compared to typical hydrogen bond, these interactions are weak, with hydrogen 

bond distance of 2.5-3.0 Å.  

 Besides forming weak hydrogen bonds, the C-F bond acts as a good metal 

coordinator. Compared to hydrocarbon-metal complexes, the fluorocarbon-metal 

complexes are strong in nature with high thermal stability.3 Preferably, it forms strong 

interactions with hard metal cations such as Na+, Li+, K+.  
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1.3. Incorporation of fluorine probes into proteins: 

Fluorine incorporation into proteins can be approached in many ways. In some cases, 

multiple fluorine insertions create a fluoro-stabilization effect in protein due to increased 

hydrophobicity, which in turn enhances the protein stability. Biosynthetic incorporation 

and site-specific incorporation are two popular methods being used to introduce fluorine 

probes. In many cases, fluorine insertion causes changes in ionization characteristics, 

leading to altered pKa values compared to natural amino acids. Table 1.1 shows the pKa 

natural amino acids and their fluorinated analogues.4-6 

Table 1.1. pKa values of some amino acids and their fluorinated analogues. 
[(a) Lazar and Sheppard, 1968, J Med Chem; b) Yeh et al, 1975, J Am Chem Soc; c) 

Walborsky and Lang 1956, J Am Chem Soc)] 
 

Molecule pKa Values 

Valine 2.29 

4,4,4-Trifluorovaline 1.54a 

Hexafluorovaline 1.21a 

Methionine 2.16a 

Trifluoromethionine 2.05a 

Histidine 6b 

2-fluorohistisine 1b 

4-fluorohistidine 2.5b 

Leucine 2.34a 

Trifluoroleucine 2.05c 

Hexafluoroleucine 1.81a 
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  Biosynthetic incorporation is the standard approach to label via protein 

expression. Biosynthetic incorporation is performed by using the required auxotrophic 

regions of bacterial strains and by adding the fluorinated amino acids to the expression 

medium.7 Even though it is a widely used method, there are some limitations. The main 

disadvantage of biosynthetic incorporation is reduced yield. Also, through this approach 

leads to modification of every amino acid of its kind in the whole protein, which further 

induces perturbations in protein structure and stability.  

 This difficulty can be overcome through site-specific incorporation, in which only 

the desired residue can be chemically modified.8 In this method using tRNA/ aatRNA 

(aminoacyl) synthetase pairs, the required fluorinated amino acids are incorporated at 

codon-defined positions. Site-specific fluorolabeling is a cost effective and potentially 

successful method. Many successful attempts were made through this approach, some of 

which include incorporation of 4-fluorophenylalanine into β-lactamase9 and 

trifluoromethyl phenylalanine (Tfm-Phe) into multiple sites of nitroreductase and 

histidinol dehydrogenase.10 Wilkins et al. incorporated fluorotyrosine analogues, 

including 3-fluorotyrosine, 2-fluorotyrosine, and 2,6 difluorotyrosine into proteins 

expressed in E.coli.11 Cheperone PapD was site specifically labeled with fluorophenyl 

alanine residue by Bann and Frieden to study protein folding and domain-domain 

interactions of papD.12 

 Many studies made clear the importance of fluorinated amino acids in proteins in 

enhancing protein stability, resistance to proteolysis, regulating protein interactions and 

constructing stable protein folds.13-16 This could be from various factors including 

increased dipole-dipole interactions or enhanced hydrophobicity. Earlier, most studies 
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used fluorinated aromatic amino acids, but lately many aliphatic compounds have been 

inserted into proteins. Recently, incorporating aliphatic CF3 reporters has attained wide 

applications in studying peptide-membrane interactions. Even though fluorine is isosteric 

with hydrogen, the CF3 group’s van der Waal radius is double that of a CH3 group. This 

change definitely makes a difference in protein conformation. So, instead of replacing 

CH3 groups with CF3, it is ideal way to use CF3 as a mimic for bulky groups such as ethyl 

groups.  

The increased hydrophobic volume and surface area plays an important role in 

interacting and packing with other moieties. Marsh and co-workers reported that the 

enhanced stability of four-helix bundles of fluorinated analogues in the hydrophobic core 

is due to the increased hydrophobic interactions.17  

1.4. Applications of 19F NMR spectroscopy: 

Fluorine NMR has become an important tool to understand and investigate 

protein structure dynamics and protein-ligand interactions. Fluorine chemical shifts are 

highly sensitive towards local environments compared to other nuclei such as proton, 

carbon and nitrogen. Relative to 15N, 13C 2D NMR, the one-dimensional 19F NMR 

spectrum can be obtained with lower concentrations of compound and no need for 

expensive isotropic labeling.  As much as an 8 ppm change in chemical shifts has been 

observed between native and denatured proteins.1 Many factors, including short-range 

and electrostatic interactions affect the fluorine shieldings. Fluorinated amino acids are 

commonly used fluoroprobes to investigate protein aggregation, enzymatic pathways, 
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protein folding and protein membrane interactions. Fig. 1.1 shows examples of some 

fluorinated amino acids. 

Fluorine NMR is widely used to monitor structural perturbations due to 

conformational changes in many protein-ligand interactions. Falke and Luck used 

fluorine NMR as a primary tool to scan for conformational changes in receptor within the 

E.coli chemosensory pathway upon sugar binding. By inserting different fluorinated 

amino acids, the experiments showed that sugar binding causes the global structural 

changes in the receptor.18 

 

 

Figure 1.1. Examples of fluorinated amino acids. 
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Aliphatic amino acids are mainly involved in stabilizing folded proteins through 

hydrophobic interactions. Many aliphatic amino acids are inserted with CF3 groups in 

place of CH3. Fluorinated analogues of valine, isoleucine and leucine are frequently used 

fluoro probes in studying the effects of fluorination on protein structure and stability. 

Introduction of 53,5’3-F6Leu in place of Leu and Ile residues in pexiganan showed 

enhanced stability towards trypsin and chymotrypsin digestion in the presence of a 

membrane environment.19 Introducing 53-F3Ile into transcription factor GCN4-p1’s 

dimeric C-terminal subdomain increased the stability of the dimer. Amino  acids 

containing trifluoromethyl groups have turned out to be good probes for increasing 

thermal stability as well as identifying conformational changes. In different experiments, 

labeling of basic leucine zippers with trifluorovaline (4,4,4-trifluorovaline) and 

trifluoroisoleucine (5,5,5-isoleucine) led to increased thermal stability of the proteins to 

different extents.20 In other work with fluorinated aliphatic amino acids, studies showed 

that introducing 5-fluoroleucine in DHFR at thirteen sites showed wide range of fluorine 

chemical shift dispersion up to ~15 ppm.   

1.5. Fluorine in medicinal chemistry: 

It is an interesting fact that more than 25 % of pharmaceutical drugs contain at 

least one fluorine atom in them. Inserting a single fluorine might not lead to steric 

perturbations due to its (nearly) isosteric nature with hydrogen. However, due to the high 

electronegativity of fluorine, the lipophilicity and electrostatic interactions of 

pharmaceuticals can be greatly affected by fluorination. Variation in the basicity and 

acidity of fluorinated analogues compared to parent compounds leads to changes in 

binding affinity, bioavailability and pharmacokinetic properties. A number of fluorinated 
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compounds are approved by FDA as anticancer, antiviral, antifungal, anti-inflammatory 

and antidiabetic drugs. Below some of the fluorinated drugs and their importance are 

discussed.  

 Fludrocortisone and 5-fluorouracil (5-FU) were the first fluorine containing drugs 

synthesized in the 1950’s.21, 22 Fludrocortisone is an oral drug used in treatment of 

diseases like adrenal insufficiency, postural hypotension and adrenogenital syndrome by 

possessing high glucocorticoid activity. 5-FU is used in treating a variety of malignant 

tumors, including breast cancer, gastrointestinal cancer and neck cancer. It acts as an 

antimetabolite and anticancer drug by suppressing the thymidylate synthetase enzyme’s 

activity, thus interfering with DNA and RNA synthesis. Fluoxetine, commonly known as 

Prozac, is an antidepressant drug used mainly to treat bulimia and obsessive-compulsive 

disorder. Studies showed that the presence of the trifluoro-methyl group on the aryl ring 

enhanced the potency up to 6 fold towards inhibiting 5-hydroxytryptamine uptake 

compared to non-fluorinated analogue. 23 Atorvastatin, also known as Lipitor, is one of 

the top selling drugs used in preventing heart attacks by treating high cholesterol level.24   

 Another widely used mono-fluorinated antibiotic used against both gram-

negative and gram-positive bacteria is ciprofloxacin. It is used to treat respiratory tract 

infections and gastric infections. It acts by inhibiting the activity of bacterial enzymes 

tomoisomerase and DNA gyrase, causing cell-death. Fluorinated cationic antimicrobial 

peptides (AMPs) have been found to serve as better antimicrobial agents compared to 

non-fluorinated AMPs. Studies by Diaz et al. showed that the higher biological activity of 

fluorinated AMPs is due to their stronger interactions with the membrane interface.25 
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Fluorithromycin is a fluorinated analogue of the most widely used antibiotic, 

erythromycin. It was found that, compared to erythromycin, this molecule has higher 

bioavailability, better stability in acidic conditions and a prolonged serum half-life.26 27 

Indinavir is a protease inhibitor used in antiretroviral therapy to treat HIV.28 Later 

experiments showed that the fluorinated analogue syn,anti-4 C17-epi-Indinavir posses 8-

fold more potency compared to its parent compound.29  

Over the past decade, many fluorine-containing drugs have been developed and 

released into the market. Some of these include cinacalcet, efavirenz, sitagliptin, amitiza, 

tamusulosin which are used to treat various diseases.  The current statistics show that in 

the past ten years, there has been an almost 20% increase in the availability of fluorinated 

drugs on the market. This clearly indicates the continuing impact and importance of 

fluorinated compounds in the healthcare industry.  

Positron emission tomography (PET) is a widely used method for the early 

detection of tumor cells and in molecular imaging of biochemical processes. 18F is one of 

the commonly used fluorine isotopes in the radiolabeling of biomolecules.30, 31 It is 

widely used in PET due to its short half life and positron emission. 2-deoxy-2-18F-fluoro-

beta-D glucose (18F-FDG) is an analogue of glucose that is widely used for PET tracers in 

detecting tumor cells.32 Several other compounds are used in PET for radiolabelling in 

electrophilic or nucleophilic reactions, some of which include 3’-18F-fluoro-3’-deoxy-

thymidine (18F-FLT), 9-[4-18F-fluoro-3-hydroxymethyl-butyl)guanine (18F-FHBG), 18F-

fluoroacetamido-hexanoic anilide (18F FAHA) and 18F-fluorodopa. 
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19F NMR is also largely used in molecular resonance imaging (MRI) and in gene 

therapy. 19F MRI has attained more attention in capturing the dynamics of labeled cells. 

(fluorine MRS and MRI in biomedicine). Along with studying globular proteins, 19F 

NMR is quite useful for studying disordered structures also. In separate experiments, 3-

fluorotyrosine (3FY) and trifluoromethyl L-phenylalanine (tfmF) residues were 

incorporated into disordered alpha-synuclein protein (140 residues)  at 39, 125, 133 and 

136 positions using site specific labeling. From 19F NMR, the NMR chemical shifts and 

peak broadening were evaluated to assess structural and dynamics details.33 The results 

showed that the 221-residue side chain is more flexible/mobile compared to the one at the 

39th position.   

1.6. Histidine: 

Histidine is a most versatile member of the naturally occurring amino acids. It is 

found to be present in more than 50% of enzyme active sites. The imidazole side chain of 

histidine is aromatic in nature and exists in different forms, depending on which nitrogen 

is protonated. At neutral pH, it exists in two forms; namely, τ-tautomer (N3-H) and π-

tautomer (N1-H). Under acidic conditions, it exists in a protonated state in which both the 

nitrogens are protonated. Based on protonation states, histidine has the potential to act as 

Lewis acid, Lewis base, hydrogen bond acceptor and hydrogen bond donor. At neutral 

pH the imidazole ring possesses a pKa value of ~6, which is close to biological pH.  

These properties give histidine unique structure that participates in different biological 

functions. 
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1.6.1 Histidine tautomerization importance and characterization: 

Based on the protonation state, histidine can either serve as hydrogen bond donor 

or acceptor. The previous studies showed that at neutral pH in aqueous solution, the τ-

tautomer is more stable than the π-tautomer (existing in an 80:20 τ : π ratio). Several 

studies demonstrated the role of histidine tautomerization in proton transfer 

mechanisms.34 Hass et al. reported that the histidine 61 residue in the copper-containing 

plastocyanine protein exists in different protonation forms. They reported the histidine’s 

conformational exchange, tautomerization, and rotomerization through NMR 

measurements.34 Shimahara et al. investigated the catalytic activity of human carbonic 

anhydrase II (hCAII), and it was revealed that the rate of proton transfer is highly 

efficient through a histidine tautomerization.35 The significance of the histidine residue in 

ribonuclease A in enzymatic cleavage of RNA has been reported via many studies.36, 37   

NMR studies serve as a good biophysical method for characterizing histidine 

tautomers. In subtilisin BPN’, among the available six histidine residues, four of them are 

present in N3-H tautomer and the other two residues are dominant in the N1-H 

protonation state. The 13C chemical shift indicates that if C4 carbon shifts are >122 ppm, 

the π-tautomer is present; if the shifts are <122 ppm, mostly the τ-tautomer is present.38 

NMR studies are used to determine the tautomeric states of histidine residues in 

phosphorylated and unphosphorylated forms of the protein IIIGlc. The results showed that 

the His 75 residue remains dominantly in the τ-tautomeric state in both phosphorylated 

and unphosphorylated IIIGlc. The His-90 residue primarily appears in the π-tauomeric 

state in unphosphorylated protein. However, upon phosphorylation, the N3 nitrogen also 

gets protonated, making histidine charged (cationic) residue.39  
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1.6.2. Histidine in metal coordination: 

The significance of histidine in metal coordination in biological systems has been 

known for a long time. At neutral pH, the unprotonated nitrogen in both tautomeric states 

acts as a ligand in metal coordination. From many studies it is known that histidine in 

metalloproteins plays crucial roles in transport processes,40 catalysis, electron transfer 

reactions,41 protein aggregation42 and oxidation reactions.43 Studies have shown that, the 

histidine (metal free) tautomers are indicated by C4-C5 stretching bands via Raman 

spectra.44, 45 The π tautomer stretching band is at higher frequencies (~1580 cm-1) 

compared to the more stable τ-tautomer (~1560 cm-1). Recently, Miura et al. investigated 

metal binding properties of the histidine side chain using Raman spectra. Spectral 

analysis showed that upon binding to metal, the C-C stretch increased to higher 

wavenumber. However, upon metal coordination to N1-nitogen, in case of τ-tautomer, 

and to N3-nitrogen, in the case of π-tautomer, histidine exhibits increased C4-C5 

stretching frequencies of ~1570 cm-1 and ~1600 cm-1 respectively.  

 Human carbonic anhydrase (CAII) is a zinc containing enzyme that catalyzes the 

reversible reaction of carbon dioxide hydration.46 The zinc in the active site of CAII is 

coordinated by three His ligands, His94, His96 and His119, and one hydroxide ions 

forming a tetrahedral geometry (Fig. 1.2). Experiments substituting the histidine residues 

in CAII with aspargine and glutamine showed strongly diminished  metal-protein binding 

affinity, which in turn alters the enzyme’s activity.47  

A. lesbiacum (Alyssum) is a terrestrial plant that is a hyper-accumulator and high 

tolerant of nickel. The studies showed that histidine plays a major role in nickel uptake by 
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metal chelation in plants, and this nitrogen containing ligand is involved in metal 

transport.48 Histidine-87 is one of the important residues present in the binding pocket of 

the protein streptavidin.  This surface exposed ligand was found to be crucial in protein’s 

crystallization on a monolayer of iminodiacetate-Cu+2 lipid at the water-air interface.49  

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Zinc coordination with histidine ligands in the active site of human carbonic 
anhydrase II.47 
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1.7. 2-fluorohistidine and 4-fluorohistidine: 

2-fluorohistidine and 4-fluorohistidine are fluorinated analogues of the canonical 

amino acid histidine. The two regioisomers have dramatically lower pH values respective 

to histidine: ~1 for 2-fluorohistidine and ~2.5 for 4-fluorohistidine. Most of the time, 4-

fluoroimidazoles are stable under many chemical conditions, except in the presence of 

electron with drawing groups. In contrast, 2-fluoroimidazoles tend to undergo 

nucleophilic displacement due to fluorination at 2nd position.  The photochemical 

Shiemann method is a widely known method used over the past ~35 years for 2-

fluorohistidine and 4-fluorohistidine synthesis.50 Fluorohistidine incorporation into 

proteins has advanced understanding of proteins structure and function. Several methods 

have been reported for incorporating flurohistidine isomers into proteins, both 

biochemically and synthetically. Wells and co-workers substituted catalytic residues, 

histidine -12 and histidine-119 in RNase A with unnatural amino acid 4-fluorohistidine.51 

Bann and co-workers incorporated fluorohistidine probes into papD chaperone using 

bacterial auxotrophs via biosynthetic incorporation.50  

 The second chapter of this dissertation summarizes the molecular and biophysical 

properties of the histidine analogues, 2-fluorohistidine and 4-fluorohistidine.  In the third 

chapter, the reasons for chemical fluorine chemical shift behavior between 2-

fluorohistidine and 4-fluorohistidine isomers upon ring protonation is explained. In the 

fourth chapter, the role of histidine’s and 2-flurohistidine’s C4-H bond in hydrogen bond 

interactions is studied. In the fifth chapter, various computational methods for calculating 

absolute and relative chemical shifts for fluorohistidine isomers and other considered 

fluorinated molecules are evaluated.  
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CHAPTER 2 

The Biophysical probes of 2-fluorohistidine and 4-fluorohistidine: Spectroscopic 

signatures and molecular properties 

Note: Most of the contents in this chapter are published in Scientific Reports, 2017, 7, 42651 and Chemical 

Physics Letters, 2016, 666, 58. 

 

2.1. INTRODUCTION 

The difference in biophysical and molecular properties of the histidine analogues 

2-fluorohistdine and 4-fluorohistidine are discussed in this chapter. In canonical histidine, 

the τ-tautomer is reported to be more stable compared to π-tautomer at neutral pH.1 In 

several studies, NMR spectroscopy has been used to assign protonation states of histidine 

involved in protein function and structure. Numerous NMR experiments on proteins 

indicated the hidden states and rapid equilibration between tautomeric states involved in 

protein conformations. Traditionally, studies of histidine in protein function have used 

NMR spectroscopy to assign the protonation state. 1-11 The tautomeric states of histidine 

can be distinguished by 15N NMR isotropic and anisotropic studies12 and C4 and C5 (Cδ2 

and Cϒ) chemical shifts.4 NMR experiments indicate rapid equilibration between 

tautomers,13  and recent NMR studies of proteins have revealed hidden tautomeric states 

of histidine in transient protein conformations.4 Work by Scheraga,2 Oldfield and co-

workers7 showed the utility of calculated and experimental 13C NMR shifts to evaluate 

tautomeric forms, and indicated that tautomeric form and chemical shifts of histidine are 

highly dependent on intramolecular hydrogen bonding. Recent studies showed the 
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advantage of 13C NMR chemical shifts to evaluate tautomeric states and the dependence 

of these states on intramolecular hydrogen bonding.4, 14  

The fluorinated analogues of histidine, which exist as two different regioisomers, 

have dramatically lower pKa values than canonical histidine: ~1 (aqueous) for 2-

fluorohistidine (2-FHis) and ~2 (aqueous) to >3 (proteins) for 4-fluorohistidine (4-

FHis).15 Our results showed that in the case of 2-fluorohistidine, the τ-tautomer is favored 

alike to canonical histidine, whereas the π-tautomer appeared to be significantly more 

stable in 4-fluorohistidine. Results from DFT calculations presented below enable for 

spectroscopic identification (via 19F, 13C chemical shifts) of the τ- and π-tautomers of 2- 

and 4-FHis in different environments (i.e., with or without intramolecular hydrogen 

bonding, in different dielectric environments).  The nomenclature used to describe atoms 

in the imidazole ring throughout this paper is illustrated in Fig. 2.1a, alongside Fig. 2.1b, 

which shows labels used to identify the atoms of the histidine side chain in other 

literature reports.  

Figure 2.1. The imidazole ring of 2-fluorohistidine (τ-tautomer).  The labels used for 
imidazole ring atoms in this work are shown in 1a, while 1b provides symbols used in 
other literature discussions of histidine. 
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2.2. METHODS 

 Energy minimization, frequencies, and NMR chemical shifts were calculated for 

Gly-FHis-Gly tripeptides and the following analogues, in order to simulate effects of 

peptide environment on fluoroimidazole ring properties: (2-fluorohistidine (2-FHis), 4-

fluorohistidine (4-FHis), 2-fluoro-(5-methyl)-imidazole (2F-MeIm), 4-fluoro-(5-

methyl)-imidazole (4F-MeIm), N-acetyl-2FHis-O-methyl ester (NAc-2FHis-OMe), N-

acetyl-4FHis-O-methyl ester (NAc-4FHis-OMe), 2-fluoro-(5-trifluoromethyl)-imidazole 

(2F-CF3Im), 4-fluoro-(5-trifluoromethyl)-imidazole (4F-CF3Im). All quantum chemical 

calculations were performed using Gaussian 09 package16 with calculations set up in 

GaussView 5.17 Multiple methods including B3LYP, BHandHLYP, HF are used for the 

calculations. The results with BHandHLYP18 with 6-311++G(d,p) basis set are discussed 

in detail here. Initially, all the geometries were optimized to get a stable conformation, 

and all the positive frequencies verified that geometries are at local energy minima.  

These geometries were used for calculating absolute shielding constants, energies and 

electrostatic potential charge distribution (by ChelpG method)19 at the same level of 

theory. Free energies were obtained from frequency calculations. 

 Self Consistent Reaction Field (SCRF) method is used for implicit solvation, with 

the conductor polar continuum model (CPCM),20 to study the effect of dielectric 

environment/solvation on spectra and tautomeric stabilities.  To estimate chemical shifts 

and molecular properties of buried residues (versus solvent-exposed side chains), 

aqueous (ε=78.3) calculations are compared to those in tetrahydrofuran (THF, ε=7.6) and 

acetonitrile (ε=35.7) to see effects of less polar environments.  
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 NMR shielding constants were calculated using Gauge Independent Atomic 

Orbital (GIAO)21 22 method, and are reported for 13C and 19F nuclei. The NMR chemical 

shifts (δ) reported for the compounds are calculated by the formula δcompound = σref - 

σcompound from the shielding value (σ) of the compound and shielding of the reference 

compound: C6F6 for 19F and tetramethylsilane (TMS) for 13C.  Shielding tensors for the 

reference compound are calculated with BHandHLYP/6-311++G(d,p) method after 

optimizing the molecule with the same method. Experimental 13C NMR data for 2-

fluorohistidine in water was collected on a Varian Mercury VX 300 MHz NMR equipped 

with a Varian 300 SW/BB probe. 

 

2.3. RESULTS  

 The tautomeric stabilities of 2-fluorohistidine and 4-fluorohistidine incorporated 

into the Gly-FHis-Gly tripeptide were calculated using multiple methods. The tautomeric 

states of Gly-2FHis-Gly and Gly-4FHis-Gly are shown in Fig. 2.2. The energies are 

calculated with multiple methods including B3LYP, HF, BHandHLYP functionals. These 

energy differences were found to be similar across a survey of electronic structure 

methods, as shown in Table 2.1.  Results with BHandHLYP density functional, 6-

311++G(d,p) basis set, and CPCM implicit solvation are discussed in detail below. Yu et 

al. have recommended BHandHLYP functional for systematic amino acids from several 

density functional methods.23  
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Figure 2.2. The two tautomeric forms of 2-fluorohistidine (a. τ-tautomer, b. π-tautomer) 
and 4-fluorohistidine  (c. τ-tautomer, d. π-tautomer) in Gly-FHis-Gly tripeptide.  

 The calculations revealed that, for 2-fluorohistidine, the τ-tautomer (N3-H) is 

more stable than the π-tautomer (N1-H) by 1.70 kcal/mol, resulting in a Boltzmann ratio 

of 94:6 τ : π tautomer at 310 K.  The energy differences between the tautomers of 4-

fluorohistidine are substantial, with the π-tautomer being more favored than the τ-

tautomer by an energy difference of 4.85 kcal/mol.  

 The crystal structure of 2-fluorohistidine indicates protonation at the τ-tautomer 

position.24 Although XRD data cannot conclusively give proton locations, the N3-C2 

bond length compared to the N1-C2 bond length indicates protonation at N3 (τ-tautomer). 
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In the case of 4-fluorohistidine, the stability of the π-tautomer can be rationalized by the 

position of electron-withdrawing fluorine in the imidazole ring: the nitrogen nearest to F4 

is less basic (N3, unprotonated in the π tautomer), while the N1 position has higher 

electron density and is more basic. 
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 Table 2.1. Relative stabilities of aqueous tripeptide tautomers, using different electronic 
structure methods.  Energies are reported setting the lowest-energy tautomer to zero, 
using free energies obtained from frequency calculations. 

2-fluorotripeptide free energies in kcal/mol 

 
Method 

 

τ-tautomer π-tautomer 

B3LYP/6-31++G(d) (cpcm) 

 

0 

 

0.09 

HF/6-311++G(d,p) (cpcm) 

 

0 1.51 

HF/6-31++G(d) (cpcm) 

 

0 1.47 

B3LYP/6-31++G(d) (smd) 

 

0 0.73 

BHandHLYP/6-31++G(d) 
(smd) 

 

0 0.63 

  Average 

 

0 0.90 

4-fluorotripeptide free energies in kcal/mol 

 
Method 

 

τ-tautomer π-tautomer 

B3LYP/6-31++G(d) (cpcm) 

 

4.32 

 

0 

 
HF/6-311++G(d,p) (cpcm) 

 

5.06 0 

HF/6-31++G(d) (cpcm) 

 

4.97 0 

B3LYP/6-31++G(d) (smd) 

 

4.58 0 

BHandHLYP/6-31++G(d) 
(smd) 

 

5.85 0 

  Average 

 

5.00 0 
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 In Fig. 2.3 the calculated 19F NMR shifts are plotted with the experimental shifts. 

It illustrates how the experimental and calculated 19F NMR spectra support the calculated 

tautomeric stabilities, by plotting experimental titration data for 2-FHis and 4-FHis25 

alongside the calculated 19F chemical shifts of both tautomers and protonated forms of 

the fluorohistidine isomers. In experiments, 2-fluorohistidine shows a downfield shift of 

4.49 ppm upon protonation (from 59.80 ppm at pH ~7 to 64.29 ppm at pH ~1).  In the 

same way, calculations for zwitterionic 2-fluorohistidine show deshielding of 6.0 ppm 

upon protonation for the τ-tautomer, while the signal shifts downfield by 9.7 ppm when 

the π-tautomer is protonated.  For 4-fluorohistidine, the calculated chemical shift upon 

protonation of the π-tautomer is 2 ppm upfield (cf. 3.74 ppm upfield experimentally).  

However the calculated chemical shift change of the τ-tautomer (calculated to be highly 

unstable) is 8.6 ppm downfield, opposite to the direction of the 19F chemical shift 

observed in the experimental titration. 

 In summary, the simulated 19F NMR chemical shifts upon acid titration for the 

stable tautomers are in good agreement with experimental results.  However, the less 

stable tautomers show divergence from experimental results in the simulated acid 

titration, with 4-FHis giving shifts in the opposite direction and 2-FHis showing shifts in 

the same direction but with a bigger change in chemical shifts than what is observed.  
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Figure 2.3. Calculated fluorine chemical shifts for the τ and π-tautomers and protonated 
forms of zwitterionic (a) 2-fluorohistidine and (b) 4-fluorohistidine.  

 

2.3.1. What are the effects of environment on tautomeric stabilities and fluorine 

chemical shifts? 

 Calculations were carried out on the Gly-2FHis-Gly and Gly-4FHis-Gly 

tripeptides in different dielectric environments, using CPCM-modeled acetonitrile and 

tetrahydrofuran (THF), to see the effect on tautomeric stabilities and fluorine chemical 

shifts.  The results are provided in Table 2.2. For 2-fluorohistidine, the tautomeric 

equilibrium slightly shifted towards π-tautomer as moving from aqueous to more 

hydrophobic environment. The relative stability of π-tautomer is observed to be ~1.35 
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kcal/mol higher than the τ-tautomer in acetonitrile and THF (compared to 1.70 kcal/mol 

in water).  These relatively low energy differences in less polar environments, in 

combination with a hydrogen-bonding environment that favors stabilization of the π-

tautomer over the τ-tautomer, are supported by experimental results.  In the crystal 

structure of 2-fluorohistidine labeled anthrax protective antigen, the π-tautomer of 2-

fluorohistidine is indicated to be more stable in some interior sites  (i.e. 2-FHis616 in the 

hydrophobic core of domain 4, stabilized by a hydrogen bond to N3).26 This is similar to 

histidine, which favors the π-tautomer in some protein environments. In less polar 

environments, the 19F chemical shifts of both tautomers of 2-fluorohistidine becomes 

slightly more shielded, with changes on the order of 0.6 ppm.   

 

 

Table 2.2. Effect of dielectric environment on 19F chemical shifts (relative to C6F6) and 
relative tautomeric stabilities.   

 

Molecule Tautomer In water  ( ε=78.4) 

 

In acetonitrile (ε=35.7) 

 

In tetrahydrofuran (ε=7.4) 

 

  19F δppm ΔE 19F δppm ΔE 19F δppm ΔE  

2F-tripeptide  τ 53.19 ppm 0.00 kcal/mol 52.83 ppm  0.00 kcal/mol 52.91 ppm 0.00 kcal/ mol 

  π 52.22 ppm  1.70 kcal/mol 52.06 ppm 1.34 kcal/mol 51.32 ppm 1.36 kcal/mol 

4F-tripeptide  τ 6.52 ppm 4.85 kcal/mol 6.48 ppm 4.74 kcal/mol 6.57 ppm  3.91 kcal/mol 

  π 19.21 ppm 0.00 kcal/mol 19.31 ppm 0.00 kcal/mol 20.16 ppm 0.00 kcal/mol 
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 For 4-fluorohistidine, the relatively hydrophobic environment of THF shifts the 

tautomeric equilibrium slightly towards the τ-tautomer with an energy difference of 3.91 

kcal/mol higher than the π, acetonitrile shows a small change 4.75 kcal/mol, relative to 

4.85 kcal/mol in water.  These results indicate that in 4-fluorohistidine, the dielectric is 

seen to have very small influence on the 19F chemical shift of the τ-tautomer (less than 

0.1 ppm), while less polar environments deshield the 19F nucleus of the 4-FHis π-

tautomer from 19.21 ppm in water to 19.31 in acetonitrile and 20.16 ppm in THF.  

 

2.3.2. Effects of intramolecular hydrogen bonding on fluorine chemical shifts and 

tautomeric stabilities.  

 “Capped” histidine (N-acetyl-FHis-O-methyl ester or NAc-FHis-OMe), which has 

no intramolecular hydrogen bonds with the imidazole ring, was compared to zwitterionic 

histidine, for which the lowest-energy conformation in implicitly-modeled solvent has 

hydrogen bonds between the imidazole ring (side chain) and amino or carboxylate 

moieties of the amino acid.  Fig. 2.4 shows the lowest-energy optimized geometries of all 

tautomers of the capped and zwitterionic fluorohistidines. The relative energies and 19F 

chemical shifts for these species are presented in Table 2.3. 
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Figure 2.4. Lowest-energy optimized geometries for “capped” (NAc-FHis-OMe) and 
zwitterionic fluorohistidines: a) τ-tautomer of 2F-His b) π-tautomer of 2F-His c) a) τ-
tautomer of 4F-His b) π-tautomer of 4F-His e) τ-tautomer of capped 2F-His f) π-tautomer 
of capped 2F-His g) τ-tautomer of capped 4F-His h) π-tautomer of capped 4F-His. 
Carbons are coloured grey, hydrogens white, nitrogens blue, oxygens red, and fluorines 
aqua. 

 

Table 2.3. Effect of intramolecular hydrogen bonding on 19F chemical shifts (in ppm, 
relative to C6F6) and relative tautomeric energies.  Zwitterionic fluorohistidines have 
hydrogen bonds, while capped fluorohistidines do not.  

Molecule Tautomer with intramolecular hydrogen 

bonding (zwitterion) 

 

without intramolecular hydrogen 

bonding (capped) 

 

  19F δppm ΔE 19F δppm ΔE 

2-fluorohistidine  τ 55.89 ppm 0.00 kcal/mol 55.50 ppm  0.00 kcal/mol 

  π 52.28 ppm  1.70 kcal/mol 52.39 ppm 1.80 kcal/mol 

4-fluorohistidine  τ 6.26 ppm 3.80 kcal/mol 6.83 ppm 4.69 kcal/mol 

  π 16.89 ppm 0.00 kcal/mol 20.21 ppm 0.00 kcal/mol 
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 The relative tautomeric stabilities of 2-fluorohistidine change by < 0.2 kcal/mol 

with the intramolecular hydrogen bond.  Also, the calculations show that for 2-

fluorohistidine, the effects of intramolecular hydrogen bonding on fluorine shifts are 

minor. In the case of τ-tautomer, the fluorine chemical shifts are affected more with 

hydrogen bonding showing a deshielding of ~0.4 ppm. However, in the case of the π-

tautomer, the change is very little, with increased shielding of ~0.1 ppm with hydrogen 

bond.  

 In contrast, 4-fluorohistidine appears to be more sensitive to hydrogen bond 

effects: For the tautomeric stability, hydrogen bonding contributes 0.9 kcal/mol 

stabilization to the τ-tautomer of 4-fluorohistidine; yet the π-tautomer remains 

substantially more stable, by ~4 kcal/mol. Regarding the fluorine chemical shifts, of the 

stable π-tautomer has a difference of >3 ppm between forms, with hydrogen-bonded 

zwitterionic 4-fluorohistidine being more shielded at 16.89 ppm than the non-hydrogen-

bonded capped 4-fluorohistidine at 20.21 ppm.  This is another “reverse” effect in the 

fluorine chemical shift of 4-FHis, since hydrogen bonding would be expected to 

inductively shift electron density away from the fluorine.  

2.3.3. Effect of C5 substitution on stability and fluorine chemical shifts 

 Finally, substitution at C5 of the fluoroimidazole was used to determine the 

sensitivity of tautomeric stabilities and fluorine chemical shifts to structure.  C5 

substitution can probe the sensitivity of fluorine chemical shifts to changes in primary 

and secondary structure, both of which give rise to changes in the wave function near the 

nucleus of interest.  This is described by Oldfield and co-workers as a short-range 

contribution to chemical shifts, which propagates through the bonding framework.27 In 
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this case, the tripeptide was compared with 2F- and 4F-(5-methyl)-imidazole and -(5-

trifluoromethyl)-imidazole, providing information about electron-donating and –

withdrawing effects, respectively.  The relative tautomeric stabilities and fluorine 

chemical shifts for this series are presented in Table 2.4. 

 

  Table 2.4. Effects of C5 substitution on tautomeric stabilities and 19F chemical shifts. 

 

 As can be seen in Table 2.4, the relative stabilities of tautomers are dramatically 

affected by substitution at C5.  In the case of 2-fluoro-(5-methyl)-imidazole, electron-

donating substitution substantially stabilizes the π-tautomer, resulting in isoenergetic 

tautomers, while the electron-withdrawing CF3 group strongly destabilizes the π-tautomer, 

relative to the τ-tautomer.  The effect is opposite for 4-fluorohistidine: electron-donating 

substituents further stabilize the π-tautomer, while electron withdrawing groups drop the 

relative energy of the τ-tautomer.  However, the energy differences between 4-

Molecule -(5-methyl)-imidazole 

 

-tripeptide -(5-trifluoromethyl)-imidazole 

 19F δppm ΔE 19F δppm ΔE 19F δppm ΔE  

2F-τ 53.20 ppm 0.00 kcal/mol 53.19 ppm  0.00 kcal/mol 56.22 ppm 0.00 kcal/ mol 

2F-π 52.41 ppm 0.02 kcal/mol 52.22 ppm 1.70 kcal/mol 58.96 ppm 3.50 kcal/mol 

4F-τ 1.71 ppm 5.62 kcal/mol 6.52 ppm 4.85 kcal/mol 21.82 ppm  2.63 kcal/mol 

4F-π 13.62 ppm 0.00 kcal/mol 19.21 ppm 0.00 kcal/mol 36.45 ppm 0.00 kcal/mol 
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fluoroimidazole tautomers always remain such that the τ-tautomer remains <1% 

population at equillibrium.   

 The fluorine chemical shifts of 4-fluorohistidine are shown to depend 

dramatically on C5 substitution: electron donation causes an upfield shift (~5 ppm for 

both tautomers), while electron-withdrawing shifts the signal downfield (>15 ppm).  

However, in 2-fluorohistidine the 19F NMR spectra are not as dramatically influenced by 

C5 substitution.  The differences between tripeptide and (5-methyl)-imidazole are slight 

(<0.2 ppm), and CF3, a rather large perturbation on electronic structure, shifts the signal 3 

ppm and 6.7 ppm for the τ- and π-tautomers, respectively. 

 

2.3.4. Tautomeric stabilities of 4-fluorohistidine in understanding proton transfer 

mechanism in RNA hydrolysis28 

 Ribonuclease A (RNase A) is a 13.7 kDa enzyme that has long served as a model 

for understanding enzymatic mechanisms29-31 and more recently, the role of dynamics in 

enzyme catalysis.32,33 One of the seminal contributions to understanding proton transfer 

in RNA hydrolysis was made by Jackson et al.34 In their groundbreaking report, 4-

fluorohistidine (4-FHis),15, 35 was incorporated at the His12 and His119 sites during the 

total chemical synthesis of RNase A. These two histidines participate in the two steps of 

RNA hydrolysis within the active site, as shown in Fig. 2.5.  In the labelling study with 4-

fluorohistidine, it was found that catalysis was optimal at low pH values, consistent with 

the pKa of 4-FHis, and supporting the notion that proton transfer in RNase A is not rate-

limiting. However, some ambiguity in the histidines’ roles, and the overall enzymatic 

mechanism, remain.36, 37 Recent analysis by Harris and co-workers declares, ‘effects of 4-
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fluorohistidine substitution on catalysis are only ca. 10-fold, suggesting a relatively small 

Brønsted effect, or that a nonchemical step is partially rate-limiting’.38  

 The strong thermodynamic preference for the π-tautomer of 4-fluorohistidine 

looks to have significant impact for interpretation of the results of 4-fluorohistidine 

labeled RNase A. The tautomeric states of histidine in RNase A were assigned by 

multiple researchers using NMR spectroscopy,9 39 neutron diffraction,40 and X-ray 

diffraction 41-46 (which of course does not definitively assign proton positions). Perhaps 

most relevant to understanding enzyme function is the tautomeric determination of the 

two RNase A active site histidines in aqueous solution (His12 and His119, shown in Fig. 

2.5). Of these two residues replaced by 4-fluorohistidine in the work by Jackson et al.,34 

His12 in solution state is identified to be 100% in the π-tautomer, via 13C NMR and 

determination of micro-pKa constants. 9 In contrast, His119 in solution has been 

identified to exist in a τ:π tautomeric ratio of 85:15,9, 39 which is close to the innate 

tautomeric stability of histidine in water (80:20) [30]. The ramifications of the strong 

favorability for the π-tautomer of 4-fluorohistidine are two fold in the ribonuclease A 

experiment. First, it can be seen from the results of Jackson et al. that catalysis by fluoro-

labeled RNase A is efficient when both His12 and His119 are in the π-tautomeric form.34 

Secondly, it raises the question whether tautomerization contributes to the overall 

catalytic rate in wild-type RNase A, since the His119 tautomeric ratio is 85:15 τ:π, yet 

proton transfer presumably takes place via the π- tautomer when RNase A is labeled with 

4-fluorohistidine. If his- tidine tautomerism is a mechanistic step in ribonuclease catalysis, 

then labeling with 4-fluorohistidine obviates tautomerization. Which tautomer of His119 

participates in the native enzyme during catalysis appears to be an open question, and 
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should be considered when designing and interpreting future simulations and experiments. 

With these present results, the seminal work by Wells and co-workers can be re-evaluated 

for even more, valuable mechanistic information.  

 

 

 

Figure 2.5. Role of 4-fluoro-His119 and -His12 in the two proton transfer steps of RNA 
hydrolysis. 

 

 

2.3.5. The origin of pKa differences between fluorohistidine isomers 

 19F and 1H NMR titrations by Yeh et al. showed that the  aqueous fluorohistidine 

isomers have lower pKa values of ~1 and ~2.5 for 2-fluorohistidine and 4-fluorohistidine, 

respectively, compared to canonical histidine (pKa ~6)25. The differences in the relative 
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tautomeric stabilities between 2-fluorohistidine and 4-fluorohistidine give rise to an 

entropic factor in the differences in pKa between two fluoroisomers.  Neutral 2-FHis is 

entropically stabilized by its two thermally-accessible tautomeric states, whereas 

protonated imidazoliums and netural 4-fluorohistidine are not. Using the Boltzmann 

definition of entropy, the molar free energy of neutral fluorohistidine is reduced by RT ln 

2 (drop in pKa of 0.3) when the two tautomers are isoenergetic (degeneracy=2). In other 

cases, the closer the tautomers are in energy (and, hence, the closer their “microscopic” 

or individual pKa values),47, 48 the greater the reduction in observed pKa value relative to 

microscopic pKa. In summary, the pKa of 2-fluorohistidine is reduced by tautomerism, 

whereas the same effect is not predicted in 4-fluorohistidine due higher energy gap. 

  Next, structural contributions to pKa differences between the most stable 

tautomers of 2-FHis and 4-FHis were considered. The origins are not immediately 

obvious by considering resonance and inductive effects.  To study this computationally, 

the gas phase energies of capped 2-fluorohistidine and 4-fluorohistidine, and their 

conjugate acids were calculated and are presented in Table 5.  The gas phase energies 

(Econjugate acid – Eneutral) of the two isomers were found to be virtually identical: within 0.2 

kcal/mol of one another. Therefore, solvation appears to be a driving force for the 

differences in pKa.  Indeed, calculations confirm this, with protonation of aqueous 4-

fluorohistidine being more favorable than protonation of 2-fluorohistidine by a difference 

of 1.4 kcal/mol.  This is in very good agreement with the pKa difference of ~1-2 reported 

for the isomers,25 since a pKa difference of 1 corresponds to a free energy difference of 

1.37 kcal/mol at 300 K. 
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Table 2.5. Calculated pKa differences and solvation energies (ZPE) between 
fluorohistidine isomers in kcal/mol.  

 

The key to understanding how solvation energies affect pKa lies in the 

unexpectedly favorable solvation energy of neutral 2-fluorohistidine, (given its smaller 

dipole of 5.2 Debye relative to the 4-FHis dipole of 7.1 Debye) which is very similar to 

ΔEsolv of 4-fluorohistidine (given in Table 2.5).  Of course, the value of ΔEsolv depends on 

the charge distribution within the molecule.  The charges for the imidazole side chains of 

protonated and neutral fluorohistidine tripeptides are presented in Fig. 2.6.  The charges 

are color-coded, with green negative charges, red positive charges, and dark shading for 

near-neutral atoms. 

 

Basicity  capped 2FHis 

 

capped 4FHis 

ΔE 

[EFHis
+

(g)-EFHis(g)] 

gas phase 

 

 

 
-59.99 kcal/mol -60.17 kcal/mol 

ΔE 

[EFHis
+

(aq)-EFHis(aq)] 

aqueous 

 

 

 
-28.79 kcal/mol -30.23 kcal/mol 

solvation energy 

   [E(aq)-E(g)] 

 2FHis (τ) 2FHis 
(protonated) 4FHis (π) 4FHis 

(protonated) 

 

 
-13.22 kcal/mol -54.28 kcal/mol -14.57 kcal/mol -56.90 kcal/mol 
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 The salient difference between 2-fluorohistidine (τ-tautomer) and all other species 

is the polarization of the C4-H4 bond, which has a carbon charge of -0.35 and hydrogen 

charge of +0.24.  This charge difference is somewhat less, but on the order of, the N-H 

bond polarity seen in both fluorohistidine imidazole N-H bonds.  The other charges, in 

the nitrogen with the lone pair, C-F bonds, and N-H bonds, are fairly similar among all 

species.  Thus, the favourable solvation of the additional polar bond (C4-H4) in the 

imidazole ring (τ-tautomer only) of neutral 2-fluorohistidine appears to reduce the driving 

force in ΔEsolv for protonation, making 2-fluorohistidine more acidic than 4-

fluorohistidine. 
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 Figure 2.6.  Calculated charges for imidazole side chains in Gly-FHis-Gly peptides for 
a) τ-tautomer of 2-fluorohistidine b) protonated form of 2-fluorohistidine c) π-tautomer of 
2-fluorohistidine; d) τ-tautomer of histidine e) protonated form of histidine f) π-tautomer 
of histidine; g) π-tautomer of 4-fluorohistidine h) protonated form of 4-fluorohistidine i) 
τ-tautomer of 4-fluorohistidine. 

 

 The polarized C-H bond in the τ-tautomer of the 2-fluorohistidine side chain 

could be predicted to act as a hydrogen bond donor (see Ch.4), a distinctive chemical 

feature not seen in either tautomer of 4-fluorohistidine, nor the less stable π-tautomer of 

2-fluorohistidine. Given that the tautomeric equilibrium is predicted to shift with protein 

environment (indicated in Tables 1, 2, and 3), this change in C-H bond polarity/hydrogen 

bonding ability that accompanies tautomerization of 2-fluorohistidine may have 

consequences that impact protein structure.  However, it is interesting to note that 
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calculations with the same level of theory on canonical histidine indicate that the 

properties of 2-fluorohistidine track very well with those of histidine.  The C4-H4 bond 

of histidine is also polar (charges of -0.275 for C and +0.201 for H) in the τ-tautomer, 

while the same bond in the π-tautomer is nonpolar (like 2-fluorohistidine).  Hydrogen 

bonding between C2-H2 (Cε1-H) of the π-tautomer of histidines and amide carbonyls in 

serine proteases have been reported experimentally.49 Reports of C4-H4 (Cδ2-H) 

hydrogen bonds are fewer.50 Recently, Kubarych, Pecoraro, and co-workers reported on 

the polarity of the Cδ2-H bond (on a Zn-bound histidine residue) in a de novo peptide, 

pointing out that the QM results are substantiated by microwave spectroscopy of 

imidazole.51, 52 It is seen below that the higher charge density of the C4 (Cδ2) carbon 

corresponds with a more shielded 13C NMR shift for this carbon in the τ-tautomer 

imidazole ring in both histidine and 2-fluorohistidine. 

2.3.6. Spectroscopic signals of the tautomers of 2-fluorohistidine 

 The results presented above indicate the π-tautomer of 4-fluorohistidine is so 

much more stable than the τ-tautomer that the τ-tautomer is not predicted to be observed.  

However, calculations indicate small relative energy differences between the τ- and π-

tautomers of 2-fluorohistidine, and both tautomers of 2-fluorohistidine have been 

observed in the crystal structure of labelled anthrax protective antigen.26 Therefore, the 

discussion below focuses primarily on distinguishing among the two tautomers of 2-

fluorohistidine in solution.  13C NMR chemical shifts for 2-fluorohistidine and 4-

fluorohistidine in the Gly-FHis-Gly tripeptide are presented in Table 2.6. 
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Table 2.6. Carbon chemical shifts (in ppm, relative to TMS) for imidazole carbons in 
Gly-FHis-Gly tripeptide. 

 

 

 

 

 

 

 

 

 

 

 

 Previous work by Oldfield,7 Scheraga, 2 and co-workers have shown that the 

tautomeric forms of canonical histidine depend strongly on the peptide environment (as 

seems to be the case for 2-fluorohistidine).  Moreover, in their work, theoretical methods 

used to predict tautomeric fractions (relative stabilities) and the 13C NMR chemical shifts 

of each tautomer have been shown to be reliable.  Oldfield and co-workers used a large 

data set of histidine-containing peptides and provided method-dependent scaling factors 

for each of the carbons in the histidine imidazole ring. 

 As is seen in canonical histidine, the C2 chemical shift of 2-fluorohistidine and 4-

fluorohistidine are invariant with tautomeric form, while the C4 and C5 chemical shifts 

distinguish tautomers.2, 7 The C2 shift for both tautomers of 2-fluorohistidine is ~157 

ppm: 157.4 ppm for the τ-tautomer and 156.9 ppm for the π-tautomer.  The values of the 

Gly-2FHis-Gly  (τ-tautomer) (π-tautomer)   (protonated form) 

C5(Cϒ) 142.8 ppm 133.5 ppm 136.0 ppm 

C4(Cδ2) 118.3 ppm 129.7 ppm 122.0 ppm 

C2 (Cε1) 157.4 ppm 156.9 ppm 153.0 ppm 

Gly-4FHis-Gly  (τ-tautomer) (π-tautomer)   (protonated form) 

C5(Cϒ) 121.2 ppm 112.1 ppm 118.4 ppm 

C4(Cδ2) 152.8 ppm 162.3 ppm 152.4 ppm 

C2 (Cε1) 136.1 ppm 137.0 ppm 136.7 ppm 



 43 

C4 and C5 chemical shifts exhibit a wide spread for the τ-tautomer, with chemical shifts 

at 118.3 (C4/Cδ2) and 142.8 (C5/Cϒ) ppm.  In contrast, the C4 and C5 chemical shifts are 

closer together in the π-tautomer, at 129.7 and 133.5 ppm, respectively.  This range of 

chemical shifts between the 2-fluorohistidine tautomers (~11 ppm for C4 and ~10 ppm 

for C5) is on the order of the range observed for canonical histidine tautomers in a Gly-

His-Gly peptide studied by Scheraga and co-workers.2 

 The range of chemical shifts for the carbons in the two tautomers of 2-

fluorohistidine directly reflect the charge distribution on the carbons.  The C4 carbon of 

the τ-tautomer is significantly more shielded (118.3 ppm) than the other carbons, 

reflecting its calculated negative charge (-0.4).  As expected the C2 carbon bonded to 

fluorine is the most deshielded (~157 ppm for both tautomers), reflecting positive charges 

of +0.72 and +0.8 for the τ and π-tautomers, respectively.  The polarization of C4 in the 

τ-tautomer coincides with polarization of the adjacent carbon, C5, which has a charge of 

+0.40 and a relatively deshielded shift at 142.8 ppm.  In contrast, the charges on C4 and 

C5 of the less polar π-tautomer are nearly zero, and the chemical shifts are close together, 

at 129.7 and 133.5 ppm. 

 An experimental 13C NMR spectrum was acquired for zwitterionic 2-

fluorohistidine in water, and the imidazole ring shifts are as follows: 127.9 ppm, 113.6 

ppm, 150.0 ppm for C5, C4 and C2 carbons respectively.  The C5, C4, and C2 shifts for 

capped 2-fluorohistidine (close in structure to the aqueous zwitterion), provided in Table 

2.7, are calculated to be 141.4 ppm, 118.9 ppm, 157.1 ppm respectively.  Using a scaling 

factor approach in the same vein as Oldfield and co-workers, the recommended scaling 

factors for BHandHLYP/6-311++G(d,p) calculated 13C chemical shifts of fluorohistidines 
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are as follows: 1.11, 1.05, 1.05 (C5, C4, C2).  This is quite good agreement, indicating 

that the BHandHLYP functional may be a fairly reliable method for 13C chemical shifts 

(as it is for 19F).  

Table 2.7. Carbon chemical shifts (in ppm, TMS reference) for imidazole carbons in 
aqueous capped 2-fluorohistidine and 4-fluorohistidine. 

 

 

 

 

 

 

 

 

 

 

 

Although 13C chemical shifts should not be needed to differentiate the tautomers 

of 4-fluorohistidine, given that the τ-tautomer is considerably unstable, it is worth 

remarking on the predicted spectra. The π-tautomer of 4-fluorohistidine exhibits a 

broader spread in carbon chemical shifts than the τ-tautomer.  We have recently 

published the experimental 13C spectrum of aqueous 4-fluorohistidine, and calculated 

values of the π-tautomer are in good agreement.28 The C5 carbon has a relatively shielded 

nucleus at 101 ppm, and C4 (attached to fluorine) is the most deshielded at 152 ppm.  

The carbon chemical shifts again correlate with charge and polarity: the π-tautomer C-F 

capped 2FHis  (τ-tautomer) (π-tautomer)   (protonated form) 

C5(Cϒ) 141.4 ppm 133.1 ppm 137.0 ppm 

C4(Cδ2) 118.9 ppm 130.2 ppm 121.7 ppm 

C2 (Cε1) 157.1 ppm 157.2 ppm 153.5 ppm 

 capped 4FHis  (τ-tautomer) (π-tautomer)   (protonated form) 

C5(Cϒ) 120.0 ppm  112.1 ppm 119.8 ppm 

C4(Cδ2) 153.3 ppm 162.4 ppm 151.3 ppm 

C2 (Cε1) 136.1 ppm 137.5 ppm 137.5 ppm 
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bond is more polar than the τ-tautomer, with a positive charge on the C4 carbon of +0.60 

(-0.29 on F).  In contrast, the most shielded carbon (C5) has a calculated charge of -0.10.  

 

2.4. DISCUSSION 

 It has been observed that typically, biosynthetic incorporation of 2-fluorohistidine 

is more successful than biosynthetic incorporation of 4-fluorohistidine. 53-55 Although it 

has been argued that 4-FHis may not be a good substrate for the HisRS of E.coli for steric 

reasons,30 the results presented above indicate that the stabilities and the molecular 

properties (charge distribution, C-H bond polarity) of the tautomers of 2-fluorohistidine 

are remarkably similar to canonical histidine, making its substitution into biomolecules 

more amenable than 4-fluorohistidine.  Of course, the pKa of 2-fluorohistidine is 

dramatically altered, providing a useful mechanistic probe for proton transfer steps in 

biological processes. 

2.4.1. Studying tautomeric form in proteins. For 2-fluorohistidine, the τ-tautomer is 

more stable in most environments, as it is for native histidine.  In the crystal structure of 

2-fluorohistidine-labelled anthrax protective antigen, a mixture of τ- and π-tautomers 

were observed, with the identified π-tautomer (His616) buried in the hydrophobic core of 

domain 4.  This is consistent with our findings that lower dielectric environments shift 

the tautomeric equilibrium of 2-fluorohistidine toward the π-tautomer.  Furthermore, 

hydrogen bonding was shown in our results to shift the equilibrium toward the π-

tautomer, which also corroborates with the hydrogen-bond stabilized His616 in π form.  

So it is anticipated that local hydrogen bonds and dielectric environment will dictate 

tautomeric form of 2-fluorohistidine in proteins, as is often the case for canonical 
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histidine in proteins.  The introduction of the heavy atom (fluorine) in 2-fluorohistidine 

provides a distinctive marker in X-ray crystallography, allowing for histidine tautomeric 

form to be distinguished with low ambiguity in solved structures.   

 In contrast to 2-fluorohistidine, this work indicates that equilibrium tautomerism 

of 4-fluorohistidine is unfavorable in all environments.  In all cases, the π-tautomer is 

favored by ~4 kcal/mol.  This preference for the π-tautomer helps explain why 4-

fluorohistidine could be successfully incorporated into the RNase A protein in work by 

Wells and co-workers.54 Of the two active site histidines, His12 is indicated to be 100% 

π-tautomer,39 while the tautomeric form of His119 during proton transfer is unknown (see 

our recent letter for further discussion).28 Having a viable enzyme with 4-FHis 

substitution may indicate the π-tautomer is the active form during mechanistic steps.  

Overall, these results indicate that fluorohistidines may be poised for studying the role of 

histidine tautomerization or protonation state in biological mechanisms, as the τ-tautomer 

of 2-fluorohistidine is more stable, but tautomeric form can easily be identified by 

crystallography in labeled proteins and via 19F and 13C NMR.  Meanwhile the π-tautomer 

is strongly favored in 4-fluorohistidine, and the effect of this tautomeric stability 

perturbation on protein function can be evaluated. 

2.4.2. 19F NMR spectra reflect protein environment. Fluorine chemical shifts are 

noted for their high sensitivity to local environment. Differences in 1º and 2º structure in 

proteins may give rise to conformational diversity and different inductive effects on the 

imidazole side chain, that, in combination with varying dielectric and hydrogen bonding 

environments, result in the range of 19F signals observed for folded and unfolded proteins.  

For 4-fluorohistidine, differences in 1º and 2º structure in proteins may well be the 
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primary source of changes in fluorine chemical shifts in the folded protein environment.  

The π-tautomer of 4-fluorohistidine appears to be quite sensitive to hydrogen bonding 

and inductive effects in the imidazole ring, exhibiting changes upward of 4 ppm for each 

perturbation. However, dielectric environment has a relatively minor effect on 4-

fluorohistidine chemical shift  (up to 1 ppm).   All environmental effects result in much 

smaller fluorine chemical shift changes for both tautomers of 2-fluorohistidine: on the 

scale of 0.1-0.5 ppm per environmental change.  This is in line with the findings of Gerig 

and co-workers, who postulated that diversity in fluorine chemical shifts in 

denatured/folded proteins arises from a sum of changes in chemical shift due to factors 

such as van der Waals interactions, hydrogen bonds, electric fields, and local magnetic 

anisotropies. 56 

2.4.3. Probing proton transfer in proteins. The altered pKa values of fluorohistidines 

can be used to determine whether histidines act as general acids and bases in enzymes.54 

The differences in pKa between the two isomers, with 2-fluorohistidine being less basic 

than 4-fluorohistidine, can be attributed primarily to solvation effects.  Calculated gas 

phase pKa values are quite similar, but the aqueous pKa of 4-fluorohistidine is higher than 

2-fluorohistidine.  This arises from favorable solvation of the polar charge distribution of 

2-fluorohistidine (τ-tautomer) that reduces the driving force for protonation. The 

thermally-accessible tautomeric equilibrium of 2-fluorohistidine also lowers the pKa 

value of this isomer somewhat (up to 0.3 pKa units, when tautomers are isoenergetic). 

Since tautomerism is not favored by 4-fluorohistidine, the pKa value for this isomer is not 

lowered by tautomeric equilibrium.  In RNase A, the pKa of 4-fluorohistidines in the 
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active site were indicated to be over 3.5 (cf. ~2 in aqueous solution), showing the 

influence of protein environment.54  

 

2.5. CONCLUSIONS 

 Fluorohistidines can contribute to biophysical studies of proteins in numerous 

ways. They have the potential to be powerful probes for probing tautomeric state and the 

contributions of tautomeric form to protein stability and enzyme mechanism. In 

crystallography, the fluorine atoms’ high electron density in the imidazole ring allows for 

definitive assignment of carbons and nitrogens, facilitating assignment of tautomeric 

form as well.  The tautomeric stability of 2-fluorohistidine is predicted to shift with 

environment, with low dielectric environment shifting the tautomeric equilibrium toward 

the π-tautomer.  While tautomeric form and tautomerism are acknowledged to be 

important factors in histidine’s chemical versatility and role in protein structure-function, 

identification of tautomeric form (at equilibrium and in rate-determining steps) has 

proven difficult in large biomolecular systems.  4-fluorohistidine is poised to serve as a 

powerful probe of the role of tautomeric form in structure and catalytic steps.  In addition, 

its altered pKa provides a tool for determining how proton transfer affects catalysis, and 

at pH values that are less acidic than those required for 2-fluorohistidine labeled proteins. 

 Additionally, biosynthetic incorporation of either fluorohistidine isomer 

introduces a valuable spectroscopic label for 19F NMR studies.  Fluorine NMR spectra 

provide vastly simplified information relative to traditional protein NMR spectra, with 

the ability to report on site-specific dynamics57 and ligand-binding events.58 While the 

origin of changes in fluorine chemical shifts are not systematically understood, this work 
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provides some insight on how environment influences chemical shift.  The 19F signal of 

2-fluorohistidine is shown to behave “normally”—in the way that would be predicted for 

1H chemical shifts.  Deshielding is observed with hydrogen bonds, higher dielectric, and 

nearby electron withdrawing groups.  In contrast, the 19F chemical shifts of 4-

fluorohistidine are “reverse”, with environmental changes that normally deshield nuclei 

(such as hydrogen bonding, higher dielectric) resulting in shielding of the fluorine 

nucleus.  Fluorohistidines are poised to serve as powerful biophysical probes of protein 

structure-dynamics-mechanisms.  This work can serve as a guide for interpretation of 

mechanistic experiments and spectroscopic data with fluorohistidine-labeled 

biomolecules. 
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CHAPTER 3 

Demystifying fluorine chemical shifts: Electronic structure calculations address 

origins of seemingly anomalous 19F-NMR spectra of fluorohistidine isomers and 

analogues 

Note: Most of the contents in this chapter are published in Physical Chemistry Chemical Physics, 2015, 17, 

30606 and Annual Reports on NMR Spectroscopy, 2018, 93, 281.  

 

 

3.1. INTRODUCTION 

 Compared to 1H and 13C NMR spectroscopy, fluorine NMR gives a wide-

range of shifts corresponding to even small changes in local environment.1-3 While 

we have a robust framework for understanding and predicting NMR spectra for 1H 

and 13C nuclei, the origins of 19F chemical shifts are not as well understood. 

Despite the sensitivity of 19F-NMR and the breadth of literature on proteins 

labelled with 19F-amino acids, there is still no unifying theoretical basis for 

predicting fluorine chemical shifts in proteins.  When scientists wish to determine 

which fluorine chemical shift in a protein comes from a certain residue, it is 

usually necessary to make mutants at every fluorinated site, one-by-one 

eliminating fluorine NMR signals.4-6 Such work is extremely time-intensive.  This 

report is a step toward developing a quantitative predictive framework 7, 8 for 19F 

chemical shifts, which will enable greater chemical insight.  Such an advance 

would be a breakthrough, streamlining experiments and realizing the full potential 

of 19F NMR spectroscopy. 
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 Experimental work over four decades ago used substituent effects to build 

an understanding of fluorine electronic structure through 19F NMR spectroscopy.  

Studies of the fluorine chemical shifts of substituted aromatic systems led 

scientists to postulate fluorine hyperconjugation,9 and donation of fluorine p 

electrons to the π aromatic system (p-π donation).10 Later experiments extended to 

substituted aliphatic systems, investigating polar and resonance effects on aliphatic 

fluorine chemical shifts.1 This present work examines effects of fluorine electron 

delocalization on chemical shifts, through analysis of molecular orbitals calculated 

with DFT. 

 Previous theoretical efforts have also advanced our understanding of 

fluorine chemical shifts.  This includes the assignment of fluorine signals from 5-

fluorotryptophan residues in the solid-state NMR spectrum of the membrane-

bound ion channel peptide gramicidin A by Sternberg et al.,11 using ab initio 

calculations and semi-empirical bond polarization parameters for chemical shift 

calculations. Coupling calculated 19F chemical shifts with Molecular Dynamics 

(MD) simulations, the authors were able to describe multiple conformations of 

tryptophan side chains in gramicidin A. Analysis by Lau and Gerig of the fluorine 

chemical shifts of dihydrofolate reductase (DHFR) labelled with 6-

fluorotryptophan suggested that differences in fluorine chemical shifts are a sum of 

the following factors: hydrogen bonding, short-range interactions, electric fields 

and local magnetic anisotropies.3 Additionally, Dalvit and Vulpetti classified 

different fluorine-containing functional groups based on fluorine electron density 

and their interactions with proteins.12 Their experimental and theoretical results 
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showed that the most-shielded fluorine atoms are most likely to form interactions 

with hydrogen bond donors of a protein. On the other hand, more deshielded 

fluorine atoms interact with hydrophobic side chains and carbonyl carbons. These 

efforts in the past decade are significant steps toward understanding 19F-NMR 

spectra.  Still, a framework for the a priori assignment and prediction of fluorine 

chemical shifts remains to be developed. 

     Toward providing a better theoretical basis for predicting 19F-chemical 

shifts, we have sought to explain the physical origins for a long-standing mystery 

regarding the 19F chemical shifts of fluorohistidine isomers upon acid titration.  

Yeh et al. studied 19F and 1H NMR spectra for 2-fluoro- and 4-fluoro- histidine, -

imidazole, and –(5-methyl)-imidazole in aqueous, basic, and acidic solutions.13 As 

expected, Yeh et al. found that the 1H chemical shifts for all fluoroisomers are 

deshielded upon protonation of the imidazole ring.13 Likewise, 2-fluorohistidine 

and 2-fluoroimidazoles exhibited a downfield (higher frequency) shift in the 19F 

signal upon acid titration.  However, 4-flurohistidine and 4-fluroimidazoles exhibit 

an upfield (lower frequency) shift in the 19F signal at low pH.  

      We have identified electronic structure methods that can replicate the 

experimental 19F chemical shifts of 2- and 4-fluoro-histidine and –(5-methyl)-

imidazole upon acid titration. Analysis provides a plausible explanation for the 

anomalous chemical shift changes observed.  This system is a key place to start 

work on a rational framework for 19F chemical shifts. Since the NMR spectra of 2 

and 4-fluorohistidines are nearly identical to their imidazole analogues, the 

discussion here focuses on 2- & 4- (5-methyl)-imidazole, given that they are small 
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and easily amenable to computation.  Understanding the physical origins of these 

specific chemical shift changes may provide clues that, in turn, will lead to a better 

understanding of 19F chemical shift differences in proteins.  

 

3.2. METHODS 

 All the input files were prepared in GaussView 5,14 modifying the geometry 

provided in the 2F-histidine crystal structure15  for desired protonation states and 

C5 substitution.  All the electronic calculations were performed using Gaussian 09 

software.16 Optimized geometries, energies, 19F NMR shifts, electrostatic charge 

distributions, and Natural Chemical Shielding (NCS)17 calculations were 

performed with multiple methods to ensure general conclusions.  Calculations 

were performed with the BHandHLYP and B3LYP density functionals and the 

MP2 method, 18, 19 using 6-311++G(3df,2p), aug-cc-pVTZ, and 6-31+G* basis sets 

and water solvation with SMD20 and CPCM21 solvent models. Negative 

frequencies were not observed for any molecule, indicating that the geometries are 

at energy minima. All reported values are from calculations using BHandHLYP18 

hybrid density functional, 6-311++G(3df,2p) basis and SMD water solvation.  

Values from other methods are given in Table 3.1.  Reported relative energies are 

free energies given from frequency calculations, setting the energy of the most 

stable tautomer to zero. NMR values are calculated with Gauge Independent 

Atomic Orbital (GIAO)22  method, and isotropic chemical shifts are reported. 

Molecular orbitals are visualized using Avogadro software.23 The standard 

reference for the 19F NMR values reported in Table 2 is C6F6, with shifts reported 
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as σref - σcalc. The value of σref comes from an optimized geometry of 

hexafluorobenzene with BHandHLYP/6-311++G(3df,2p) method, and SMD 

model water solvation. 

3.3. RESULTS 

3.3.1. Tautomer stabilities 

 At neutral pH, the imidazole ring exists in two tautomeric forms: τ 

(protonation at N3) or π (protonation at N1) (Fig. 3.1), depending on which 

nitrogen is protonated.24 The tautomeric states of fluorohistidine/imidazoles have 

not been definitively determined by experiment, although the crystal structure 

suggests 2F-histidine is protonated at N3 (the τ-tautomer – Fig. 3.1a).15 Thus, we 

carried out calculations on both tautomers of each fluoroisomer. The π-tautomer of 

4F-histidine/(5-methyl)-imidazole was found to be more stable than the τ-tautomer 

(by ~15.0/25.8 kJ/mol using BHandHLPY/6-311++g(3df,2p) method). The two 

tautomers of 2F-(5-methyl)-imidazole were found to be nearly isoenergetic. 

However, we found that τ-tautomer of 2F-histidine is more stable than π-tautomer 

(by 5.3 kJ/mol), as it is in canonical histidine.24 Our discussion from this point 

focuses on 2F- and 4F-(5-methyl)-imidazoles, since the simplified systems 

(relative to zwitterionic fluorohistidines) allow for more straightforward analysis, 

but shed light on experimental results for fluorohistidines.  
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Table 3.1. 19F NMR Δppm values for acid titration of 2F-(5-methyl)-imidazole and  4F-
(5-methyl)-imidazole, with different methods and solvation models and both π and τ 
tautomers.  Here Δa = 2F(H+) - 2F(τ), Δb = 2F (H+) - 2F (π), Δc = 4F (H+) - 4F(τ) and Δd =  
4F (H+) - 4F (π). 

 

 

 

 

 

 

 

 

 

        The results reported herein are for chemical shifts of the putatively more 

stable tautomers of each fluoro-isomer: τ-tautomer (N3-H) for 2F-(5-methyl)-

imidazole (Fig. 3.1a) and π-tautomer (N1-H) for 4F-(5-methyl)-imidazole, shown 

in Fig. 3.1c.  Reassuringly, we found that the direction of the 19F chemical shifts 

upon titration did not depend on the computational method used. The 

BHandHLYP/6-311++G(3df,2p) calculations with SMD water solvation gave the 

best quantitative agreement with experimental Δppm values, where Δppm is the 

difference between the chemical shifts of the fluoroimidazolium and the 

fluoroimidazole (Δppm= δIm+ - δIm, given as Δ1 in Ref. 13). 

 

 

 

Method Solvation   model Δappm Δbppm Δcppm Δdppm 

MP2/6-31++g(d) CPCM 3.82 4.08 9.22 -2.87 

BHandHLYP/6-31+g(d) CPCM 10.28 11.23 8.93 -2.22 

BHandHLYP/aug-CC-
pVTZ 
 

CPCM 10.63 11.62 9.60 -2.18 

BHandHLYP/6-31+g(d) SMD 7.46 8.49 6.40 -4.15 

BHandHLYP/aug-CC-
pVTZ 
 

SMD 7.77 8.77 6.94 -4.18 

B3LYP/6-31+g(d) SMD 7.52 8.22 8.21 -2.91 

B3LYP/aug-CC-pVTZ SMD 3.82 8.22 8.92 -2.67 
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Table 3.2. 19F NMR shifts (experimental and calculated) and fluorine electrostatic 
potential (charge) for stable tautomers of 2-fluoro- and 4-fluoro-imidazole (2F-Im, 
4F-Im) analogues 2- and 4-fluorohistidine (2F-His, 4F-His), 2- and 4-fluoro-(5-
methyl)-imidazole (2F-MeIm, 4F-MeIm). 

 

 

 

 

 

 

 

 

 

 

3.3.2. Partial charge distribution 

 Previous experimental work on the protonation of fluoropyridines, with 

results akin to 4F-(5-methyl)-imidazole, led researchers to postulate that 

anomalous values of Δppm arise from magnetic anisotropy.25 Although we cannot 

account for the contribution of magnetic anisotropy in the method used here, the 

isotropic values in the chemical shielding tensor are able to reproduce the 

magnitude and direction of the fluorine chemical shifts of 

fluoroimidazoles/histidines upon  

protonation.  

 For clues to the differences between 4F- vs 2F- 19F chemical shifts, we first 

looked at the charges on the fluorine atom to get a simple picture of the electron 

   2F isomers, τ-tautomers 2F-His 2F-MeIm 2F-Im 

   ESP charge -0.264 -0.278 -0.280 

19F NMR shifts (calculated) 54.96 53.62 52.50 

19F NMR shifts (experimental) 59.80 58.59 56.60 

  4F isomers, π-tautomers 4F-His 4F-MeIm 4F-Im 

  ESP charge -0.290 -0.275 -0.308 

19F NMR shifts (calculated) 16.54 13.83 21.97 

19F NMR shifts (experimental) 20.25 16.91 23.43 
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density available to shield the nucleus. In both the 2-fluoro and 4-fluoro cases, the 

charge on fluorine decreased upon protonation, as would be expected for systems 

gaining positive charge. For 2F-(5-methyl)-imidazole, the fluorine electrostatic 

charges calculated by the ChelpG procedure26 were -0.278 for neutral and -0.153 

for protonated form. For 4F-(5-methyl)-imidazole, the charges on fluorine were -

0.275 (neutral) and -0.164 (protonated). Using straightforward shielding arguments 

by electron density, the deshielded 19F chemical shifts for 2-

fluorohistidine/imidazoles make sense, corresponding to reduced charge density. 

Meanwhile, the increase in shielding observed for 4F- imidazoliums is puzzling, 

given the decrease in charge density that would seem to indicate less shielding.  

 

Figure 3.1. Chemical structures and 19F chemical shifts (Δppm= δIm+ - δIm) for 
(a) neutral N3-H/τ-tautomer and (b) protonated 2F-(5-methyl)- imidazole; (c) 
neutral N1-H/π-tautomer and (d) protonated 4F-(5-methyl)-imidazole. 
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3.3.3. Natural Chemical Shielding Analysis   

Next, we extended our analysis to Natural Chemical Shielding (NCS) 

analysis,35 from which the contribution of diamagnetic and paramagnetic 

components towards total nuclear shielding can be computed. Natural chemical 

shielding analysis also provides a breakdown of contributions from each molecular 

orbital to the overall isotropic and anisotropic (off-diagonal) chemical shift tensors. 

This was used to assess changes in shielding/deshielding from each molecular 

orbital from protonation of the fluoroimidazole rings. Through natural chemical 

shielding analysis, the contribution of each Lewis and non-Lewis bonds and lone-

pair orbital towards chemical shielding can be calculated. The diamagnetic 

shielding arises from localized electrons involved close to the respective atom, 

representing the ground state electron density. However, paramagnetic shielding 

arises from interactions with higher excited states and electron perturbations from 

ground state, due to the presence of the magnetic field. Most differences in 

shielding/deshielding of heavy nuclei arise from paramagnetic shielding.  For 2-

fluoro-(5-methylimidazole), the NMR calculations show that both τ and π 

tautomers exhibit downfield shifts of +3.55 and +8.8 ppm  observed respectively 

upon acid titration. This is in line with the experimental change in chemical shift of 

+ 7.8 ppm downfield. NCS analysis of the more stable τ-tautomer is presented in 

Table 3.3, and it shows that diamagnetic shielding of τ-tautomer (453.05 ppm) is 

higher than that of the protonated moiety (445.9 ppm). Again, this correlates with 

the ground state electronic structure and calculated charge on fluorine, which 

becomes less negative when the imidazole ring is protonated. When considering 
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paramagnetic deshielding, the protonated form is calculated to have slightly higher 

paramagnetic deshielding (-138.8 ppm), compared to τ-tautomer (-138.1 ppm). 

Hence, both diamagnetic and paramagnetic shielding parameters appear to be the 

reason for the observed downfield shift in 19F NMR upon protonation of 2-

fluorohistidine. 

 

Table 3.3. Calculated 19F shieldings for 2-fluoro-(5-methyl)-imidazole τ-tautomer 
and protonated form. (Note: Absolute (unreferenced) shieldings are given here. 

 

 In the case of the π-tautomer of 2-fluoro-(5-methyl)-imidazole, the same 

analysis holds. Data presented in Table 4 show that the calculated diamagnetic 

shielding is higher in the neutral species (454.3 ppm) compared to protonated form 

(445.92 ppm). Paramagnetic deshielding is marginally higher in the protonated 

form (-138.8 ppm), compared to the neutral structure (-138.4 ppm). Both of these 

2F-(5-methyl)-imidazole Paramagnetic 
shielding (ppm) 

Diamagnetic 
shielding (ppm) 

τ-tautomer -138.06 453.05 

Protonated form -138.78 445.92 

Net change 0.72 7.56 

 
 Experimental value: 7.80 ppm (deshielding)13 

Net overall change (calculated): 3.55 ppm 

2F-(5-methyl)-imidazole 
			(τ-tautomer) 

	 

2F-(5-methyl)-imidazolium 

R
HN

NF R

HN

H
NFH+ 
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factors appear to contribute towards the downfield shift upon ring protonation of 2-

fluoro-(5-methyl)-imidazole. 

 

Table 3.4. Calculated 19F shieldings for 2-fluoro-(5-methyl)-imidazole π-tautomer 
and protonated form. 

 

Similar analysis is performed on 4-fluoro-(5-methyl)-imidazole, considering 

both tautomers (τ and π) and protonated form. Here, the results are a little different 

compared to 2-fluoromethylimidazole. Among the two tautomers, the most stable 

π-tautomer exhibits an upfield shift of -5.12 ppm in 19F NMR upon ring 

protonation, which is considered unusual chemical shift behavior. However, the 

less stable π-tautomer behaves normally with a downfield shift of 6.9 ppm at lower 

pH.  

 The shielding components of the 19F nucleus in the π-tautomer of 4-fluoro-

(5-methyl)-imidazole are presented in Table 3.5. The diamagnetic parameters show 

2F-(5-methyl)-imidazole  Paramagnetic 
shielding (ppm) 

Diamagnetic 
shielding (ppm) 

π-tautomer -138.35 454.32 

protonated form -138.78 445.92 

Net change 0.40 8.40 

 
 Experimental value: NA 

Net overall change (calculated): 8.8 ppm 

2F-(5-methyl)-imidazole 
			(π-tautomer) 

	 

2F-(5-methyl)-imidazolium 

R

HN

H
NFH+ R

N

H
NF
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that there is higher shielding in the neutral structure (460.5 ppm) respective to the 

protonated structure (454.0 ppm). The paramagnetic shielding is significantly 

reduced in protonated structure (-93.5 ppm) relative to the neutral π-tautomer 

(106.0 ppm). These results suggest illustrates that a significant decrease in 

paramagnetic deshielding is the primary cause for the upfield shift of 19F that is 

experimentally observed upon protonation of 4-fluoro-(5-methyl)-imidazole.25 

 
Table 3.5. Calculated 19F shieldings for 4-fluoro-(5-methyl)-imidazole π-tautomer 
and protonated form. 

 

 In the case of the less stable τ-tautomer, calculations indicate that the 

downfield shift upon ring protonation arises from reduced diamagnetic shielding 

(460.2 ppm in neutral vs 453.9 ppm in protonated structure) and higher 

paramagnetic deshielding (-92.6 ppm vs -93.5 ppm), as shown in Table 3.6.  

4F-(5-methyl)-imidazole  Paramagnetic 
shielding (ppm) 

Diamagnetic 
shielding (ppm) 

π-tautomer -105.95 460.54 

Protonated form -93.48 453.98 

Net change 12.4 6.56 

 
 Experimental value: -4.55 ppm (shielding)13 
Net overall change (calculated): -5.12 ppm 

R

N

H
N

F
4F-(5-methyl)-imidazole 

			(π-tautomer) 
	 

4F-(5-methyl)-imidazolium 

H+ 
R

HN

H
N

F
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Table 3.6. Calculated 19F shieldings for 4-fluoro-(5-methyl)-imidazole τ-tautomer 
and protonated form. 

 

 

 Further, we extended our analysis to molecular orbital visualization. Out of 

26 total molecular orbitals (MOs), 18 contribute to the 19F isotropic chemical shifts 

of 2F-(5-methyl)-imidazole and 4F-(5-methyl)-imidazole.  In mapping the 

corresponding molecular orbitals of 2F-(5-methyl)-imidazole and 2F-(5-methyl)-

imidazolium to determine NCS contributions, we found that the molecular orbitals 

of the neutral and protonated species were very similar.  There are differences in 

contributions to the fluorine chemical shift from every MO, but many of them 

appear to cancel each other out.  One would expect that electrons highly localized 

around fluorine would have the greatest contribution to shielding of the 19F 

4F-(5-methyl)-imidazole Paramagnetic 
shielding (ppm) 

Diamagnetic 
shielding (ppm) 

 τ-tautomer -92.61 460.27 

Protonated form -93.48 453.98 

Net change 0.86 6.29 

 
 Experimental value: N/A 

Net overall change (calculated): 6.99 ppm 

4-fluorohistidine 
			(τ-tautomer) 
	 

4-fluorohistidinium 

H+ 
R

HN

H
N

F

R

HN

N

F
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nucleus.  The calculated molecular orbital 2 (MO 2, the second-lowest in energy), 

visualized in Fig. 3.2a and 3.2b using Avogadro software, corresponds to a lone 

pair orbital on fluorine.  Differences between the Natural Chemical Shielding of 

this MO in 2F-(5-methyl)-imidazole and 2F-(5-methyl)-imidazolium results in a 

deshielded shift (4.3 ppm downfield/higher frequency).   The overall difference in 

chemical shift was calculated to be 7.8 ppm (experimentally13 it is 3.55 ppm), 

indicating that more than half of the change in the calculated chemical shift of 2F-

(5-methyl)-imidazole upon acid titration can be attributed to changes in electron 

density in the fluorine lone pair molecular orbital.  This corroborates with the 

calculated reduction in electrostatic charge on fluorine upon protonation, which 

leads to less diamagnetic shielding of the fluorine nucleus. 

 The shift in electron density away from the fluorine nucleus in 2F-(5-

methyl)-imidazole can also be seen in changes in the dipole moment.  The neutral 

species has a dipole moment of µ=5.2 Debye, whereas 2F-(5-methyl)-imidazolium 

shows a drastic change to 0.77 Debye, showing a reduction in the polarization 

toward the fluorine atom in the protonated species.  However, the same pattern 

does not hold for 4F-(5-methyl)-imidazole.  Neutral 4F-(5-methyl)-imidazole has a 

dipole moment of 7.1 Debye, and the dipole moment of 4F-(5-methyl)-

imidazolium is only slightly reduced to 6.2 Debye. This may be seen as an 

indication that the electronic structure of the 4F-species is intrinsically different 

from the 2F-species.  The authors of the pioneering experimental work on 

fluorinated imidazoles and histidines31 suggested that differences in pKa measured 
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for 2- vs 4- fluoro-imidazole rings may be due to electronic structure differences 

that arise in 4-fluoro species, beyond σ-inductive effects.  

In analyzing Natural Chemical Shielding (NCS) data for 4F-(5-methyl)-

imidazolium, it was found that there are drastic changes in the molecular orbitals 

of 4F-(5-methyl)-imidazole compared to 4F-(5-methyl)-imidazolium.  So much so, 

that comparison of NCS data for the neutral and protonated species of 4F-(5-

methyl)-imidazole is difficult.  The 2nd-lowest energy molecular orbital (MO 2) of 

4F-(5-methyl)-imidazolium is a lone pair orbital (delocalized somewhat toward the 

methyl group, see Fig. 2d) that contributes to shielding of the 19F chemical shift.  

What is striking is that we observe no lone pair electrons on the fluorine for 

neutral 4F-(5-methyl)-imidazole. Fig. 2c shows the lowest energy molecular 

orbital (MO 5) that has any similarity to a lone pair orbital.  As can be seen in the 

molecular orbital in Fig. 3.2c, while there is electron probability around the 

fluorine nucleus, the other lobe of the orbital encompasses the protonated nitrogen 

(N1) on the aromatic imidazole ring. The NCS data indicates that, relative to the 

shielding of MO 5 in the neutral species, MO 2 (lone pair) of 4F-(5-methyl)-

imidazolium contributes more shielding (6.45 ppm) to the fluorine nucleus. 

Clearly, multiple orbitals contribute to chemical shielding, but these are the lowest-

energy orbitals that have considerable electron density near the fluorine nucleus.  

The differences in chemical shielding provided by MO 2 (lone pair) of 4F-

imidazolium and MO 5 (delocalized fluorine electrons) of neutral 4F-(5-methyl)-

imidazole account for most of the change in chemical shift upon titration.  Thus, 
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protonation appears to trigger fluorine electron localization into a lone pair in 4F-

imidazolium species, giving rise to higher shielding at low pH. 

  

3.3.4. When fluorine electron density is delocalized, do fluorine chemical shifts 

correlate with charge? 

 To address the question of whether 4-fluoroimidazoles have “predictable” 

chemical shifts when they undergo minor perturbations in electron density, we 

evaluated and compared the calculated charges and chemical shifts for 4F-(5-

methyl)-imidazole (4F-MeIm), 4F-histidine (4F-His), 4F-imidazole (4F-Im).  For 

4-fluoro-substituted species, electron density (charge) is lowest for 4F-MeIm (-

0.275), slightly increases for 4F-His, and is highest for 4F-Im  (-0.31). Table 2 

summarizes the fluorine electrostatic potential (charge) alongside experimental and 

calculated fluorine chemical shifts.  As can be seen, the 19F NMR shifts did not 

follow a predictable trend, with deshielded shifts corresponding to lower electron 

density. In fact, the chemical shifts are reversed: the most shielded 19F chemical 

shift, for 4F-MeIm, has lowest charge density, while the most deshielded, 4F-Im, 

has highest charge density.  However, the fluorine chemical shifts (though not the 

charges) do fit chemical intuition.  That is to say, that the most shielded fluorine 

chemical shift corresponds to the imidazole with the most electron donating 

substituent at C5.  Note that the computationally-calculated NMR chemical shifts 

for the 4F-imidazole series match the experimental ordering of 19F chemical shifts. 

Thus, without the calculated fluorine charge density, the experimental results don’t 

“raise any eyebrows”. 
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Figure 3.2. Lowest energy molecular orbitals containing fluorine electron density (MO 
2) for a) 2F-(5-methyl)-imidazole b) 2F-(5-methyl)-imidazolium; c) lowest energy lone-
pair like orbital (MO 5) for 4F-(5-methyl)-imidazole d) 4F-(5-methyl)-imidazolium (MO 
2). 

 The peculiar behavior of 4F-imidazoles, in which chemical shift and 

electron density have reverse relationships relative to most NMR chemical shifts, 

is akin to that observed in aliphatic fluoride systems.4 Adcock and Abeywickrema 

performed in-depth studies of relationships between 19F substituent chemical shifts 

and fluorine electron density.1 They studied substituent effects on a fluorinated 

bicyclo-octane, and found that most aliphatic fluoride chemical shifts become 

deshielded with increasing electron density. This is in contrast to studies on phenyl 

fluorides, which showed through substituent effects that fluorine chemical shifts 
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are deshielded as electron density decreases (“normal” behavior).  So, Adcock and 

Abeywickrema concluded that aliphatic fluorides may have “reverse” chemical 

shift effects, while aromatic fluorides behave normally. They postulated that the 

“reverse” behavior of 19F chemical shifts reflects the polarization of C-F σ bonds.  

To probe this in our data set, we looked at the charge separation between the 

carbon and fluorine electrostatic potential (ESP/charge).  Indeed, the charge 

separation (polarity) of the C-F bond was greatest for the most deshielded shift, 

and least for the most shielded chemical shift.  So, while charge of fluorine itself 

does not correlate with chemical shift in 4F-imidazole, which has all fluorine 

electron density delocalized, the extent of polarization does correlate in a reverse 

manner (polar bond = deshielding, less polar bond= shielding).  This suggests that 

perhaps the reverse sigma effects seen for aliphatic systems also occur in aromatic 

systems in which there is full fluorine electron delocalization. 

 In contrast, the 2-fluoroimidazoles behaved normally, where more shielded 

19F shifts can be correlated with increased electron density. The electron density on 

fluorine is observed to increase from 2F-His to 2F-MeIm to 2F-Im. In accordance 

with electron density, shielding of the 19F chemical shift is observed for the 

molecules in same order.  However, there is no correlation between C-F charge 

separation and 19F chemical shift for 2-fluoroimidazole and analogues. 

3.4. DISCUSSION 

 Considering only 2F-(5-methyl)-imidazole, the fluorine chemical shifts fit 

“chemical intuition”, with reduced fluorine electron density upon protonation 

leading to deshielding of the fluorine nucleus.  Data from electronic structure 
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calculations supports chemical intuition as well, with less negative fluorine 

electrostatic charges and reduced dipole moment coinciding with deshielding of 

the fluorine nucleus. In contrast, 4F-(5-methyl)-imidazole does not show the same 

correlations among indicators of electron density and fluorine. (Fig. 3.3) 

 

Figure 3.3. Summary of correlation between fluorine chemical shifts and electronic 
properties.  Experimental and calculated 19F chemical shifts are given, alongside 
reduction in charge and dipole moment upon acid titration, and natural chemical 
shielding (NCS) contributions from the lone pairs of 2F-(5-methyl)-imidazolium & 2F-
(5-methyl)-imidazole, and lone pair (MO 2) of 4F-(5-methyl)-imidazolium & MO 5 of 
4F-(5-methyl)-imidazole. 

 The electronic structure of the more stable π-tautomer of 4-fluoroimidazole 

is unique compared to the other fluorinated imidazoles we considered.  In all the 

molecular orbitals of 4F-(5-methyl)-imidazole that contain fluorine electron 

density, there is conjugation within the ring and/or overlap with the adjacent 

methyl group.  See Fig. 3.4 for visualization of all molecular orbitals of 2F- and 

4F-(5-methyl)-imidazole and –imidazolium. The electronic structure of 4F-(5-

methyl)-imidazole appears to have effects along the lines of the fluorine p-π 



	 75	

interaction proposed by Sheppard in 1965.10 Using this information, we can 

conclude that protonation of 4F-(5-methyl)-imidazole changes the electronic 

structure such that the lone pair electrons on fluorine are restored (localized), 

providing greater shielding to the fluorine nucleus. 

 We postulated the anomalous electronic structure of the 4F-imidazole 

moiety may arise from the electron-donating nature of the methyl (methylene) 

group adjacent to the fluorine in 4F-(5-methyl)-imidazole (4F-histidine), giving an 

effect akin to hyperconjugation.   To test this, we performed calculations that 

replaced the methyl group with an electron-withdrawing trifluoromethyl group.  

Upon protonation, this species still exhibited higher shielding (by 5.09 ppm 

calculated by BHandHLYP/6-311++G(3d,2p)), so we can conclude that the 

electronic structure does not appear to be dependent on the electron-donating or –

withdrawing character of the adjacent substituent on the imidazole ring.  

 

 



	 76	

 

Figure 3.4. 2F- and 4F-(5-methyl)-imidazole and –imidazolium molecular orbitals 
(MOs) with BHandHLYP/6-311++G(3df,2p) method. 
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Figure 3.4. (continued)	
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Figure 3.4. (continued) 
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Figure 3.4. (continued) 
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Figure 3.4. (continued) 
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 The reverse behavior of 19F NMR chemical shifts in substituted 4-

fluoroimidazoles clearly relates these species with the behavior of aliphatic 

fluorides. Studies of the 4F-His/Im/MeIm series also indicated an inverse 

relationship among electron density and shielding of chemical shifts.  Calculated 

charges of fluorine and C4 support Adcock and Abeywickrema’s hypothesis that 

“reverse” or abnormal fluorine chemical shift behavior correlates with C-F bond 

polarity: deshielded shifts correspond to more polar C-F bonds (higher charge 

separation, provided in Table 3.7).  

 

Table 3.7. 19F NMR shifts (experimental and calculated) and fluorine electrostatic 
potential (charge) for stable tautomers of 2-fluoro- and 4-fluoro-imidazole 
analogues. 
 

 

 

 

 

 

 

 

 

 

 

 

    τ-tautomer 2F-His 2F-MeIm 2F-Im 

Fluorine (F2) ESP charge -0.264 -0.278 -0.280 

Carbon (C2) ESP charge 0.718 0.737 0.712 

                Δq 0.982 1.015 0.992 

   π-tautomer 4F-His 4F-MeIm 4F-Im 

Fluorine (F4) ESP charge -0.290 -0.275 -0.308 

Carbon (C4) ESP charge 0.597 0.509 0.651 

                Δq 0.887 0.784 0.959 
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 It is interesting to note that the less stable τ-tautomer of 4F-(5-methyl)-

imidazole has a lone pair orbital on fluorine and exhibits a deshielded chemical 

shift upon protonation (like 2F analogues do).  Thus, for N1-protonated (π-

tautomer), 4-fluoroimidazole moieties, the conjugated (delocalized) molecular 

orbitals of fluorine appear to be an inherent characteristic of the electronic 

structure. All of the systems analysed here support a hypothesis that when 

fluorines on an aromatic ring have no lone pair (i.e. completely delocalized 

electron density), the chemical shifts are abnormal or “reverse”.  All aromatic 

fluorines with a lone pair, in the systems studied here, have 19F chemical shifts 

whose shielding/deshielding correlates with fluorine charge density.  Further study 

with electronic structure methods is required to determine whether this is a general 

feature of 19F chemical shifts. 

 

	

3.5. Normal and reverse chemical shifts behavior between 

fluoropyridine isomers 

 

Effects of protonation on fluorine chemical shifts for the regioisomers 2-

fluoropyridine (2F-Pyr) and 3-fluoropyridine (3F-Pyr) was investigated four decades 

ago.25 Practically, protonating the nitrogen atom in pyridine ring should lead to a 

downfield chemical shift of the fluorine nuclear resonance due to a net drain of electrons 

from the ring. The experimental results showed that 3-fluoropyridine shows a downfield 

shift in the 19F NMR spectrum upon protonation; however, ring protonation of 2-

fluoropyridine causes an upfield shift, which is an unusual finding. To understand if the 
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same theory holds as in fluorohistidine isomers the similar calculations are performed on 

fluropyridine regioisomers.  

3.5.1. Computational details 

 The M06 density functional27 with 6-31+g(d) basis set was considered for 

geometry optimization of fluoropyridine iso mers, followed by NMR calculations. The 

contribution of each atomic/ molecular orbital towards fluorine nuclear shielding and 

para/diamagnetic parameters were is computed using NCS analysis by providing the 

“NCS” keyword in addition to the NMR keyword in the input file. NMR calculations are 

calculated using GIAO method with implicit water solvation using the CPCM model. The 

geometries of 2-fluoropyridine and 3-fluoropyridine, and the protonated 

fluoropyridiniums, were prepared in GaussView 514  software followed by geometry 

optimization and subsequent NMR/NCS calculations in Gaussian0916.  

3.5.2. Results 

The NMR calculations show that upon acid titration, the 3-fluoropyridine 

molecule shows a net downfield shift of 14.3 ppm, which is in good agreement with the 

experimental value of 12 ppm downfield. The fluorine’s diamagnetic and paramagnetic 

shieldings in 3-fluoropyridine and 3-fluoropyridinium are given in Table 3.8. From the 

NCS analysis of the neutral and protonated forms of 3-fluoropyridine, it is seen that there 

is more diamagnetic shielding in the neutral molecule (478.6 ppm) compared to that of 

the protonated form (476.48 ppm), which reflects chemical intuition that the positive 

charge in the protonated pyridinium will withdraw electron density from the fluorine. The 

paramagnetic values reveal that, upon ring protonation, there is greater deshielding (− 

177.9 ppm) of the fluorine atom compared to the neutral structure (− 166.3 ppm). Thus, 
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the normal chemical shift behavior upon protonation (net downfield 19F NMR shift of 

14.3 ppm) arises from both diamagnetic (lower ground-state electronic distribution) and 

paramagnetic effects (higher deshielding).  

Table 3.8. Calculated 19F shieldings for 3-fluoropyridine neutral and protonated 
form. 

 

 

 

 

 

 

 

 Table 3.9 presents the calculated shieldings of 19F in 2-fluoropyridine and its 

protonated form. Unlike 2-fluoropyridine, which could be considered to exhibit a normal 

fluorine chemical shift, protonation of 3-fluoropyridine leads to a more shielded 19F 

nucleus (the extent of shielding is not quantified in the literature)25. Chemical shift 

calculations of the 19F nucleus in 3-fluoropyridine and 3-fluoropyridinium predict an 

upfield shift of − 7.83 ppm upon acid titration. NCS analysis of diamagnetic shielding 

indicates the same trend as in 2-fluoropyridine, with a decrease in 3-fluoropyridine's 

diamagnetic shielding upon protonation (i.e. diamagnetic deshielding upon protonation). 

Again, the diamagnetic contribution trends with a decrease in ground-state charge 

Molecule Paramagnetic  
shielding (ppm) 

Diamagnetic 
shielding (ppm) 

3-fluoropyridine -166.3 478.7 

3-fluoropyridinium -177.9 476.5 

Net change                     11.5               2.2 

 
Experimental value25: 12 ppm (deshielding) 

Net overall change (calculated): 14 ppm (deshielding) 

3-fluoropyridine 
	 

3-fluoropyridinium 

H+ 
N

F

H
N

F
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electron density or calculated charge. The observed shielding, then, is shown to arise 

from the paramagnetic contributions to chemical shift. It can be seen that in 3-

fluoropyridine, paramagnetic deshielding is much higher in the neutral structure (− 220.2 

ppm), compared to the protonated structure (− 208.6 ppm). These results illustrate that a 

decrease in paramagnetic deshielding is the primary cause for the upfield shift of 19F that 

is experimentally observed in the protonated struc- ture.  

Table 3.9. Calculated 19F shieldings for 2-fluoropyridine neutral and protonated form. 

 

It is interesting to note that the 13C chemical shifts of pyridine (not fluoropyridine) 

upon protonation were found to depend on their position in the ring, with the carbons 

ortho to nitrogen being shielded (Fig. 5.5) and the other carbons in the ring deshielded. 

Meanwhile, the 15N chemical shift in pyridine, when protonated, is significantly shielded. 

Duthaler and Roberts explain that the lone pairs of nitrogen in neutral pyridine are 

perpendicular to the aromatic π* orbitals, which leads to paramagnetic (de)shielding 

Molecule Paramagnetic 
shielding (ppm) 

Diamagnetic 
shielding (ppm) 

2-fluoropyridine -220.2 476.1 

2-fluoropyridinium -208.7 472.0 

Net change                                        -11.6 4.1 

 
Experimental value not clearly quantified, but is shielding (negative)25 

Net overall change (calculated): -7.8 ppm 

2-fluoropyridine 
	 

2-fluoropyridinium 

H+ 

H
N FN F
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through coupling of these orbitals in the presence of a magnetic field.28 Thus, the 

shielding of 15N upon protonation can be understood to arise because the nitrogen lone 

pair makes a significant paramagnetic deshielding contribution to neutral pyridine that is 

eliminated when it is protonated.  

Figure 3.5. Structures of pyridine, 2-fluoropyridine and 3-fluoropyridine. Atoms 
showing reverse chemical shifts (upfield) upon ring protonation are circled.  

 

 The different results in shielding of fluorine at the 2nd position in pyridine after 

protonation (due to a reduction in paramagnetic deshielding) and deshielding of fluorine 

at the 3rd position in pyridine (due to an increase in paramagnetic deshielding) may arise 

from symmetry considerations in the coupling of fluorine lone-pair orbitals to orbitals in 

the aromatic ring. To understand this we also looked into para- and dia- magnetic 

contributions towards total 13C and 15N chemical shifts. The results show that the of 

nitrogen and the carbons ortho to nitrogen, in pyridine exhibit the same diamagnetic 

shielding in neutral and and protonated form. Also, the calculations display that for meta 

and para carbons (C4, C3, C2) there is more paramagnetic deshielding for protonated 

structure compared to the neutral one. However, for nitrogen and carbons ortho to 
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nitrogen (i.e. N1, C5, C6), there is higher paramagnetic (de)shielding in the neutral 

structure compared to the protonated. (Fig. 3.6) The calculations on 2F-Pyr and 3F-Pyr 

demonstrates the same behavior of increasing paramagnetic deshielding for nitrogens and 

ortho carbons in neutral structure respective to the protonated structure. These results 

explains that the decrease in paramagnetic deshielding is the predominant reason for the 

upfield shift of nitrogen and ortho carbons that is experimentally observed in the 

protonated structure. The different results in shielding of fluorine at the 2-position in 

pyridine after protonation (due to a reduction in paramagnetic deshielding) and 

deshielding of fluorine at the 3-position in pyridine (due to an increase in paramagnetic 

deshielding) may arise from symmetry considerations in the coupling of fluorine lone-

pair orbitals to orbital	s in the aromatic ring.  
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Figure 3.6. Paramagnetic and diamagnetic contribution towards total shielding for a) 
pyridine and pyridinium b) 3-fluoropyridine and 3-fluoropyridinium c) 2-fluoropyridine 
and 2-fluoropyridinium. 
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3.6. CONCLUSIONS 

 In summary, the electronic structure of 4F-(5-methyl)-imidazole (and 

histidine analogues) is unique, compared to the electronic structure of 2F-(5-

methyl)-imidazole, 2F-(5-methyl)-imidazolium, and 4F-(5-methyl)-imidazolium 

analogues.  Rather than a lone pair, all of the electrons and orbitals of fluorine in 

4F-(5-methyl)-imidazole are conjugated with with the aromatic ring and adjacent 

methyl group.  Since shielding of the fluorine nucleus upon protonation was 

calculated and observed experimentally for 4F-(5-methyl)-imidazole, 4F-

imidazole, and 4F-histidine, and calculated for 4F-(5-trifluoromethyl)-imidazole, it 

seems that the delocalized electronic structure has little dependence on substitution 

at C5. Rather, delocalized fluorine electron density appears to be an inherent 

characteristic of the π-tautomer (N1-H) of 4-fluoro-imidazoles. For 2F-(5-methyl)-

imidazole species, predictions of deshielding from shifts of electron density away 

from the fluorine nucleus upon addition of positive charge are substantiated in the 

less-negative fluorine electrostatic potential (charge), significantly smaller dipole 

moment, and deshielding contributions from the fluorine lone pair of MO 2 

(calculated by NCS analysis).  These reflect a reduction in diamagnetic (ground 

state) shielding. Fig. 3 shows how the 19F-NMR chemical shifts of 2F-(5-methyl)-

imidazole correlate with electronic structure properties, while only NCS data 

correlates well with the 19F-NMR chemical shifts of 4F-(5-methyl)-imidazole.  

Within a series of C5-substituted 4F-imidazoles, correlations were found between 

increased C-F bond polarity and deshielding of 19F chemical shifts.  This abnormal 

or “reverse” relationship with bond polarity had been characterized previously 
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only for aliphatic systems.1 Thus, when fluorine delocalization takes place in 

aromatic systems, fluorine chemical shift prediction may require more complex 

analysis, such as that provided by computational methods. 

 The concept of fluorine’s complex electronic effects, such as 

hyperconjugation and lone pair back-donation, is not new,27  but the importance in 

terms of 19F-chemical shifts has been more difficult to nail down.  The results here 

for 2F- and 4F-histidine/(5-methyl)-imidazole seem to suggest that when electron 

density is localized in a fluorine lone pair, changes in 19F NMR chemical shifts 

might be understood and predicted with the same chemical knowledge and 

intuition as 1H and 13C chemical shifts. However, when electronic effects lead to 

conjugation of all fluorine orbitals, a framework for understanding fluorine 

chemical shifts is not so straightforward. For understanding 19F chemical shifts in 

proteins, the next step will be to understand to what extent local environment 

induces fluorine lone pair localization/delocalization.  With a database of proteins 

with known local environments and measured 19F chemical shifts,49 and continued 

computational efforts, we may not be too far off from a unifying protocol for a 

priori prediction of 19F-NMR spectra in proteins.From the calculated paramagnetic 

and diamagnetic contributions towards total shielding it appears that in the case of 

2-fluoropyridine, higher paramagnetic deshielding in the neutral structure (relative 

to the protonated state) appears to be the primary reason for the observed upfield 

shift upon ring protonation, whereas, in the case of 4-fluorohistidine, both factors, 

i.e., increased diamagnetic shielding and lowered paramagnetic deshielding 

parameters, support the upfield shift, explaining the “reverse chemical shift” 
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behavior. All of these results and analysis demonstrate that NCS analysis is a 

valuable tool, helping to rationalize the origins of fluorine chemical shifts through 

analysis of diamagnetic and paramagnetic contributions to shielding.  
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CHAPTER 4 

Characterization of CH-----O hydrogen bond in histidine/ fluorohistidine-water 

complexes 

 

4.1. INTRODUCTION 

The hydrogen bond has a crucial role in protein structure-functions affecting 

protein folding and enhancing the stability of folded proteins. Hydrogen bonds are 

involved in the stabilization of secondary structures, protein-ligand interactions and 

proton transfer mechanisms in many enzymatic reactions. Until recently, carbon has not 

been recognized as being involved in hydrogen bonding because of its low 

electronegativity compared to nitrogen or oxygen. But over the past few decades, studies 

have showed the role of the C-H bond as a potential hydrogen bond donor in protein 

structure and function. CH—O hydrogen bonding is observed in many protein crystal 

structures and nucleic acids.1, 2 X-ray crystallographic studies illustrated that CH-O 

hydrogen bond interactions between oxygen of phosphate backbone and carbon atom of 

purines/pyrimidines tends to stabilize the RNA tertiary structure.3 In a study it was 

revealed that the CH-O interaction in thyamine is a common and strong hydrogen bond, 

the same as that of a conventional NH—O hydrogen bond.4 Even though the interactions 

where C is acting as a H-bond donor are weaker than the hydrogen bonds by more 

electronegative atoms such as nitrogen or oxygen, the studies showed that the presence of 

electronegative groups in close proximity helps activate C-H bonding ability by 

strengthening its acidity.5 6 7  Examples of proteins and nucleic acids involved in CH---O 

interactions are depicted in Fig. 4.1.  
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 Studies and protein crystal structures showed the role of imidazole ring carbon 

donor hydrogen bonds in protein stability interactions and in metal binding 8-10 (Fig. 4.2). 

Nanda and co-workers showed imidazole carbon in metal complexes form potent 

hydrogen bond donors.11 In the copper containing metalloenzyme cytochrome c oxidase, 

the polar C-H bonds of imidazole are involved in the enzymes structural stability.12  

Figure 4.1.  A) Hydrogen bonding patterns in Watson-Crick and Hoogstein adenine 
thyamidine basepairs. B) in DNA i-motif 13 C) in RNA tetraplex14 D)extensive CH—O 
hydrogen bonding in copper coordination site in amicyanine.15 

 

The most common method used to evaluate hydrogen bonding character is 

analysis of the donor acceptor (D-A) distance and bond angle (D-H—A) and the 

lengthening of the X-H bond distance (X=hydrogen bond donor atom such as N, O or C). 

Along with this, NMR chemical shifts are used to indicate hydrogen bonds and IR 

nucleic	acids RNA	tetraplex	 

amicyanine 

D 
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spectroscopy is also used to measure the hydrogen bond strength. In CH—O interactions 

the hydrogen bond is characterized by the proton’s downfield shift and a red shift in C-H 

IR stretching frequencies. The charge transfer phenomenon also is the fundamental cause 

for the change in C-H bond distances.16, 17  

 

Figure 4.2. Examples of observed carbon donor hydrogen interactions involving metal-
bound imidazoles. 11 

 

Previous studies showed the role of Cε (C2) carbon of histidine as a H-bond 

donor in hydrogen bonding interaction in metalloproteins and enzymes. Our electronic 

structure calculations indicate the Cδ-H bond is more polar in fluorohistidine and 

canonical histidine, which may reflect a propensity for hydrogen bonding. To check if 

there are any existing Cδ-H—O hydrogen bond interactions, we scrutinized the crystal 

structures of proteins which are solved through neutron diffractions. Through neutron 

diffraction, it is easy to differentiate the protonation states of imidazole rings, as this 

technique allows for well –defined position of all the atoms including protons.18-20 The 

the imidazole ligand would remain bound as the sixth coordinated
ligand. (See coordinates of partially optimized 4b, d and f in the
Supplement). Therefore, differences of hydrogen bonding to the
different sites in Fe(III) spin state differences in hydrogen bonding
could not be determined. For Fe(II) structures, the high spin state
was lower in energy in our model complex.

3.2. PDB survey

Using databases of high-resolution molecular structures, it is
possible to identify weak interactions based on their frequency of
occurrence [34], often complementing DFT calculations [35]. Previ-
ously, we surveyed the PDB for histidine carbon donor hydrogen
bonds, exploring the effect of the imidazole protonation state
[12]. Here, we extend this analysis to metalloproteins, looking for
carbon donor hydrogen bonds involving histidines which are di-
rectly bound to metals. Only 340 cases of metal–imidazole com-
plexes donating C–H hydrogen bonds were found in our data set
of greater than five thousand proteins, making it challenging to
collect good statistics on these interactions. However, comparing
the distribution of C!!!O distances for imidazole–metal complexes
to previously obtained data for neutral and protonated imidazole
suggests that carbon donor hydrogen bonding strength of metal-
bound imidazoles is somewhere between neutral and protonated
states.

A total of 130 zinc–imidazole complexes with carbon donor
hydrogen bonds were found, evenly divided between Ce1 and Cd2

interactions. Ce1 interactions are tighter, with a peak C!!!O interac-
tion distance of 3.2 Å versus 3.4 Å for Cd2 (Fig. 3A). Iron–imidazole
complexes are similar, with the peak Ce1 interactions at 3.2 Å ver-
sus 3.3 Å for Cd2 (Fig. 3B). Combining all 340 metal sites gives the
same result. Comparing metal–imidazole complexes with neutral
and protonated distributions (combining Ce1 and Cd2), show metal
interactions to be of intermediate strength (Fig. 3C). No examples
were found in surveyed metalloproteins of C!!!O distances less than

2.9 Å, whereas protonated imidazole shows a significant peak at
2.8 Å. Neutral imidazoles peak between 3.3 Å for Ce1 and 3.4 Å
for Cd2.

In iron, zinc and all metals combined, we observed a second
peak for both Ce1 and Cd2 at a larger distance of approximately
0.3–0.4 Å. The distributions combine oxygen acceptors from water,
backbone carbonyls and sidechain carboxylates (Fig. 4). We note
that the tightest interactions (Fig. 4E) are dominated by sp2 oxygen
acceptors, although it is difficult to conclusively identify the molec-
ular origin of the two peaks from such a limited number of struc-
tures. Another source of error is the method used to identify
neutral versus charged imidazoles [12] and the imidazole ring ori-
entation [37]. Some of the shorter distances in the neutral curve
may be protonated imidazoles or incorrectly assigned imidazole
ring flips in the crystal structure, making a nitrogen donor hydro-
gen bond look like a carbon is the donor.

In addition to the charge-transfer component of hydrogen
bonding, protonation or metal binding of the imidazole will result
in a direct electrostatic interaction between the net positive charge
of the imidazole complex and the water, carbonyl or carboxyl di-
pole. The local protein environment can tune the strength of elec-
trostatic forces in the metal site [36]. Overall, analysis of the
structural database supports the DFT calculations suggesting the
metals can improve imidazole carbon donor hydrogen bonds.

A number of metalloprotein families showed conserved carbon
donor hydrogen bonds involving a metal-complexed histidine. We
observe cases of plastocyanin structures where a carbon donor
hydrogen bond could potentially be involved in coupled folding
and metal binding. In the absence of copper, the Ne2 of a histidine
makes a bidentate hydrogen bond with two backbone carbonyls
(Fig. 5). Upon binding, the imidazole flips 180! around the Cb–Cc
bond [38], replacing Ne2 with Ce1 as the hydrogen bond donor.
By activating the carbon donor hydrogen bonds upon copper bind-
ing, the energetic cost of losing the nitrogen donor hydrogen bonds
may be reduced, improving the apo-protein affinity for metal. An
important component of metal binding is the pre-organization of
sidechain ligands in the apo-state [39,40]. Exchange of one type
imidazole hydrogen bond for another could be used to affect this
in other proteins as well. Several other classes of metalloproteins
showed similar conserved hydrogen bonds, including matrix
metalloproteases and several metallohydrolases (Fig. 6 and
Supplement).

3.3. P. furiosus superoxide reductase

SORs are a recently discovered class of superoxide scavenging
enzymes that reduce superoxide radicals to hydrogen peroxide
[17]. A key intermediate in the reaction mechanism is a Fe–hydro-
peroxo intermediate. Cleavage of the iron–peroxo bond is accom-
plished by cooperation between a network of local hydrogen

Fig. 5. Metal ligands of apo-plastocyanin from poplar and copper bound plastocy-
anin from cyanobacteria. Bidentate C–H!!!O bonds replace N–H!!!O bonds upon
metal binding. He1 and He2 coordinates were generated using ideal bond lengths
and angles.

Fig. 6. Examples of observed carbon donor hydrogen interactions involving metal-bound imidazoles. C!!!O distances are 1GKD – 3.22 Å, 3.31 Å, 1DTM – 3.29 Å, 1G5B – 3.09 Å.

1058 A. Schmiedekamp, V. Nanda / Journal of Inorganic Biochemistry 103 (2009) 1054–1060
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screening shows that, in some proteins, the C4 carbon is involved in hydrogen bond 

interactions with other electronegative atoms. Examples of C2-H—O and C4-H---O 

interactions in protein crystal structures are shown in Fig. 4.3.21-23 

 

Figure 4.3. Examples of CεH---O (C2H--O) and Cδ-H---O (C4H---O) interactions in 
protein crystal structures. a) Photoactive yellow protein (PDB ID: 2ZOI)21 b) HIV 
protease (PDB ID: 2ZYE)22  c) Myoglobin (PDB ID: 1L2K).23 

 

In this work we corroborated the presence of Cδ-H—O (C4-H) interaction 

between histidine and water complexes. The results indicate that histidine’s imidazole 

ring in τ-tautomeric states acts as a strong hydrogen bond donor compared to imidazole 

ring in N1-H (π-tautomer) protonated state. Further the calculations demonstrate that the 

a) b) 

C) 
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presence of the electronegative atom fluorine at the 2nd position makes histidine a more 

potent hydrogen bond donor compared to canonical histidine. 

 

4.2. COMPUTATIONAL DETAILS: 

 All the geometries are energy minimized using BHandHLYP and second order 

Moller-Plesset perturbation theory (MP2) functionals with 6-31+g(d) basis set. The 

geometries include histidine-τ tautomer (His-τ), histidine-π tautomer (His-π), complex1: 

histidine-τ/water complex (His-τ/H2O), complex2: histidine-π/water complex (His-

π/H2O), 2-fluorohistidine-τ-tautomer (2FHis-τ), 2-fluorohistidine-π-tautomer (2FHis-π), 

complex3: 2-fluorohistidine-τ-water complex (2FHis-τ/H2O) and complex4: 2-

flurohistidine-π-water complex (2FHis-π/H2O). Restricted (or partial) energy 

minimization is performed on complexes, in which only Cδ-Hδ atoms from histidine and 

H-O-H from water are allowed to move, leaving all other atoms rigid. The electrostatic 

potential distribution on each atom, free energies, C-H bond stretching frequencies, 

electron densities and natural bond orbital (NBO) calculations are performed using 

BHandHLYP and MP2 methods. The hydrogen bonding interaction energy, ΔE given in 

Eq. 4.1, is calculated by taking the difference between the energy of histidine-water 

complex (EAB) and the summation of histidine energies (EA and EB respectively). The 

binding energies corrected for basis set superposition error by counterpoise method are 

also reported. All the calculations are performed in Gaussian 09 software. Gauss View5 

software is used for molecular preparation and visualization. 

ΔE = EAB – (EA + EB)                                                                             (4.1) 
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4.3. RESULTS  

4.3.1. Energies 

 The optimized geometries of histidine and 2-fluorohistidine tautomeric states with 

BHandHLYP/6-31+g(d) method are shown in Fig. 4.4. The calculated energies suggest 

that both the fluorinated and non-fluorinated analogues are stable in their N3-H (τ-

tautomer) protonated conformation, compared to N1-H (π-tautomer) conformations. In 

the case of histidine, our calculations show that the τ-tautomer is stabilized by 1.5 

kcal/mol with respect to π-tautomer. Experimentally the tautomeric ratio (τ : π) for 

canonical histidine is 80 : 20.24 In the same way, in 2-fluorohistidine the τ-tautomer is 

observed to be more stable than π-tautomer with energy difference of 1.3 kcal/mol.  Also, 

the calculated energies with MP2/6-31+g(d) are indicated in Table 4.1 within parentheses.  

 Fig. 4.5 shows the optimized conformations of histidine and water and 2-

fluorohistidine and water in both the τ and π tautomeric states. The histidine-τ/H2O 

complex is observed to be highly stable, with an energy difference by ~4 kcal/mol (table 

4.1) with respect to the His-π/H2O conformation. Also, the hydrogen bond interaction 

with the fluorinated analogue is observed to enhance the τ-tautomer stability by an energy 

difference of ~4 kcal/mol with respect to the π-tautomer-water interaction. This data 

illustrates the stabilization of τ-tautomeric structures of histidine and 2-fluorohistidine by 

their hydrogen bond interactions with a water  molecule. 
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Figure 4.4. Optimized geometries of a) histidine-τ/H2O (His-τ/H2O), b) histidine-π (His-
π/H2O) c)2-fluorohistidine-τ/H2O (2FHis-τ/H2O), d) 2-fluorohistidine-π/H2O (2FHis-
π/H2O) 

 

 

 

(d)$

(b)$(a)$

(c)$
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Figure 4.5. Optimized geometries of complex 1: histidine-τ/H2O (His-τ/H2O); complex 
2: histidine-π/H2O (His-π/H2O); complex 3: 2-fluorohistidine-τ/H2O (2FHis-τ/H2O); 
complex 4: 2-fluorohistidine-π/H2O (2FHis-π/H2O). The dotted line indicates hydrogen 
bond and bond distance in Angstroms calculated with BHandHLYP/6-31+g(d) method. 
The values in paranthesis are bond distances calclated with MP2/6-31+g(d) method. 

 

 

 

 

 

 

2.14	(2.12)	
2.43	(2.35)	

2.12	(2.1)	
2.39	(2.32)	

complex	1	 complex	2	

complex	3	 complex	4	
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Table 4.1. Relative tautomeric energies for histidine and 2-fluorohistidine in their 
monomeric state and upon complexing with water. 

 

4.3.2. Molecular properties 

 A lengthening in C-H bond distance is observed for all the complexes compared 

to their isolated/monomeric states (Table 4.2). Comparing the complexes, the elongation 

in H—O bond distance is observed up to 0.3 Å going from complex 2 to complex 1(His-π 

to His-τ) and from complex 4 to complex 3 (2FHis-π to 2FHis-τ).  Further, it important to 

point out that by substituting the fluorine on the imidazole ring’s τ-tautomer, the 

intermolecular bond distance (H---O) shortens to a greater extent (2.14 to 2.12 Å), 

indicating the strong interaction between water and 2FHis τ-tautomer. The increased 

hydrogen bond strength of τ-tautomer compared to π- tautomer in both fluorinated and 

nonfluorinated analogues is also corroborated by an increased C-H—O bond angle, with 

τ-tautomers having a more linear geometry. 

 

 

Molecule Tautomer Monomer 

 

Monomer+water complex 

 ΔE ΔE 

histidine  τ 0.00 kcal/mol (0.00 kcal/mol) 0.00 kcal/mol (0.00 kcal/mol) 

 π 1.52 kcal/mol (1.95 kcal/mol)  3.95 kcal/mol (3.70 kcal/mol) 

2-fluorohistidine  τ 0.00 kcal/mol (0.00 kcal/mol) 0.00 kcal/mol (0.00 kcal/mol) 

 π 1.28 kcal/mol (1.84 kcal/mol) 3.81 kcal/mol (3.52 kcal/mol) 



 104 

Table 4.2. Calculated hydrogen bond distance (C-H, CH—O, Å) and bond angles (C-
H—O, °) for isolated histidine molecules and complexes.  

 

4.3.3. Interaction energies 

Interaction energies are calculated for all the complexes with and without basis set 

superposition error corrections. The complex with a more negative interaction energy 

indicates a more highly stabilized structure. In complex 1, the histidine’s interaction with 

water is highly favored compared to complex 2. In the same way in the fluorinated 

Compound Parameters BHandHLYP MP2 

His-τ BC-H   C9-H14 1.071 1.082 

His-τ/H20 

(complex1) 

BC-H   C9-H14 

BH—O   H14-O28 

AC-H--O  C9-H14—O28 

1.073 

2.140 

139.83 

1.0826 

2.12 

137.46 

His-π BC-H   C9-H14 1.073 1.083 

His-π/H2O 

(complex2) 

BC-H   C9-H14 

BH—O   H14-O27 

AC-H--O  C9-H14—O27 

1.072 

2.43 

125.2 

1.082 

2.35 

124.86 

2FHis-τ BC-H   C9-H14  1.071 1.081 

2FHis-τ/H2O 

(complex 3)  

BC-H   C9-H14 

BH—O   H14-O29 

AC-H--O  C9-H14—O29 

1.073 

2.120 

138.95 

1.082 

2.1 

136.55 

2FHis-π BC-H   C9-H14 1.073 1.082 

2-FHis-π/H2O 

(complex 4) 

BC-H   C9-H14 

BH—O   H14-O28 

AC-H--O  C9-H14—O28 

1.072 

2.390 

125.09 

1.0813 

2.32 

124.7 



 105 

analogue also, the τ-tautomer’s complexation with water is highly stabilized respective to 

the π-tautomer. In addition, it is found that adding one fluorine atom increases the 

binding stability energies up to ~0.5 kcal/mol. These results indicate the increased 

stability among complexes in the order of   complex 2 (His-π/H2O) < complex 4 (2FHis-

π/H2O) < complex 1 (His-τ/H2O) < complex 3 (2FHis-τ/H2O) with both BHandHLYP 

and MP2 methods. The interaction energies by considering counterpoise correction with 

BHand HLYP method are also reported in Table 4.3.  

Table 4.3. Calculated hydrogen bond interaction energies with (ΔEHBF, CP ) and without 
basis set superposition error (ΔEHBF ) in kcal/mol for all the complexes using 
BHandHLYP and MP2 methods with 6/31+g(d) basis set. 

 

4.3.4. Partial charge distribution 

Absolute charge (electrostatic potential) differences between hydrogen bond 

forming atoms are calculated are are listed in Table 4.4. The charge differences (Δq) are 

calculated using NBO and ChelpG methods with both MP2 and BHandHLYP functionals. 

The differences in Δq indicate the electrostatic attraction between interacting atoms; 

higher values indicate stronger coulombic interactions. The calculated NBO and ChelpG 

 Complex 1 Complex 2 Complex 3 Complex 4 

ΔEHBF  (kcal/mol) 
(BHandHLYP) 

-10.98  
 

-8.54 
 

-11.19 
 

-8.66 
 

ΔEHBF  (kcal/mol) 

(MP2) 

-12.29 
 

-10.54 
 

-12.50 
 

-10.82 
 

ΔEHBF,CP  

(kcal/mol) 

(BHandHLYP) 

-11.31 -9.54 -11.54 -9.84 
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charge difference between H and O atoms is observed to be more for complexes in τ-

tautomeric states (complex 1 and complex 3) compared to those in π-tautomeric states 

(complexes 2 and 4).  

The measured ESP charges via BHandHLYP method indicate that the τ-

tautomer’s C-H bond is highly polar compared to π-tautomer’s, with the difference in Δq 

of 0.56e atomic units in ChelpG calculations. Further, upon substituting fluorine on the 

2nd carbon of the imidazole ring the C-H bond polarity is further increased to 0.65 a.u. 

This same trend can be observed via MP2 calculations.  

 Further, the electrostatic attraction between hydrogen bond forming atoms is 

measured by taking the absolute charge difference between respective atoms. As shown 

in Table 4.4, the ChelpG charge difference between hydrogen and oxygen illustrates that 

2-fluorohistidine’s C-H bond forms the strongest hydrogen bond with a charge difference 

of 1.32 a.u., higher than all other systems studied in here.  
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Table 4.4. Calculated NBO ChelpG charge difference between the atoms involved in 
hydrogen bonding interactions for complexes. 

 

Method 

 

System 

NBO ChelpG 

C-H charge 
difference   
(Δq) 

H-O charge 
difference 
(Δq) 

C-H charge 
difference 
(Δq) 

H-O charge 
difference 
(Δq) 

 

 

BHandHLYP 

Complex 1 0.35 1.31 0.56 1.25 

Complex 2 0.33 1.29 0.00 1.07 

Complex 3 0.36 1.31 0.65 1.32 

Complex 4 0.32 1.29 0.10 1.13 

      

 

 

MP2 

Complex 1 0.34 1.32 0.58 1.29 

Complex 2 0.30 1.30 0.00 1.10 

Complex 3 0.35 1.33 0.68 1.36 

Complex 4 0.29 1.31 0.13 1.17 

 

4.3.5. Natural Bond Orbital  (NBO) Analysis 

The Table 4.5 shows the occupation number for donor oxygen lone pairs and 

acceptor C-H bonds involved in CH----O interactions. The second order perturbation 

orbital energies for each CH---O interaction are listed in kcal/mol. According to 

calculated methods, it is seen that the C-H occupation number is high in complex 1 and 

complex 3 compared to complex 2 and complex 4. Also it is important to note that, when 

going form non-fluorinated compound (complex 1) to fluorinated compound (complex 3), 

the C-H antibond occupation number slightly increases. As can be seen in Table 5 the 

interaction energy (E2) is ~3 kcal/mol higher in complexes 1 and 3 (where histidine is in 

τ-tautomeric states) compared the complexes 2 and 4 in which histidine is in π-tautomeric 

states. 
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Table 4.5. NBO analysis of complexes showing second order perturbation interaction 
energies (E2) and occupation number for oxygen lone pairs and C-H antibonds.  

 

Various studies have shown that the appearance of a hydrogen bond critical point 

between donor and acceptor indicates formation of hydrogen bond.25, 26 At the hydrogen 

bond critical point, the value of electron density is relatively low. The calculated electron 

density contours for all the complexes are shown in Fig. 4.6. One hydrogen bond critical 

point is observed in complexes 2 and 4 between O27-H29----O29 (or O28 on the 

backbone). In complex 1 and 3, an extra hydrogen bond critical point is observed 

involving C9-H14 as donor and O28 (or O29) as acceptor. By this analysis, a C4-H--O 

bond is only observed between atoms oxygen and C4-H (Cδ-H) when the imidazole ring 

is in τ-tautomeric form.  

System Method Donor Acceptor Occupancy 

of donor 

Occupancy 

of acceptor 

E2 

kcal/mol 

Complex 1 

 

BHandHLYP 

MP2 

LP(2)O28 

 

BD*(1)C9-H14 

 

1.99234 

1.99402 

0.01605 

0.01301 

3.73 

3.85 

Complex 2 BHandHLYP 

MP2 

LP(2)O27 

 

BD*(1)C9-H14 

 

1.99542 

1.99975 

0.01464 

0.0125 

0.56 

0.81 

Complex 3 

 

BHandHLYP 

MP2 

LP(2)O29 

 

BD*(1)C9-H14 

 

1.99199 

1.9938 

0.01654 

0.01333 

3.87 

3.96 

Complex 4 

 

BHandHLYP 

MP2 

LP(2)O28 

 

BD*(1)C9-H14 1.99518 

1.9962 

0.01456 

0.01235 

0.66 

0.93 
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Figure 4.6. Electron density contour map for 1) complex 1 (His-τ/H2O) 2) complex 2 
(His-π/H2O) 3) complex 3 (2FHis-τ/H2O) 4) complex 4 (2FHis-π/H2O).  

 

4.3.6. IR stretching frequencies 

C4-H bond stretching frequencies and IR intensities are calculated for His-τ, 

2FHis-τ, alone and in complex with water. The interaction with the water molecule leads 

to lower frequencies and higher intensity of C-H stretching for both fluorinated and non-

fluorinated histidine. The histidine’s τ-tautomer interaction with water lead to lower the 

C-H bond stretching frequency from 3389 cm-1 to 3382 cm-1 with increased intensity 

(Table 4.6). Further, an enhanced red shift is observed (from 3395 to 3386 cm-1) for 

fluorinated histidine when it is coupled to water. The higher values of red shift and 

complex$1$ complex$2$

complex$3$ complex$4$
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increased intensity in C-H stretching indicates strong interaction. Thus, the results show 

that 2FHis-τ is a potent hydrogen bond donor compared to its non-fluorinated analogue. 

This has implications for protein engineering work and fluorotagging of proteins with 2F-

His for 19F NMR spectroscopic studies. 

Table 4.6. Calculated vibrational frequencies (cm-1), IR intensity and red shifts of C4-H 
(Cδ-H) bond stretching upon complexation with water molecule. 

System C-H bond stretching frequencies 

IR Frequency (cm-1) Intensity Red shift(cm-1) 

His-τ 3389.3 0.3215 - 

His-τ/H2O(complex1) 3382.57 27.3255 7 

2FHis-τ 3395.3 1.2135 - 

2FHis-τ/H2O(complex3) 3386.57 30.2261 9 

 

4.4. DISCUSSION  

In this study, we examined the role of Cδ-H bond of histidine as a potential 

hydrogen bond donor. From the results, Cδ-H appears to be a true hydrogen bond donor 

in the τ-tautomers of histidine and 2-fluorohistidine. The results indicate that when  

histidine and fluorohistidine are in N3-H protonation state (τ-tautomer) the molecules 

acts as a real hydrogen bond donor compared to when they are in N1-H protonation state. 

To our knowledge, this is the first identification of histidine Cδ-H---O hydrogen bonds in 

crystal structures. By surveying all the protein structures solved by  neutron diffraction in 
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the RCSB (having resolution < 2.0 A°), it was found by inspection of crystallographic 

structures in the PyMOL visualization suite that 8 of the 13 structures had histidine C2-H 

(Cε-H) hydrogen bonds. (Out of 8 structures 4 histidines are protonated, 3 are in τ 

tautomeric state and 1 is in π tautomeric state). Meanwhile 5 histidine C4-H (Cδ-H) 

hydrogen bonds were identified, with 3 being in protonated state and π and τ tautomeric 

states have each. The C4-H bond is sterically hindered relative to the previously 

identified histidine C2-H hydrogen bond donor. However, this work suggests that the C4-

H---O interactions of the τ-tautomer, when sterically feasible, is a strong interaction and 

researchers should be aware of it when analyzing protein structures to understand the 

stability and structure-function. Also, inserting the fluorine on imidazole carbon (C2) 

appears to enhance the hydrogen bond donor feature. Binding energies, interaction 

energies, and molecular properties suggest that the C-H—O bond interactions can be 

considered to have a potentially important role in protein folding and stabilization. 
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CHAPTER 5 

Evaluating electronic structure methods for accurate calculation of 19F chemical 

shifts in fluorohistidine analogues and other fluorinated amino acids. 

Note: Most of the contents in this chapter are published in Journal of Computational Chemistry, 2017, 15, 
2605.  

 

 

5.1. INTRODUCTION 

 Fluorolabeling of biomolecules provides valuable information regarding protein 

structure, function, dynamics and ligand binding events, yet development of a robust 

computational protocol for reliable identification of fluorine chemical shifts is hampered 

by a lack of knowledge regarding the best electronic structure methods to accurately 

calculate fluorine shielding. Systematic studies of electronic structure methods for 

calculating fluorine chemical shifts are scarce. Isley et al. worked on a test set of 

fluorine-containing compounds before developing methodology for predicting fluorine 

chemical shifts in proteins, while commenting on the paucity of such studies.1 Harding et 

al. examined methods for gas-phase fluorine chemical shifts in small molecules, focusing 

on high levels of theory.2 The data set examined in this paper contains fluorinated amino 

acids and analogues for which fluorine chemical shifts have been determined 

experimentally.  It surveys methods that are computationally tractable for these larger 

systems, in implicit solvent.  In this work, computational methods for predicting absolute 

and relative fluorine chemical shifts are evaluated, studying fluorohistidine with known 

changes in fluorine shielding due to backbone, and protonation effects that may serve as 

proxies for changes in protein environment. For the ultimate goal of developing a 
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comprehensive and accurate method to predict fluorine chemical shifts in proteins, 

accurate determination of relative chemical shift (vs. absolute) is ostensibly the more 

necessary criterion.  In addition, since amino acid chains represent many structures 

commonly seen in organic compounds, these results may serve as a guide to study 

fluorinated ligands and organic molecules.3  

 

5.2. METHODS 

 The effects of protein environment can be propagated through the bonding 

framework,4 5 or arise from differences in primary and secondary structure, different 

dielectric environments (interior vs. solvent-exposed), and site-specific differences in 

neighbors, close contacts, and hydrogen bonds.  In this work, these effects are examined, 

respectively, by comparing “backbone effects” (changes in substituents on the amino acid 

side chain where Cα is bound); and changes in protonation state.  Fig 5.1A. illustrates the 

systems studied within each of these categories. Experimental 19F NMR chemical shifts 

were obtained from the literature for aqueous 2- and 4-fluorohistidine, 2- and 4-fluoro-(5-

methyl)-imidazole, and 2- and 4-fluoroimidazole.6 

 The goal of this work is to identify efficient and accurate electronic structure 

calculations that can be carried out by typical computational resources. For that reason, 

Hartree-Fock, DFT, and MP2 methods (without computationally-expensive augmented 

correlation consistent basis sets) were considered.   All the calculations were performed 

with the Gaussian 09 package 7 with Hartree-Fock (HF), MP2, and the density functional 

methods: BLYP, B3LYP,8 9 BHandHLYP, M06, M06L, M062X,10 PW91PW91,11 

PBE0,12 PBEPBE,11 ωB97X,13 and ωB97XD.14 While this set is not exhaustive, it does 
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contain both GGA, hybrid, and local functionals, commonly used methods, and those 

shown in other literature reports to provide reliable NMR chemical shifts.  For instance, 

PBE1PBE (a.k.a. PBE0) has been shown to provide reliable values of 1H, 13C and 19F 

chemical shifts in large and small organic compounds.15 16 Yu et al. showed 

BHandHLYP to provide reliable data for amino acids,17 and our previous work indicated 

that BHandHLYP provided good prediction of 19F chemical shifts in fluorohistidine 

isomers (much better than B3LYP).18 This latter result hinted that a higher amount of 

Hartree-Fock exact exchange may improve accuracy for 19F chemical shifts.  Therefore, 

ωB97X, which has 100% long range Hartree-Fock exchange, was added to the set of 

methods, while ωB97XD allows for investigation of the extent to which dispersion 

affects calculated chemical shifts.  When nuclear shielding is calculated with MP2 

methods, values are provided in the output file for both the MP2 and SCF shielding.  

Both of these are considered in this work, indicated by “MP2” or “SCF” in tables and 

charts. 

 Two sizes of basis set were examined for each method, each containing both 

diffuse and polarization functions: 6-31+G* and 6-311++G(3df,2p). Solvation via the self 

consistent reaction field (SCRF) method with Conductor Polarized Continuum Model 

(CPCM)19 and universal solvent model SMD20 were used to perform the calculations, in 

order to see whether choice of implicit solvent model makes a difference in accuracy. 

The molecular structures were optimized with each level of method, and frequency 

calculations resulting in all positive frequencies indicated that the structures are at energy 

minima. NMR shielding tensors were calculated on optimized geometries, using the 



 117 

GIAO (Gauge Independent Atomic Orbital) method.21 22 For the chemical shift reference, 

CFCl3 was used, and chemical shifts of the amino acids, !!"#$% !"#$ , are provided as 

 !!"#$% !"#$ =  !!"!#! −  !!"#$% !"#$ +  !!"#.     (1) 

 The absolute chemical shielding of CFCl3 (!!"!#! ) was calculated with each 

method (using optimized geometry at the same method), and the absolute chemical 

shielding of the amino acid, !!"#$% !"#$ , is provided in the GIAO calculations (at the 

same level of theory as the reference compound). In order to compare calculated values 

to experimental data, the molecules are referenced to hexafluorobenzene (C6F6) chemical 

shielding values were adjusted with !!"#, which is the experimental difference between 

CFCl3 and other reference compounds.23 Error is evaluated throughout by taking the 

absolute value of the deviation of the calculated value from the experimental chemical 

shift, so that cancellation of positive and negative deviations from experimental values 

does not give rise to misleading conclusions regarding mean error.  In the case of 

“relative” chemical shifts, in which changes in shielding of structural analogues or 

isomers with respect to a protonated structures are evaluated, the absolute deviation of the 

difference in chemical shifts (Δppm) is reported. All the geometries were prepared in 

GaussView 5,24 using amino acid templates, modified by substitution of fluorine for 

hydrogen, and adjusted for specified stereochemistry. The different tautomeric states (τ 

and π) of 2-fluoro and 4-fluorohistidines and analogues were considered.18 25 26 The 

fluorine chemical shift of the lowest energy tautomer is reported. 
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5.3. RESULTS 

5.3.1. Absolute chemical shifts 

 Table 5.1 presents the average absolute deviation of fluorine chemical shifts (with 

respect to experimental values), determined for multiple methods (DFT, HF, MP2), with 

two basis sets (6-31+G* and 6-311++(3df,2p)) and two solvation models (SMD and 

CPCM).  Also presented in Table 5.1 is the percentage of systems (12 total) in which the 

method calculates the chemical shift within 1 ppm of the experimental value. It can be 

seen in 5.1 that the top 14 methods are all combinations of basis sets and solvent models 

with three functionals: ωB97X, BHandHLYP, and ωB97XD and M06, which are the only 

methods to have average absolute errors of less than 5 ppm.  
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Table 5.1. Evaluation of electronic structure methods to predict chemical shifts (19F) of 
fluorohistidine analogues in water: mean absolute error and percentage of systems for 
which calculated 

19
F chemical shift is < 1.0 ppm.  

Method ranked from lowest to highest error 
Mean absolute 

error (ppm) 
Percent systems 
error < 1.00 ppm 

ωB97X/ 6-31+G*  SMD,water 2.0 33.3 

BHandHLYP/ 6-311++G(3df,2p)  SMD,water 2.5 33.3 

ωB97X/ 6-311++G(3df,2p)  CPCM,water 2.8 8.3 

BHandHLYP/ 6-31+G*  SMD,water 3.0 25.0 

ωB97X/ 6-311++G(3df,2p)  SMD,water 3.3 16.7 

ωB97XD/ 6-311++G(3df,2p)  CPCM,water 3.3 25.0 

M06/ 6-31+G*  SMD,water 3.3 16.7 

ωB97XD/ 6-31+G*  CPCM,water 3.4 25.0 

ωB97X/ 6-31+G*  CPCM,water 3.7 8.3 

M06/ 6-311++G(3df,2p)  CPCM,water 4.2 16.7 

ωB97XD/ 6-31+G*  SMD,water 4.3 16.7 

M062X/ 6-31+G*  CPCM,water 4.6 0.0 

M06/ 6-31+G*  CPCM,water 4.7 0.0 

BHandHLYP/ 6-311++G(3df,2p)  CPCM,water 4.9 16.7 

M062X/ 6-311++G(3df,2p)  CPCM,water 5.1 0.0 

BHandHLYP/ 6-31+G*  CPCM,water 5.4 8.3 

M06L/ 6-311++G(3df,2p)  SMD,water 5.8 16.7 

WB97XD/ 6-311++G(3df,2p)  SMD,water 5.8 0.0 

M06L/ 6-31+G*  SMD,water 6.0 16.7 

M06L/ 6-311++G(3df,2p)  CPCM,water 6.2 8.3 

PBE1PBE/ 6-311++G(3df,2p)  CPCM,water 6.4 8.3 

M06L/ 6-31+G*  CPCM,water 6.4 0.0 

PBE1PBE/ 6-31+G*  CPCM,water 6.9 0.0 

MP2/ 6-31+G*  CPCM,water - MP2 7.1 8.3 

M06/ 6-311++G(3df,2p)  SMD,water 7.7 0.0 

M062X/ 6-31+G*  SMD,water 7.8 0.0 

M062X/ 6-311++G(3df,2p)  SMD,water 8.4 0.0 

MP2/ 6-31+G*  SMD,water - MP2 9.6 0.0 
 



 120 

Table 5.1. (continued) 

PBEPBE/ 6-31+G*  SMD,water 10.2 0.0 

PBEPBE/ 6-311++G(3df,2p)  SMD,water 11.5 0.0 

B3LYP/ 6-31+G*  CPCM,water 15.8 0.0 

B3LYP/ 6-311++G(3df,2p)  CPCM,water 16.2 0.0 

MP2/ 6-31+G*  SMD,water- SCF 18.8 0.0 

B3LYP/ 6-31+G*  SMD,water 19.5 0.0 

B3LYP/ 6-311++G(3df,2p)  SMD,water 19.8 0.0 

MP2/ 6-31+G*  CPCM,water - SCF 21.5 0.0 

HF/ 6-311++G(3df,2p)  SMD,water 24.7 0.0 

HF/ 6-31+G*  SMD,water 25.6 0.0 

HF/ 6-311++G(3df,2p)  CPCM,water 27.0 0.0 

BLYP/ 6-311++G(3df,2p)  CPCM,water 27.6 8.3 

HF/ 6-31+G*  CPCM,water 27.8 0.0 

BLYP/ 6-31+G*  CPCM,water 28.7 0.0 

PBEPBE/ 6-311++G(3df,2p)  CPCM,water 30.5 0.0 

PW91PW91/ 6-311++G(3df,2p)  CPCM,water 30.8 0.0 

PW91PW91/ 6-31+G*  CPCM,water 32.6 0.0 

PBEPBE/ 6-31+G*  CPCM,water 32.6 0.0 

PW91PW91/ 6-31+G*  SMD,water 36.4 0.0 

PW91PW91/ 6-311++G(3df,2p)  SMD,water 37.5 0.0 

BLYP/ 6-311++G(3df,2p)  SMD,water 42.3 0.0 

BLYP/ 6-31+G*  SMD,water 43.0 0.0 

PBE1PBE/ 6-311++G(3df,2p)  SMD,water 54.7 0.0 

PBE1PBE/ 6-31+G*  SMD,water 57.0 0.0 
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5.3.2. Relative chemical shifts 

 In addition to determining the capability of computational methods to accurately 

calculate absolute values of 19F chemical shifts in water, the ability to predict correct 

relative changes in fluorine shielding as a result of backbone effects and protonation 

effects was examined.  The sets of comparative systems are illustrated in Fig 5.1A. The 

relative chemical shift is defined as Δppm = δamino acid – δanalogue. Here, the chemical shift 

of the reference amino acid structure is given by δamino acid, while δanalogue represents the 

chemical shift of the protonated structure or substituted side chain. Experimental values 

of Δppm are taken from published data, and evaluated error (absolute deviation) in 

calculated Δppm comes from reference to these experimental values.    

 Table 5.2. ranks the methods from lowest to highest average relative error, 

averaged over all fluorohistidine and their analogues.  It also includes the percent time 

that the relative error is equal to or less than 0.5 ppm. The values of error in Δppm range 

from 0.02 for 4-fluorohistidine vs. 4-fluorohistidinium (M062X/6-311++g(3df,2p/SMD 

water) to 40.4 ppm for 4-fluorohistidine vs. 4-fluoroimidazole (BLYP/6-31+G*/CPCM 

water). The error in Δppm averaged across the 14 systems studied and all methods is 3.6 

ppm. Taken altogether, this indicates a rather stringent requirement for accuracy and 

precision in computational methods that can reliably predict changes in shielding due to 

structural or environmental effects.  Table 5.2. indicates that M062X/6-311++g(3df,2p) 

with SMD solvent model has the lowest error in calculating relative 19F chemical shifts, 

predicting the relative error within 0.5 ppm for 29% of the systems.  
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Table 5.2. Ability of methods to calculate relative changes in 19F chemical shifts 
among sets of fluorohistidine and analogues having structural changes (protonation, Cα 
substitution).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Method ranked according to 
the lowest error in relative 

chemical shift values (Δppm) 
Mean relative error (ppm) 

Percent systems error < 0.5 
ppm 

MP2/ 6-31+G*  CPCM,water - 
MP2 

1.83 14.29 
M062X/ 6-31+G*  SMD,water 2.04 7.14 

M062X/ 6-311++G(3df,2p)  
SMD,water 

2.06 28.57 
MP2/ 6-31+G*  SMD,water - MP2 2.16 7.14 
ωB97X/ 6-311++G(3df,2p)  

SMD,water 
2.26 14.29 

ωB97X/ 6-31+G*  SMD,water 2.28 0.00 
ωB97XD/ 6-31+G*  SMD,water 2.30 14.29 

M06/ 6-311++G(3df,2p)  
SMD,water 

2.37 7.14 
ωB97XD/ 6-311++G(3df,2p)  

SMD,water 
2.42 14.29 

M06/ 6-31+G*  SMD,water 2.47 0.00 
BHandHLYP/ 6-31+G*  

SMD,water 
2.47 0.00 

M06/ 6-31+G*  CPCM,water 2.53 14.29 
HF/ 6-311++G(3df,2p)  

SMD,water 
2.59 7.14 

HF/ 6-31+G*  SMD,water 2.59 14.29 
B3LYP/ 6-311++G(3df,2p)  

SMD,water 
2.68 7.14 

PBE1PBE/ 6-31+G*  SMD,water 2.69 7.14 
B3LYP/ 6-31+G*  SMD,water 2.71 0.00 
PBEPBE/ 6-311++G(3df,2p)  

SMD,water 
2.72 7.14 

PBE1PBE/ 6-311++G(3df,2p)  
SMD,water 

2.74 0.00 
PW91PW91/ 6-31+G*  

SMD,water 
2.97 0.00 

PBEPBE/ 6-31+G*  SMD,water 2.97 0.00 
BHandHLYP/ 6-31+G*  

CPCM,water 
3.07 7.14 

M062X/ 6-31+G*  CPCM,water 3.08 14.29 
MP2/ 6-31+G*  SMD,water- SCF 3.09 0.00 
BHandHLYP/ 6-311++G(3df,2p)  

SMD,water 
3.09 14.29 

ωB97X/ 6-31+G*  CPCM,water 3.10 7.14 
BLYP/ 6-31+G*  SMD,water 3.11 0.00 

HF/ 6-311++G(3df,2p)  
CPCM,water 

3.11 14.29 
HF/ 6-31+G*  CPCM,water 3.15 14.29 
ωB97X/ 6-311++G(3df,2p)  

CPCM,water 
3.16 0.00 

BLYP/ 6-311++G(3df,2p)  
SMD,water 

3.19 0.00 
ωB97XD/ 6-31+G*  CPCM,water 3.20 14.29 

M062X/ 6-311++G(3df,2p)  
CPCM,water 

3.22 7.14 
PBE1PBE/ 6-311++G(3df,2p)  

CPCM,water 
3.28 0.00 

ωB97XD/ 6-311++G(3df,2p)  
CPCM,water 

3.39 0.00 
B3LYP/ 6-311++G(3df,2p)  

CPCM,water 
3.47 0.00 

PBEPBE/ 6-31+G*  CPCM,water 3.48 0.00 
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Table 5.2. (continued) 

 

 

  

 

 

 

 

 

 

 

 

 

PW91PW91/ 6-31+G*  
CPCM,water 

3.50 0.00 
M06/ 6-311++G(3df,2p)  

CPCM,water 
3.53 0.00 

PBEPBE/ 6-311++G(3df,2p)  
CPCM,water 

3.54 7.14 
M06L/ 6-311++G(3df,2p)  

SMD,water 
3.55 0.00 

M06L/ 6-31+G*  SMD,water 3.55 0.00 
MP2/ 6-31+G*  CPCM,water - 

SCF 
3.55 14.29 

PW91PW91/ 6-311++G(3df,2p)  
CPCM,water 

3.61 7.14 
BHandHLYP/ 6-311++G(3df,2p)  

CPCM,water 
3.66 0.00 

PBE1PBE/ 6-31+G*  
CPCM,water 

3.68 0.00 
M06L/ 6-31+G*  CPCM,water 3.98 7.14 

M06L/ 6-311++G(3df,2p)  
CPCM,water 

4.07 14.29 
PW91PW91/ 6-311++G(3df,2p)  

SMD,water 
6.04 0.00 

B3LYP/ 6-31+G*  CPCM,water 7.94 7.14 
BLYP/ 6-311++G(3df,2p)  

CPCM,water 
15.66 0.00 

BLYP/ 6-31+G*  CPCM,water 16.03 0.00 



 124 

5.3.3. Absolute and relative chemical shifts in other considered fluorinated 

molecules 

Along with fluorohistidine and their analogues, our group extended the survey to 

19 more fluorinated compounds (and their analogues) to generalize the best method in 

calculating absolute and relative fluorine chemical shifts. All the fluorinated systems 

considered for this survey have been shown in Fig. 5.1. In Fig. 5.2A, a pie graph indicates 

how many times each method provides the lowest error (in a set of 31 molecules) to 

calculate the absolute chemical shifts. It can be see that BHandHLYP/6-311G* method 

using CPCM solvent model and ωB97X/6-31+G* with SMD solvent model are 

nominally the best methods in predicting absolute 
19

F NMR shift values, with each 

having the lowest error in 4 of the 31 systems studied (Table 5.3.). When considering 

only computational method and disregarding the specifics of basis set and solvation 

model, BHandHLYP, M06L, ωB97XD, and ωB97X functionals perform well for 

calculations of 19F NMR chemical spectra. In addition to DFT methods, the MP2 method, 

which is a wave function theory (WFT) approach, performs well only in nonaromatic 

fluorinated systems in water, namely 3-fluoroproline, (2S, 3R)- and (2S, 3S)-4,4,4-

trifluorovaline; (2S, 4R)- and (2S, 4S)-5,5,5-trifluoroleucine. 
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Figure 5.1. Fluorinated systems evaluated in this work. a) Backbone effects: 
fluorohistidine and analogues b) Backbone effects: fluorotryptophan and analogues, p-
fluorophenylalanine and analogues. c) Isomeric effects: 3-fluoroproline, trifluoroleucine, 
and trifluorovaline. d) 3-fluorovaline and trifluoromethionine  
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Figure 5.1. (continued) 
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Figure 5.1. (continued)  
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Figure 5.1. (continued)  
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Table 5.3. Evaluation of electronic structure methods to predict chemical shifts (19F) of 
fluorinated amino acids in water: mean absolute error and percentage of systems for 
which calculated 19F chemical shift is < 1.0 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Method ranked from lowest to highest 
error 

Mean absolute 
error (ppm) 

Percent systems 
error < 1.00 ppm 

ωB97X/ 6-31+G*  SMD,water 2.68 29.03 

BHandHLYP/ 6-311++G(3df,2p)  SMD,water 3.01 35.48 

BHandHLYP/ 6-31+G*  SMD,water 3.09 16.13 

ωB97XD/ 6-31+G*  CPCM,water 3.18 12.90 

BHandHLYP/ 6-31+G*  CPCM,water 3.59 29.03 

ωB97X/ 6-311++G(3df,2p)  CPCM,water 3.85 19.35 

ωB97X/ 6-31+G*  CPCM,water 3.89 22.58 

BHandHLYP/ 6-311++G(3df,2p)  CPCM,water 3.92 16.13 

ωB97XD/ 6-31+G*  SMD,water 4.21 6.45 

ωB97X/ 6-311++G(3df,2p)  SMD,water 4.48 9.68 

ωB97XD/ 6-311++G(3df,2p)  CPCM,water 4.81 9.68 

M06/ 6-31+G*  SMD,water 5.47 9.68 

MP2/ 6-31+G*  CPCM,water - MP2 5.93 12.90 

M062X/ 6-31+G*  CPCM,water 6.19 3.23 

M06/ 6-31+G*  CPCM,water 6.23 3.23 

M06L/ 6-311++G(3df,2p)  SMD,water 6.46 25.81 

M06L/ 6-311++G(3df,2p)  CPCM,water 6.71 6.45 

ωB97XD/ 6-311++G(3df,2p)  SMD,water 7.11 0.00 

MP2/ 6-31+G*  SMD,water - MP2 7.39 12.90 

M062X/ 6-311++G(3df,2p)  CPCM,water 8.15 9.68 

M062X/ 6-31+G*  SMD,water 8.15 0.00 

M06/ 6-311++G(3df,2p)  CPCM,water 8.49 3.23 

M06L/ 6-31+G*  SMD,water 8.62 6.45 
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Table 5.3. (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M06L/ 6-31+G*  CPCM,water 8.95 0.00 

PBE0/ 6-311++G(3df,2p)  CPCM,water 10.39 3.23 

M062X/ 6-311++G(3df,2p)  SMD,water 10.48 0.00 

M06/ 6-311++G(3df,2p)  SMD,water 10.94 0.00 

PBE0/ 6-31+G*  CPCM,water 11.14 0.00 

MP2/ 6-31+G*  SMD,water- SCF 12.48 0.00 

MP2/ 6-31+G*  CPCM,water - SCF 14.06 0.00 

B3LYP/ 6-31+G*  CPCM,water 16.03 0.00 

B3LYP/ 6-311++G(3df,2p)  CPCM,water 18.25 0.00 

B3LYP/ 6-31+G*  SMD,water 18.29 0.00 

HF/ 6-311++G(3df,2p)  SMD,water 18.48 0.00 

B3LYP/ 6-311++G(3df,2p)  SMD,water 19.37 0.00 

HF/ 6-311++G(3df,2p)  CPCM,water 20.00 0.00 

HF/ 6-31+G*  SMD,water 20.22 0.00 

HF/ 6-31+G*  CPCM,water 21.64 0.00 

PBEPBE/ 6-31+G*  SMD,water 22.37 0.00 

PBEPBE/ 6-311++G(3df,2p)  SMD,water 22.54 0.00 

PBE0/ 6-311++G(3df,2p)  SMD,water 28.00 0.00 

PBE0/ 6-31+G*  SMD,water 28.51 0.00 

PBEPBE/ 6-311++G(3df,2p)  CPCM,water 28.87 0.00 

PBEPBE/ 6-31+G*  CPCM,water 29.99 0.00 

BLYP/ 6-311++G(3df,2p)  CPCM,water 31.72 3.23 

PW91PW91/ 6-31+G*  SMD,water 32.85 0.00 

BLYP/ 6-31+G*  CPCM,water 32.94 0.00 

PW91PW91/ 6-311++G(3df,2p)  SMD,water 33.11 0.00 

PW91PW91/ 6-311++G(3df,2p)  CPCM,water 35.50 0.00 

PW91PW91/ 6-31+G*  CPCM,water 36.70 0.00 

BLYP/ 6-311++G(3df,2p)  SMD,water 38.63 0.00 

BLYP/ 6-31+G*  SMD,water 39.03 0.00 
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Table 5. 4. Ability of methods to calculate relative changes in 19F chemical shifts among 
sets of amino acids and analogues having structural changes (protonation, Cα substitution, 
isomers). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Methods ranked according to the lowest 
error in relative chemical shift values 

(Δppm) 

Mean 
relative 

error (ppm) 

Percent systems with 
error < 0.5 ppm 

MP2/ 6-31+G*  CPCM,water - MP2 1.84 21.74 
MP2/ 6-31+G*  SMD,water - MP2 1.88 8.70 

M062X/ 6-31+G*  SMD,water 2.13 13.04 
ωB97X/ 6-31+G*  SMD,water 2.19 8.70 

ωB97X/ 6-311++G(3df,2p)  SMD,water 2.30 13.04 
M062X/ 6-311++G(3df,2p)  SMD,water 2.31 21.74 

BHandHLYP/ 6-31+G*  SMD,water 2.32 4.35 
ωB97XD/ 6-31+G*  SMD,water 2.33 13.04 

HF/ 6-31+G*  SMD,water 2.33 17.39 
ωB97XD/ 6-311++G(3df,2p)  SMD,water 2.36 8.70 

HF/ 6-311++G(3df,2p)  SMD,water 2.39 4.35 
M06/ 6-311++G(3df,2p)  SMD,water 2.41 13.04 

B3LYP/ 6-31+G*  SMD,water 2.60 0.00 
PBE0/ 6-31+G*  SMD,water 2.62 8.70 

PBE0/ 6-311++G(3df,2p)  SMD,water 2.64 0.00 
MP2/ 6-31+G*  SMD,water- SCF 2.66 8.70 

PBEPBE/ 6-311++G(3df,2p)  SMD,water 2.67 8.70 
BHandHLYP/ 6-311++G(3df,2p)  SMD,water 2.69 8.70 

ωB97X/ 6-31+G*  CPCM,water 2.70 13.04 
B3LYP/ 6-311++G(3df,2p)  SMD,water 2.71 4.35 

HF/ 6-31+G*  CPCM,water 2.72 17.39 
M062X/ 6-31+G*  CPCM,water 2.75 17.39 

BHandHLYP/ 6-31+G*  CPCM,water 2.77 13.04 
HF/ 6-311++G(3df,2p)  CPCM,water 2.78 13.04 

ωB97X/ 6-311++G(3df,2p)  CPCM,water 2.78 4.35 
PBE0/ 6-311++G(3df,2p)  CPCM,water 2.83 8.70 

MP2/ 6-31+G*  CPCM,water - SCF 2.92 8.70 
PBEPBE/ 6-31+G*  SMD,water 2.92 4.35 

M06L/ 6-311++G(3df,2p)  SMD,water 2.94 13.04 
M062X/ 6-311++G(3df,2p)  CPCM,water 2.95 8.70 



 132 

Table 5. 4. (continued) 

 

 

 

 

 

 

 

 

 

 

The number of times each method appeared as the best method (with the most accurate 

calculation, represented by the least relative error) is shown in Fig 5.2B. According to Fig. 

5.2B, when neglecting the details of basis set and solvation model, both MP2 and PBE0 

methods have the highest number  of most accurate ppm values. Overall, MP2/6–

311G*/CPCM solvent performed best, with most accurate values calculated for 4 of the 

23 comparative systems. Fig. 5.3 indicates how many times each method is within the top 

three methods for relative chemical shift calculations (Δppm values), based on lowest 

relative error. Fig. 5.3 also confirms that MP2 methods generally provide accurate 

BLYP/ 6-311++G(3df,2p)  SMD,water 2.96 0.00 
PW91PW91/ 6-31+G*  SMD,water 3.00 4.35 

BHandHLYP/ 6-311++G(3df,2p)  CPCM,water 3.05 8.70 
BLYP/ 6-31+G*  SMD,water 3.08 0.00 

PBEPBE/ 6-31+G*  CPCM,water 3.08 4.35 
PBE0/ 6-31+G*  CPCM,water 3.09 0.00 

PBEPBE/ 6-311++G(3df,2p)  CPCM,water 3.12 13.04 
M06/ 6-311++G(3df,2p)  CPCM,water 3.16 0.00 
PW91PW91/ 6-31+G*  CPCM,water 3.24 4.35 

PW91PW91/ 6-311++G(3df,2p)  CPCM,water 3.26 8.70 
ωB97XD/ 6-31+G*  CPCM,water 3.33 17.39 

ωB97XD/ 6-311++G(3df,2p)  CPCM,water 3.52 0.00 
M06/ 6-31+G*  SMD,water 3.55 0.00 

M06/ 6-31+G*  CPCM,water 3.57 8.70 
M06L/ 6-311++G(3df,2p)  CPCM,water 3.79 13.04 

M06L/ 6-31+G*  SMD,water 4.24 4.35 
PW91PW91/ 6-311++G(3df,2p)  SMD,water 4.71 0.00 

M06L/ 6-31+G*  CPCM,water 4.98 4.35 
B3LYP/ 6-31+G*  CPCM,water 5.69 8.70 

B3LYP/ 6-311++G(3df,2p)  CPCM,water 6.08 4.35 
BLYP/ 6-311++G(3df,2p)  CPCM,water 10.50 8.70 

BLYP/ 6-31+G*  CPCM,water 13.73 0.00 
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relative changes in 19F chemical shifts of fluorinated systems in water. Simultaneously, 

M062X method also emerges many times among the best three methods. Other good 

performers include xB97XD, PBE0, HF, M06  and PBEPBE. 

 

 

              

 

Figure 5.2. A) Number of molecules (out of 31) for which a method provides the least 
absolute error value in chemical shift calculations. B) Number of comparative systems 
(out of 23 total) for which a method provides the lowest error value in relative chemical 
shift (Δppm value).  

 

 

 

A	 B	
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When examining each fluorinated system solely considering lowest relative error, 

MP2, PBE0, M062X, HF, and M06L methods appear the most reliable in procuring 

correct relative 19F chemical shifts for aromatic fluorinated compounds. The non-

aromatic systems have a different behavior. In fluoroproline isomers, where cis-trans 

isomerization effects are considered, ωB97X and BHandHLYP methods also perform 

well in addition to MP2, M062X, and HF methods. But for the trifluorovaline systems, 

M062X method does not have good performance. When considering fluorinated systems 

independently, it is evident that SMD solvent model is better in most cases for calculating 

relative shifts. This is evident in data for fluorohistidine, fluoroimidazole, and fluoro-(5-

methyl)-imidazole protonation effects, and fluorotryptophan versus fluoroindole 

backbone effects. It is also noticeable that the 6–31+G* basis set is the best performer, 

since it appears to correctly calculate changes in shielding in many comparative systems. 
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Figure 5.3. Number of comparative systems (out of 23) for which a method is ranked in 
the top three most accurate relative (Δppm) 19F chemical shifts.  

  

The best functionals to compute absolute fluorine chemical shifts for 

fluorohistidine and their analogues include BHandHLYP, ωB97X, M06, and ωB97XD.  

In general for all the fluorinated systems (31) considered above, along with BHandHLYP, 

ωB97X, ωB97XD functionals, the M06L functional also stands in top place in computing 

absolute chemical shifts. BHandHLYP has 50% HF exchange and 50% B88 GGA 

exchange. ωB97X and ωB97XD are range separated hybrid functionals that split the 

exact exchange contribution into short-range and long-range. In ωB97X, the exchange 

correlation function is composed of 16% short-ranged HF exchange, 100% long-ranged 

HF exchange and a value of 0.3 for ω. It should be noted that the smaller the ω value, the 
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longer the range of the short-ranged operator will be.13 In ωB97XD, the long-range 

exchange has a longer length scale (value of 0.2 for ω); however, the amount of exact 

exchange in the short-range component is increased to 22%. Note the comparative 

performance of BHandHLYP over BLYP and B3LYP. As stated before, BHandHLYP 

has 50% HF exchange, whereas B3LYP has only 20% HF exchange and BLYP is not a 

hybrid functional (no HF exchange). The comparison across the series of functionals with 

Becke exchange and Lee-Yang-Parr GGA correlation may indicate that accurate 

shielding calculations of fluorine require higher amounts of HF exchange  

The best performing functionals for relative changes in fluorine nuclear shielding 

(evaluated over structural analogues and isomers) are the Minnesota functionals M062X 

and M06.  When considering just the fluorohistidine and their analogues M062X, ωB97X 

and MP2 stand in the top row. M062X is one of the recently developed Minnesota 

functionals with double the amount of nonlocal exchange. It is a global hybrid meta GGA 

with 54% HF exchange.10 The M06 functional, however, has a lower amount of HF 

exchange (27%). M062x performed particularly well with fluorohistidine analogues and 

4F-tryptophan versus 4F-indole, and performed poorly with trifluorovaline, whereas M06 

did well calculating 19F chemical shifts of trifluorovaline. Our dataset is 

admittedly biased toward fluorinated aromatic amino acids, which have been commoly 

used in protein fluorolabeling studies. It is possible that our dataset indicates that better 

results are obtained for fluorinated aromatic compounds when functionals with higher 

amounts of HF exchange are used. A summary of recommended methods to calculate 

absolute 19F chemical shifts for each family of fluorinated compounds is depicted in Fig. 

5.4.  
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Figure 5.4. Flowchart showing recommended methods for different types of fluorinated 
families.  

 

5.4. CONCLUSIONS 

 When considering future work on the fluorinated amino acids surveyed here, Fig. 

5.4 provides general recommendations. In general, absolute chemical shifts of fluorine 

are most accurate using ωB97X and BHandHLYP functionals. Relative chemical shifts, 

that is, when examining effects of protein or structural changes on shielding, are most 

accurately calculated by MP2 calculations and the M062X functional. Best performance 

for relative changes in 19F shielding is generally obtained with a small basis set (6–31+ 

G*) and the SMD implicit model (in aqueous solutions). 
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