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    NMR Spectroscopy, over the years, has emerged as one of the most robust spectroscopic techniques for a variety of applications. Developed by physicists, and embraced initially by the chemists and later by biochemists, NMR spectroscopy is now owned by the communities of scientists in all major disciplines, including biology, medicine, chemistry, and agriculture and geological sciences.




    The 6th volume of the book series entitled, “Application of NMR Spectroscopy”, is an attempt to update readers on some of the most important developments in the use of NMR. spectroscopy The broad fields covered in these chapters include NMR-based metabolomics for medical diagnosis, cellular studies and industrial applications, NMR techniques for structure determination and dynamic studies on chemicals obtained from different sources.




    Allegretti et al. focussed their review on various NMR techniques used in the study of tautomerism. These NMR experiments can provide information about the causes of stabilization of different tautomeric forms, and help in predicting the reactivity, physical properties and biological behaviour of organic molecules. The authors have used examples of different classes of organic molecules, such as ketonitriles, ketoamides, salicylaldimines, etc., to demonstrate the power of NMR techniques in the study of rapid chemical equilibria.




    Chugh et al. discussed the applications of NMR spectroscopy in the field of metabolomics, which deals with the understanding of the metabolic profile of a biological system. The authors, through examples of diverse metabolomes, have presented merits and demerits of various NMR methods, combined with high-throughput separation techniques in metabolomic studies. The authors have also commented on recent developments in NMR, relevant to metabolomics based measurement and analysis.




    NMR spectroscopy has also emerged as a premier technique in medical diagnosis. Vaidyanathan has contributed an excellent review on the applications of NMR techniques in metabolomic based diagnosis of human diseases. Recent advances in NMR hardware, such as cryoprobe technology and high field magnets, have significantly enhanced the sensitivity of NMR experiments. NMR Spectroscopy now found wide application in the identification of biomarkers for various diseases such as cardiovascular and neurological diseases, metabolic disorders, cancer diagnosis and therapy, gastrointestinal disorders, etc.




    The study of relaxation mechanisms of nuclear spins in NMR spectroscopy can provide insight into molecular mobility and structural features. Tavares has reviewed the importance of two key relaxation mechanisms (spin-lattice relaxation, and spin-spin relaxation) in the study of small and macromolecules in food samples. These relaxation values can help in the study of molecular changes during cooking, food storages process and shelf life studies of oils and other constituents, including anti-oxidants. This review provides yet another exciting application of NMR spectroscopy in industrial process and quality control of products.




    Spence has contributed a comprehensive review on the molecular composition of soil biomass. Soil microorganisms are key indicators of environmental stresses, including climate change, land degradation, and agriculture footprint. Changes in the nature and chemistry of soil microorganisms, based on structural components, can be studied by using NMR spectroscopy. The author has provided examples of the use of NMR spectroscopy in the study of natural organic materials in microbial biogeochemistry using solid state NMR spectroscopy, isotopic enrichment techniques, etc.




    We are grateful to the authors for their excellent contributions. We are also grateful to the entire team of Bentham Science Publishers who have efficiently processed and timely managed the publication of this much awaited volume of the book series. The commitment and hard work of Ms Fariya Zulfiqar (Assistant Manager Publications) and Mr. Shehzad Naqvi (Senior Manager Publications), and the leadership of Mr. Mahmood Alam (Director Publications) are duly acknowledged. We sincerely hope that like the previous volumes of this useful book series, the current compilation will contribute to the better understanding of the applications of NMR spectroscopy.
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      Abstract




      Tautomerism is a chemical equilibrium which involves rapid transference of a hydrogen atom. Its importance in biochemistry, medicinal chemistry, pharmacology and organic synthesis, as well as the wide variety of molecules in which it occurs, makes it an interesting chemical issue to be studied. NMR bears the advantage of allowing equilibrium observation without shifting it. The aim of this work is to sum up a variety of experiments that can be carried out on tautomeric equilibria in order to obtain structural and mechanistic information. In every case, the two (or more) major tautomeric forms must have relatively low conversion rates, i.e., they must exist long enough to survive (in average) the NMR experiment and then show different but overlapped NMR spectra. Assignation of the peaks to their corresponding tautomeric form has to be done with regarding signal integration, multiplicity and chemical shift of the signals. Theoretical calculations might be carried out in order to do this assignation. Once found two (or more) independent and non-overlapped peaks corresponding to each tautomer, their integration permits tautomeric contents and tautomerization constants calculation. Herein, equilibrium shifts caused by the presence of substituents (causing electronic and steric effects), solvents (interacting in different ways with the tautomers), internal chemical interactions (such as hydrogen bonds), tautomer-tautomer interactions (producing the formation of dimers) and temperature variation are discussed using a variety of compounds, such as ketonitriles, ketoamides and salicylaldimines, among others. All these facts give information about the causes of the stabilization or destabilization of different tautomeric forms.
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      INTRODUCTION




      Tautomerism has an important role in Organic Chemistry, biochemistry, medical chemistry, pharmacology, molecular biology and life in general [1]. Its name comes from Greek: tauto- (the same) and -meros (part) and it involves a quick interconversion between two or more isomers by the movement of a light atom (for example, hydrogen) giving, as a result, changes in their molecular structure. Mechanism comprehension of many reactions [2, 3] and biochemical processes, including those which involve specific interactions with proteins, enzymes and receptors [4, 5] in which one of the components changes its form, need an exhaustive understanding of tautomerization process.




      Tautomerism gives a partial explanation about nucleic acids structure and their mutations, it has an application in computational drugs design [6] and it occurs frequently in natural products as bio-amines and amino-acids, purine, pyrimidine and porphyrin bases, as shown in Scheme 1 for guanine [7-9].
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      Tautomerism is very important when studying intramolecular protonic transference reactions, which are, by definition, directly related to π electrons distribution. In general, this electron delocalization, added to functional groups stability, substituent effect, intramolecular hydrogen bonds and other external influences like light, temperature, solvent and acidity, play a preponderant role in tautomeric systems, affecting the equilibrium position [10].




      Generally speaking, we can establish that tautomeric equilibria position is influenced by a wide variety of factors:




      

        	External influences, like solvent [11].


      




      Solvent effect can be comprehended giving, as an example, the keto-enolic tautomerism: enol tautomer has an important tendency to form intramolecular hydrogen bonds but keto tautomer is stabilized by the formation of hydrogen bonds with protic solvents.




      

        	Internal influences due to structural characteristics.


      




      In cyclic β-diketones, 1,3-cyclopentadione for example, voluminous substituents bring on keto form, while linear alkyl groups favor enolic tautomer [12]. Enolic form percentage changes due to the β-substituent nature, probably but not concluded, by steric factors. Electron attractor substituents in β position would favor enolic tautomer in solution [13]. In general, enolization equilibrium constant is much more sensitive to β substituent in β-ketoesthers or β-ketoamides [14]. A theoretical study done by O´Neill y Hegarty showed that calculated energy difference between acetic acid and 1,2-etanodiol is 10 kcal∙mol-1 higher than energy difference between acetaldehyde and ethanol [15], which suggests that carboxylic acids enols (and their derivatives) would have a minor stability than those who come from aldehydes and ketones. Enols can be strongly stabilized by the addition of voluminous groups in carbon next to carbonyl group [16-18]. In some cases, enol tautomer can be thermodynamically more stable than keto tautomer, but not from a kinetic point of view [19].




      π-electron conjugation affects tautomerism, and tautomers may be stabilized by double bond conjugation. Tautomers are usually stabilized by internal hydrogen bonds [20]. Tautomer concentration can be affected by steric crowding between the CO group and the substituents.




      

        	Hydrogen-bond-assisted protonic transference.


      




      In this context, hydrogen bonds are very important in intra and inter-molecular stability, enzymatic catalysis [21-26], DNA bases pairing [27-29] and protein-protein molecular recognition [30-35]; however, many general Chemistry books talk down importance to hydrogen bond, describing it as a weak interaction which differs with Van der Waals forces mostly by its directionality, existing cases where hydrogen bonds are strong, principally with elements like oxygen, nitrogen and fluorine. Recently, it has been shown that neither intramolecular nor intermolecular hydrogen bonds are symmetric and they do not have the same strength. They can be classified as homonuclear (when involved atoms are equal) and heteronuclear (when they are different from each other). Both kinds of bond can be assisted by charge, resonance or π cooperativeness [27-37].




      Both proton transference and hydrogen bonding are important aspects to be considered when simple [38-40] and complex compounds [41] structure and reactivity are studied, from water to DNA. β-dicarbonylic compounds show both properties, and, because of that, they are one of the best groups to study keto-enolic tautomerism combined in many cases with a slow proton transference process and a high enolic form concentration, being such form stabilized by intramolecular hydrogen bonds.




      In β-diketones cis-enol tautomer, hydrogen bonds are relatively strong (50-100 kJ∙mol-1), not very short (2.45-2.55 Å) and not linear, being important for determining many chemical properties of the compounds [42]. Then, hydrogen bond, as it was previously mentioned, plays an essential role in tautomerism.




      High resolution RMN gives a great amount of information about tautomeric systems: chemical and spatial tautomeric structures, hydrogen bonds positions and lengths, tautomer concentration in solution, interconversion rate and mechanism.




      Earlier publications using 1HNMR were limited to calculate equilibrium constants [43]. Later in 1953, Shoolery studied solvent effect in β-dicarbonilic keto-enolic tautomerism [44].




      It is generally considered that 1HNMR signals are strictly proportional to molar concentration [45, 46]. However, it must be regarded that integrated values have a typical error of 5% or even more, and that if integrals are meant to be more precise, then special protocols must be used [47].




      Variable temperature 1HNMR gas phase studies give more detailed information about chemical interchange and conformational equilibrium than liquid phase ones [48]. This affirmation is based on the better correlations between theoretical calculations and gas phase studies than those which are done in condensed phase.




      However, there are strong limitations for gas phase studies, like volatility of the sample or sensibility, which limit density range and work temperature. Having a slow interchange between two tautomers, signal integration is the best way to study their interconversion. With short life-times, a spectrum obtained at very low temperature is used, but it is not always possible to access these work conditions. To save the previously mentioned difficulties, four alternative techniques can be used:




      

        	Use of individual tautomer properties preparing a derivative (replacing, for example, a tautomeric proton by a methyl group) and doing the respective substituent effect correction.




        	Use of previously studied compounds in which it is certainly known that only one tautomeric form exists.




        	Use of properties evaluated in solid phase, in which generally only one of the tautomers is present.




        	Use of appropriate theoretical calculations [49].


      




      In β-dicarbonilic compounds, numerous studies have been done focusing on solvent effect, like the correlations between tautomerization constants and some empirical parameters which are denominated Lineal Free Energy Relation (LFER) [43, 44, 50-55]. Free energy variation range suitable for being studied is limited by the method sensibility. It is obvious that studied compound must be soluble in the solvent used. Given that KT (the tautomerization constant) depends on many variables, it is important to work with different concentrations and temperatures. Several concentration [56, 57] and temperature [58-61] effects have been found and they have been used for doing ∆H0 and ∆G0 determinations. In β-ketoesters and β-diketones, bulky groups substitution (R”) causes a steric impediment particularly strong in the enolic tautomer, then alkyl groups in α positions produce a big reduction in enol proportion (Scheme 2).
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      Analyzing NMR spectra in solution, it can be concluded that equilibrium shift is affected by substitution, solvent, temperature and concentration, among others.


    




    

      SUBSTITUENT EFFECTS




      Structural molecule characteristics may shift tautomeric equilibria. Substituents cause electronic and steric effects, which can be studied through a series of related compounds and regarding how they make changes in the NMR spectra.




      Our research group has studied tautomeric equilibria in gas phase (by means of mass spectrometry) and in solution (through 1HNMR and 13CNMR).




      The history of nuclear magnetic resonance is closely related to tautomerism from its very beginnings. NMR is a technique that provides the chance to investigate tautomeric equilibrium without shifting it. By means of NMR, definite and quantitative data can be obtained in order to understand such equilibria.




      High resolution NMR supplies a wide variety of information about tautomeric systems: chemical and stereochemical structure of the tautomers, hydrogen bond position and length, tautomer concentrations, as well as interconversion rate and mechanism.




      Nuclear magnetic resonance gives, regarding the former aspects, valuable information. The observed behavior depends clearly on the compound family being studied.




      In this section, the results obtained when studying tautomerism in β-ketonitriles, β-ketoamides and salicylaldimines are exposed.




      

        Tautomerism in β-ketonitriles




        β-ketonitriles may present three tautomeric forms: keto-nitrile, enol-nitrile and keto-ketenimine (Scheme 3). The keto-ketenimine form was not detected in the NMR spectra.
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        The enolic forms of β-ketonitriles lack the possibility of Establishing intramolecular hydrogen bonds due to the linearity of cyano group.




        The content of long-lived tautomeric forms was calculated from the integrated peak intensities of the aromatics and methyne proton signals.




        As an example of how the analysis were done on the different compounds, Fig. (1) shows the 1HNMR spectrum of 2-(p-methoxyphenyl)-3-oxo-3-phenylpro- panonitrile, and the structures corresponding to keto-nitrile and enol-nitrile tautomers.




        
[image: ]


Fig. (1))


        1HNMR spectrum of 2-(p-methoxyphenyl)-3-oxo-3-phenylpropanonitrile in CDCl3-DMSO-d6 95:5 at 25 °C.



        The observed 1HNMR spectrum results as the overlap of ketonitrile and enolnitrile spectra. The peak A at δ 5.87 corresponds to the ketonitrile methyne proton, while the signal C that appears at δ 10.89 is assigned to the OH enolnitrile proton. The two signals B (corresponding to the OCH3 group in each tautomer) are not clearly separated, and aromatic peaks (from 6.5 to 8.0 ppm) corresponding to both tautomers are overlapped too.




        The equilibrium constant KT can be determined from signal integrations. In the case of β-ketonitriles [62, 63], KT and enolic contents have been calculated as:

KT = [enol]/[keto] = (aromatic integration/nAr - CH integration)/(CH integration)


        enol% = 100·(aromatic integration/nAr - CH integration)/(aromatic integration/nAr )



        Where CH corresponds to ketonitrile tautomer methyne proton, nAr is the number of aromatic protons (equal in each tautomeric form) and aromatic integration means the integration of all aromatic protons (in both tautomeric forms).




        In the case of the β-ketonitrile shown in Fig. (1), these integration values are 1.00 (for CH proton) and 23.51 (for 9 aromatic protons), rendering KT = 1.61 and tautomeric contents of 61.7% enolnitrile and 38.3% ketonitrile.




        From the analysis carried out on 1HNMR and 13CNMR spectra of substituted β-ketonitriles, several conclusions could be drawn:




        

          	When R2 is a para-substituted Ph, electron donor substituents favor the shift towards keto form, while electron acceptor substituents shift the equilibrium towards enol form. This fact could be due to an increase in methylene hydrogen acidity caused by acceptors.




          	In the case of β-ketonitriles bearing R1 = Ar, the effect observed is similar if the substituent (donor or acceptor) is in C2 position, only that its magnitude is much smaller, as expected from the structure.




          	When R2 = CH3, enolic content is higher than the analogous R2 = H. This can be explained considering that, in case of R2 = CH3, the C=C double bond is more substituted and hence more stable.




          	When both R1 and R2 are phenyl groups, higher enolic content is observed. This may be caused by conjugation extension. Again, it is observed that electron acceptor substituents increase enol concentration and electron donors make it lower [62, 63].


        


      




      

        Tautomerism in β-ketoamides




        β-ketoamides will be considered in detail, as an example, showing their spectra and calculations and explaining the observations made on their tautomeric equilibria. Enolic contents and equilibrium constants of eleven β-ketoamides (Scheme 4) have been obtained from 1HNMR spectra in CDCl3 and DMSO-d6 at 25 °C.




        1HNMR spectra analysis of these eleven substituted β-ketoamides made possible to study their tautomeric equilibria in solution. The most abundant tautomers appear to be ketoamide and Z-enolamide, both of them presenting internal hydrogen bonds. Intramolecular hydrogen bond is the main factor that governs the kinetics and influences the structure of keto–enol tautomerism in solution. In the case of β-ketoamides, the two tautomers of major concentration can establish internal hydrogen bonds (Scheme 5).
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        This stabilizing factor explains the higher concentration of the involved tautomers, the higher chemical shift value observed for the hydroxyl proton in the Z-enolamide form and the two different δ values of the two hydrogens bonded to nitrogen in the ketoamide form.




        Relative stability of individual tautomers and their corresponding equilibrium shifts are explained considering several factors, such as electronic effects on the carbonyl group, stabilization by conjugation of the enol double bond and tautomer stabilization via internal hydrogen bonds.




        Several factors that affect equilibrium have been studied [64, 65], and herein the substituent effect is considered. Electron withdrawing substituents (chlorine atoms for example) stabilize enolamide tautomer, while electron donors (methoxy groups for example) shift the equilibrium towards ketoamide tautomer.




        Fig. (2) and (3) show the 1HNMR spectra of compound I in CDCl3 and DMSO-d6 at 25 °C, respectively. Each spectrum consists of two superimposed sets of peaks, each one corresponding to one tautomer. The peaks whose integrals appear below the spectra are those used for doing the calculations. In CDCl3 (Fig. 2), the peak at 3.99 ppm is assigned to ketoamide CH2 protons and the signal at 14.22 ppm corresponds to the enolic OH proton. When considering the spectrum in DMSO-d6 (Fig. 3), the peak at δ 3.905 is assigned to ketoamide CH2 protons and the signal at δ 15.311 comes from the OH enolic proton.
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Fig. (2))


        1HNMR spectrum of I in CDCl3 at 25 °C.



        In the following paragraphs, it will be considered that substituent R is in C3 position and substituent R´ is in C2 position (see Scheme 5).




        In the spectra measured in CDCl3, the peak at 1.6 ppm is assigned to water; while in the spectra carried out in DMSO-d6, the peak at δ 2.5 corresponds to DMSO-d6 [66].




        On the one hand, compounds I-III, which bears methylene hydrogens in C2, equilibrium constant KT and enolic contents were calculated as follows:

enol% = 100·(OH integration)/(OH integration + CH2 integration/2)


        KT = [enol]/[keto] = (OH integration)/(CH2 integration/2)



        On the other hand, compounds IV-XI (in which the ketoamide form presents methyne hydrogens in C2), KT and enolic contents were calculated as

enol% = 100·(OH integration)/(OH integration + CH integration)


        KT = [enol]/[keto] = (OH integration)/(CH integration)
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Fig. (3))


        1HNMR spectrum of I in DMSO-d6 at 25 °C.



        Table 1 resumes enolic contents and equilibrium constants at 25 °C for the eleven β-ketoamides under study in both solvents.




        

          Table 1 Enolic contents enol% and tautomerization constant KT for compounds I-XI at 25 °C in CDCl3 and DMSO-d6.




          

            

              

                	Compound



                	CDCl3




                	DMSO-d6


              




              

                	enol%



                	
KT




                	enol%



                	
KT


              


            



            

              

                	[image: ]



                	I



                	X = H



                	12.2



                	0.139



                	29.1



                	0.411

              




              

                	II



                	X = OMe



                	3.8



                	0.039



                	14.7



                	0.173

              




              

                	III



                	X = Cl



                	16.7



                	0.200



                	39.4



                	0.650

              




              

                	[image: ]



                	IV



                	X = H



                	79.2



                	3.82



                	17.3



                	0.210

              




              

                	V



                	X = OMe



                	75.5



                	3.09



                	16.5



                	0.198

              




              

                	VI



                	X = Cl



                	79.5



                	3.88



                	18.0



                	0.220

              




              

                	[image: ]



                	VII



                	X = Y = H



                	28.0



                	0.389



                	0.0



                	100.0

              




              

                	VIII



                	X = OMe, Y = H



                	9.0



                	0.099



                	0.0



                	100.0

              




              

                	IX



                	X = Cl, Y = H



                	40.6



                	0.684



                	0.0



                	100.0

              




              

                	X



                	X = H, Y = OMe



                	25.0



                	0.333



                	0.0



                	100.0

              




              

                	XI



                	X = H, Y = Cl



                	28.8



                	0.404



                	0.0



                	100.0

              


            

          




        




        It has been observed in previous works that, whenever possible, internal hydrogen bonds formation increases enolic content, being this increase more important in non-hydroxylic solvents [43].




        In CDCl3, the introduction of phenyl groups in C2 position raises the enolic content, probably due to electronic (higher conjugation in enol) and steric effects (more substituted alkene). Such effects have been described for other compound families in non-protic solvents [16-18]. In DMSO-d6, the contrary effect is observed: a phenyl radical in C2 position diminishes the enolic content. This fact can be explained regarding solvation of the tautomers (see Solvent effects section).




        When there are two phenyl rings in C2 and C3 (compounds VII-XI), enolic content is lower than in the case of compounds bearing a methyl in C3 and a phenyl in C2 (compounds IV-VI). This fact can be explained considering steric repulsion between both phenyl groups in the planar enol tautomer corresponding to compounds VII-XI. Such steric repulsion is much lower between phenyl and methyl groups.




        An electron withdrawing substituent in C2 or C3 position increases enolic content, while an electron donor causes a decrease in enolic concentration.




        This effect is particularly strong in C3 position, and this could be due to the effect of such substituents on the intramolecular hydrogen bonds stability. In the following paragraphs these interpretations are exposed in detail.




        

          	An electron donor in C2 position (compounds V and X) weakens the enol hydrogen bond destabilizing it, and, at the same time, stabilizes the keto form. These facts decrease the enolic content. Maybe in keto tautomers the donor increases negative charge of the carbonyl O and strengthens the hydrogen bond by an electrostatic mechanism (which also diminishes the NH hydrogen charge, but the effect is quite lower because of distance), while in enolic form conjugation with the C=C bond is Established and this makes the OH oxygen increase its electron density, diminishing (by inductive effect) the H charge and thus weakening the hydrogen bond.




          	An electron acceptor in C2 position (compounds VI and XI) strengthens the enol hydrogen bond stabilizing it, and, at the same time, destabilizes the keto form. These facts increase the enolic content. This can be explained regarding that in keto tautomers the acceptor diminishes the negative charge of the carbonyl O and weakens the hydrogen bond by an electrostatic mechanism (which also increases the NH hydrogen charge, but the effect is quite lower because of distance), while in the enolic form conjugation with the C=C bond is Established and this makes the OH oxygen increase its electron density, rising (by inductive effect) the H charge and thus making the hydrogen bond stronger.




          	An electron donor in C3 position (compounds II and VIII) strengthens the enol hydrogen bond stabilizing it, but it stabilizes keto form even more. These facts make the enolic content decrease. This may be caused because the donor increases by (strong) resonance effect the carbonyl oxygen negative charge strengthening the hydrogen bond; while in enolic tautomer the amide oxygen also increases its electron density by inductive effect, but the effect is lower because charge is spread among more atoms. That is why reinforcing is more important in keto form and the stabilization is more important.




          	An electron acceptor in C3 position (compounds III and IX) strengthens the enol hydrogen bond stabilizing it, and, at the same time, destabilizes the keto form. These facts increase the enolic content. This effect is maybe caused because in keto tautomer the acceptor diminishes the carbonyl oxygen negative charge, weakening the hydrogen bond. The case of the enol tautomer is not so clear, but as chlorine is an inductive acceptor, it could make the OH hydrogen charge decrease, strengthening the hydrogen bond (i.e., the effect of this substituent on the amide oxygen should be almost null).


        




        In C2 position, the stabilizing effects on keto and enol forms would be, ultimately, inductive. That is why in this position the effects are weaker than in C3, were inductive and mesomeric effects are affecting the keto and enol form.




        These assumptions are supported by previous works in gas phase [67] (where the same behaviour was observed and supported by theoretical calculations) and the analysis of δ dependence with temperature.


      




      

        Tautomerism in Schiff Bases




        This study on tautomerism has been extended to aldimines derived from 2-hydr- oxy naphthaldehyde (which belong to Schiff bases family) bearing different substituents on the N-Ar ring (Scheme 6). It has been found that tautomeric equilibria are shifted towards the keto-enamine tautomer when electron donor substituents are present, while electron withdrawers cause the opposite effect.




        This fact can be explained considering that a methoxy group (-OCH3) in the ring modifies the iminic nitrogen basicity, thus easing the formation of keto-enamine species. On the other hand, a nitro group (-NO2) diminishes considerably the iminic nitrogen basicity [68].
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        Tautomeric equilibria occurring in Schiff bases depend strongly on several internal factors such as structure, substituents and internal hydrogen bonds, as well as external factors such as temperature, light and solvent.
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Fig. (4))


        1HNMR spectrum of N-phenyl-2-hydroxy-naphthaldehyde imine in DMSO-d6 at 25 °C.



        Tautomeric equilibrium will be considered in the case of N-phenyl-2-hydroxy-naphthaldehyde imine. Fig. (4) shows the 1HNMR spectrum of this compound in DMSO-d6 at 25°C.




        J coupling between phenolic (HA) and iminic (HB) protons can be observed in the 1HNMR spectrum. This coupling should not appear in the enol-imine tautomer, and then this multiplicity implies the existence of keto-enamine tautomer. The relatively high chemical shift value of HA can be explained in terms of internal hydrogen bond. The absence of singlets for HA and HB can be explained through two hypotheses:




        Keto-enamine tautomer is the only molecule present in equilibrium.




        

          	Tautomeric equilibrium is very fast (in the NMR time scale) and the observed δ has a value in between of the individual chemical shifts corresponding to each tautomer (see Temperature Effect section for a more detailed explanation).




          	Coupling constant value is crucial for defining which of these two hypotheses better explains the observed spectrum.


        




        If enol-imine tautomer was the only one present, then signals HA and HB should be observed as well defined singlets. On the other hand, if keto-enamine tautomer was the only molecule present, then HA and HB signals should appear as doublets showing J values very similar through all the Schiff bases under study.




        If tautomeric equilibrium occurred in a very short time (in terms of the NMR time scale), then signals HA and HB should broaden until they showed separated δ values. This separation should be directly related to the enolic content.




        Fig. (5) shows the 13CNMR spectrum of N-phenyl-2-hydroxy-naphthaldehyde imine in DMSO-d6. The signal corresponding to CA presents a δ value (171.15 ppm) very high for a phenolic carbon (which use to appear at δ ≈ 160). This can be explained considering that keto-enamine tautomer is present and its carbonylic carbon should give a signal at δ ≈ 180. The observed signal (at 171.15 ppm) is the mean value between carbonylic and phenolic carbons. The confirmation of this assumption is confirmed by the HSQC spectrum of this compound (Fig. 6).


      




      

        Hammett Substituent Constants




        Since prototropic tautomerism is a competition for a proton between two molecular sites, it can also be expressed as a competition between the pKa of those sites. Therefore, a quantative study of substituent effect on the tautomeric equilibria can be carried out by means of Hammet correlation.
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Fig. (5))


        13CNMR spectrum of N-phenyl-2-hydroxy-naphthaldehyde imine in DMSO-d6 at 25 °C.
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Fig. (6))


        HSQC spectrum of N-phenyl-2-hydroxy-naphthaldehyde imine in DMSO-d6 at 25 °C.



        A general tautomeric equilibrium in β-ketonitriles is given in Scheme 7, where KT is the tautomeric equilibrium constant KT = [enol]/[keto], Ka1 and Ka2 the keto and enol acid dissociation constants (respectively), Ka1 = [enolate][H+]/[keto] y Ka2 = [enolate][H+]/[enol]. Thus, the tautomeric constant KT can be expressed as KT = Ka1/Ka2.
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        Hammet constants σ were initially defined for substituted benzoic acid dissociation in solution, and then extended to other systems [69]. Hammet defined
σ = log K − log K0



        where K0 is the ionization constant for benzoic acid in water at 25 °C, and K is the correspondent ionization constant for para and meta substituted benzoic acids, being their symbols σp and σm, respectively.




        The electronic effects of substituents on organic reaction equilibria rates have been explained by using these constants [70]. Taft has also used them successfully for inductive, steric, polar and resonance effects [71-74].




        Electrons may be pushed or pulled by substituents (either inductively or by resonance). Substituent constants σp can be separated into resonance (σR) and field/inductive (σI) components according to the following equation:
σp = σI + σR



        The phenomenon in which charge separation alters the energy associated with the development of charge in the molecule as a result of electrostatic interactions occurring through-space is called field effect. On the other hand, an inductive effect is a successive bond polarization causing dipole transmission. Substituent constant σF expresses the polar effect, which is the addition of field and inductive effects [75]. Field effect is usually higher than inductive effect [76, 77].




        The value of σI is mainly caused by the field effect component [78], and there are various ways to determine its value [79].




        Regarding the resonance effect parameter σR, the following assumption has been made by Swain and Lupton [80]:
σp = ασI + σR



        The non-dimensional parameter α shows values near to 1 [79], and then the resonance effect parameter σR can be calculated as
σR = σp - σI



        This definition of σR can only be applied to para substituents. For a given substituent, the difference between σp and σm is due to the difference between resonance (σR) and inductive (σI) effects. Para substituents are much more sensitive to resonance effects than meta substituents [80] (ortho substituents also show great resonance contributions, but they are excluded from the Hammett treatment because of steric effects). Thus, for meta substituents it can be assumed that σm ≈ σI.




        Correlations based on σp are not accurate when substituents are conjugated with a reaction center. σ− constants were defined for better representation of nucleophilic reactions in which strong resonance occurs between electron-withdrawing substituents and negatively charged reaction centers. The conjugated substituent helps to delocalize the negative charge can be located in the aromatic ring. Correspondingly σ+ constants are used for reactions where the substituent delocalizes positive charge in electrophilic reactions. σp− constants listed in literature differ from σp only for substituents that can accept electrons by resonance (such as -NO2 and -CN) and conversely σp+ constants differ only in the case of electron donating substituents (such as -NH2 or -OCH3).




        Effect of substituents in the aromatic ring can be described through Hammet equations for each acid dissociation constant:
log Ka1 = ρketoσketo + alog Ka2 = ρenolσenol + b



        where σketo and σenol are Hammet constants for substituents in keto and enol tautomers, ρketo and ρenol are the reaction constants for keto→enol and enol→keto individual reactions, respectively, and a and b are constants.




        Substituting both equations into the logarithmic form of KT, the following equation is obtained, in which c = a – b.
log KT = log Ka1 – log Ka2 = ρketoσketo – ρenolσenol + c



        The effect caused by two different functional groups x and y bonded to an aromatic ring over another chemical function can be expressed with just one ρ value, which makes these effects additive in Hammet equation.
log Kxy = ρΣσxyΣσxy = σx + σy



        Analogously, in the case of tautomerism it can be assumed that ρketo ≈ ρenol ≈ ρ and the following simplified equation is obtained:
log KT = ρ(σketo - σenol) + c = ρσeff + c



        where the difference σketo – σenol = σeff represents the neat or effective substituent effect on the tautomeric system.




        Since the basic component of a specific substituent effect in meta position is mainly inductive while its para value is an addition of inductive and mesomeric effects, it results clear that σeff actually represents the mesomeric effect of a functional group over the whole tautomeric system. A negative σeff value indicates a positive or donor mesomeric effect, while a positive σeff value indicates a negative or acceptor mesomeric effect.




        If σketo ≤ σenol then σeff ≤ 0, which implies that KT < 1 and there is a predominance of keto structure; on the other hand, if σketo ≥ σenol then σeff ≥ 0, which gives KT > 1 and a predominance of enol tautomer.




        It is then possible to make quantitative studies of the substituents on tautomeric equilibria by obtaining σ values in the literature [79] and using spectroscopic data from 1HNMR and 13CNMR spectra in order to determine equilibrium constants KT.


      


    




    

      Temperature Effects




      As it does with any other equilibrium, temperature shifts tautomeric equilibria towards one or another tautomer depending on many factors.




      The first thing that has to be noted about temperature effect on tautomeric equilibria is that it affects directly the general aspect of the observed NMR spectra.




      When there is a dynamic process in NMR and a nucleus A in one structure turns into a nucleus B in another structure, the observed signal will depend on how fast the equilibrium takes place. There are three possible cases:




      

        	If equilibrium is fast (in NMR time scale), A and B will appear as only one signal. This means that A turns into B so fast that they give a mean signal in the FID.




        	If equilibrium is slow enough (in NMR time scale), A and B will appear as separated signals, each one having their own chemical shift in the spectrum and with its integration proportional to concentrations (especially in the 1HNMR spectrum, which is NOE-effect-free).




        	If equilibrium has an interconversion time comparable to NMR time scale, then the two signals A and B will approach to one another, losing their independence.


      




      Temperature plays a key role in this analysis, since the equilibrium velocity depends on temperature. The phenomenon that occurs when two signals collapse when temperature is raised is called coalescence, and the limit temperature above which the two signals collapse into one is so called coalescence temperature.




      If any specific tautomeric equilibrium is supposed to be studied, then we must have the certainty that we are far below the coalescence temperature so that individual signals can be observed for each tautomer.




      Scheme 8 shows the tautomeric equilibrium of 2-propyl [1]benzopyrano [3,4-d]imidazol-4(3H)-one, which has been studied as a function of temperature [81].




      IR studies discarded γ and δ forms, remaining α and β as the main tautomers in solution. Their signals coalesce at certain temperatures and they make it impossible to study the equilibrium above them (see Fig. 7). In this particular system, NH and C9-H signals coalesce at -65 °C and -30 °C, respectively. It is interesting to notice that coalescence temperatures are not the same for all signals, i.e., there are temperatures at which some signals can appear separated and others collapsed.
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      Fortunately, most tautomeric equilibria are slow enough in NMR time scale to give two or more separated sets of signals (this clarification could be a little repetitive, but time scale is a very important thing to take into account when this kind of equilibrium is studied). It is true that many peaks can be superimposed, but it is also possible (and usual) to find at least one signal for each tautomer that is separated from the others.
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Fig. (7))


      Coalescence of the C9-H signals of 2-propyl [1]benzopyrano[3,4-d]imidazol-4(3H)-one.



      When such signals are found, then integration in 1HNMR is the main tool used for measuring tautomeric constants. If we can find a signal corresponding to the tautomer A which has an integration IA corresponding to nA hydrogens, and a signal corresponding to tautomer B which has an integration IB corresponding to nB hydrogen, then it is usual to define the tautomeric constant KT as

KT = (IA/nA)/(IB/nB)



      This KT value depends on temperature and it is related to it by the equation
ln KT = (-ΔH/R)∙(1/T) + (ΔS/R)



      Therefore, measuring KT (from the integration of the tautomeric individual signals) at several temperatures will render a linear ln KTvs 1/T graph. The slope and y-intercept of the line obtained allows us to determine the enthalpy and entropy of the tautomeric process.




      As an example, the tautomeric equilibrium of 3-oxo-2-phenylbutanamide in CDCl3 has been studied as a function of temperature (Scheme 9) [64, 65].
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      KT values have been calculated as (OH enol integration)/(CH keto integration), rendering values that are shown in Table 2.




      

        Table 2 Tautomerization constants and tautomeric contents enol% and keto% for 3-oxo-2-phenylbutanamide at 25 °C in CDCl3.




        

          

            

              	Temperature



              	enol%



              	keto%



              	
KT


            


          



          

            

              	5 °C



              	84.5



              	15.5



              	5.44

            




            

              	15 °C



              	81.9



              	18.1



              	4.54

            




            

              	25 °C



              	79.2



              	20.8



              	3.82

            




            

              	35 °C



              	76.0



              	24.0



              	3.17

            




            

              	45 °C



              	73.5



              	26.5



              	2.78

            


          

        




      




      Thermodynamic values can be obtained by plotting linear ln KTvs 1/T graph, in this case they are ΔH = -3.0 ± 0.2 kcal∙mol-1 and ΔS = -7.4 ± 0.8 cal∙mol-1∙K-1. Thermodynamic parameters obtained from this analysis give very important information about how the equilibrium is taking place.




      Another aspect concerning temperature must be pointed out: the chemical shifts of the different nuclei depend on temperature. It is very well known that protons attached to C do not vary significantly their δ with temperature, but OH, NH and SH protons do modify it clearly.
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Fig. (8))


      Chemical shift temperature dependence of 2-OH and 5-OH protons of isosorbide in CDCl3.



      Chemical shift variation degree with temperature is closely related to their hydrogen bond interactions. δ of H atoms involved in internal hydrogen bonds shifts less than those involved in intermolecular hydrogen bonds. Fig. (8) shows the variation of δ with temperature (expressed in ppm/ºC) for the two OH protons in isosorbide molecule [82]: it is clear that their behavior is quite different regarding inter and intramolecular hydrogen bonds.




      Comparison between these data and those obtained from non-self-hydrogen-bonding compounds can give a clue about the types of interaction involved.


    




    

    SOLVENT EFFECTS




    Solvent plays a key role in tautomerism. It is very important to notice, at least at first, that solvents can shift the equilibrium towards one of the tautomeric structures or even make one of them negligible (and, therefore, non-detectable).




    There are several facts to be regarded when thinking how a particular solvent affects the tautomeric equilibria:




    

      	Solvent polarity.




      	Solvent capability for establishing hydrogen bonds.




      	Different inter and intra-molecular interactions that each tautomer can render.


    




    Solvent polarity can stabilize tautomers via anisotropic interactions. Here, the dielectric constant of the solvent (ε) is the key property used for prediction. The rule is quite simple: the larger solvent dielectric constant, the higher the stabilization of all tautomers.




    The question now is how the solvent stabilizes the individual tautomers and, thus, shifts the equilibrium towards one of the tautomeric forms. Here is another simple rule: the larger the tautomer dipolar moment, the higher the stabilization by polar solvents.




    In general, enolic tautomers (bearing OH, NH or even SH moieties) are known to have larger dipolar moments than the keto tautomers (bearing C=O, C=N or C=S groups). Then the effect of anisotropic stabilization, generally speaking, would shift the equilibrium towards enolic forms.




    These generalizations are usually useful for predicting chemical shifts in solvents that are not hydrogen bond donors and/or acceptors (such as hydrocarbons, chloroform or dichloromethane, among others).




    For solvents that are hydrogen bond donor and/or acceptors, stabilization is mainly given by these strong interactions between the solvent and the individual tautomers.




    For example, tautomeric equilibria has been studied on several γ,δ-unsaturated-β-ketonitriles [83], as the one shown in Scheme 10 ((E)-2-methyl-3-oxo-5- phenylpent-4-enenitrile), finding that 1HNMR spectra of these compounds show separate peaks for the individual tautomers and the equilibrium constant (and so the enolic content) strongly depends on the solvent (Fig. 9 and 10). Table 3 resumes tautomer percentages and tautomerization constants KT in five solvents.




    As it can be seen, this equilibrium is strongly affected by solvent polarity, especially with hydrogen-bond-acceptor solvents, which can interact with the OH in enolic form but not likewise with keto tautomer.
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Fig. (9))


    1HRMN spectrum of (E)-2-methyl-3-oxo-5-phenylpent-4-enenitrile in CDCl3 at 25°C. Signals a and b correspond to keto tautomer, signal h corresponds to enol tautomer.



    The fact that confirms the existence of OH-solvent interaction is the shift in δ values of the hydrogens that are near the OH moiety when passing from a non-hydrogen-bonded medium (in this case chloroform) to a hydrogen-bond-acceptor solvent. In this case, for example, keto CH and CH3 signals show almost the same δ value in CDCl3 and DMSO, while enol CH3 signal rises from 2.85 ppm (in CDCl3) to 3.06 ppm (in DMSO).
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Fig. (10))


    1HRMN spectrum of (E)-2-methyl-3-oxo-5-phenylpent-4-enenitrile in DMSO-d6 at 25°C.[image: ]



    The case becomes a little more complicated when tautomers show internal hydrogen bonds. For example, 1,5-diphenyl-1,3,5-trione exists as several different tautomeric forms [84], whose structures are shown in Scheme 11.
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      Table 3 Tautomerization constant KT and tautomeric contents enol% and keto% for (E)-2-methyl-3- oxo-5-phenylpent-4-enenitrile at 25 °C in different solvents.




      

        

          

            	Solvent



            	Dielectric Constant



            	enol%



            	keto%



            	
KT


          


        



        

          

            	Toluene-d8




            	2.38



            	0.0



            	100.0



            	0.0

          




          

            	CDCl3




            	4.81



            	4.1



            	95.9



            	0.005

          




          

            	THF-d8




            	7.58



            	16.1



            	83.9



            	0.192

          




          

            	ACN-d3




            	37.5



            	28.9



            	71.1



            	0.406

          




          

            	DMSO-d6




            	46.7



            	35.8



            	64.2



            	0.558

          


        

      




    




    The 1HNMR spectrum of this compound shows separated signals for tautomeric forms A (CH2 at δ 4.39), B (CH at δ 6.32, OH at δ 15.84) and C (CH2 at δ 4.13, CH at δ 6.03 and OH at δ 14.77).




    Enol percentage of tautomers A, B and C depends on the solvent. Selected values are shown in Table 4.




    

      Table 4 Tautomeric contents for 1,5-diphenyl-1,3,5-trione in several solvents at 25 °C.




      

        

          

            	Solvent



            	Dielectric Constant



            	Tautomer

          




          

            	A



            	B



            	C

          


        



        

          

            	CDCl3




            	4.8



            	1.7%



            	10.5%



            	87.8%

          




          

            	acetone-d6




            	20.7



            	1.8%



            	17.5%



            	80.7%

          




          

            	DMF-d7




            	36.7



            	3.5%



            	23.6%



            	72.9%

          




          

            	DMSO-d6




            	46.7



            	9.1%



            	30.0%



            	60.9%

          


        

      




    




    In this case, hydrogen-bond-acceptor solvents cause a reduction in C tautomers concentration, which appear to have greater stability in less polar solvents. Internal hydrogen bonds may be weakened by more polar (and especially protophilic) solvents.




    Another factor that has to be highlighted is the steric interaction that solvent may cause when it solvates the individual tautomers. Tautomeric equilibrium in β-ketoamides [64-65] is a clear example (Scheme 12).
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    These two compounds show separated groups of signals in 1HNMR and KT can be easily measured from keto CH or CH2 protons and enol OH proton. What is observed here is that a change from CDCl3 to DMSO-d6 shifts the equilibrium in both compounds but in different directions. In compound I, enolic content rises from 12% to 29% when changing from CDCl3 to DMSO-d6; otherwise, in compound II (which has a phenyl group in C2) a decrease in enolic content from 79% to 17% is observed when passing from CDCl3 to DMSO-d6.




    This fact can be explained regarding steric interaction between the solvent DMSO and the phenyl ring when NH---DMSO interaction is taking place in compound II. This steric interaction is quite smaller when C2 has no bulky substituents (Scheme 13).




    An interesting fact to be regarded is that chemical shifts of hydrogen involved in an internal hydrogen bond do not change substantially their position in the spectrum (usually less than 1 ppm), while hydrogens which do interact with the solvent change substantially their δ value (1.5 ppm or even more) and usually broaden.
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      CONCENTRATION EFFECTS




      One of the basic experiments to be done when researching on tautomerism is the effect of concentration. It consists basically of measuring the enol fraction in solutions of different total concentration C. If enol content varies significantly with concentration, then there are other equilibria (besides tautomerism) taking place.




      Dimerizations are the most common equilibria that coexist with tautomerism. Scheme 14 depicts the most basic diagram that can be conceived for these equilibria.




      Dimerization equilibria are concentration-dependent and could be responsible for enol content variation with concentration. This basic scheme can become more complicated in the presence of trimers, tetramers or other polymers.
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      When studying the tautomerism of 3-oxo-2-phenylbutanamide, the integration of the methyl groups corresponding to each tautomer permitted determine the enol fraction at different concentrations [85]. Methyl signals observed in 1HNMR spectra of this substance at different concentrations are shown in Fig. (11).
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Fig. (11))


      Methyl signals in 1HNMR spectra of 3-oxo-2-phenylbutanamide (keto and enol tautomers) at several total concentrations in CDCl3 (concentrations and integration values given above the spectra).



      It can be seen that enol fraction diminishes when concentration is increased. In fact, each methyl group seem to be the superposition of two different signals which vary their intensity with concentration, and this concentration effect suggests that dimerization occurs. These two peaks present within each methyl signal are assigned to the methyls present in monomers and dimers (Scheme 15).
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      If Cenol and Cketo are defined as total enol and keto concentrations, respectively, and they express the addition of each tautomer concentrations present as monomers and dimers; then both Cenol and Cketo values can be obtained from the integration of enol and keto CH3 signals from the NMR spectra shown in Fig. (12).




      Cenol and Cketo can be expressed as the addition of enol (E), keto (K) and dimers (DKK, DEE and DKE) concentrations as follows:

Cenol = [K] + 2[DKK] + [DKE]Cketo = [E] + 2[DEE] + [DKE]



      Operational equilibrium constant K is defined as Cenol/Cketo, and its values as a function of total concentration C = Cenol + Cketo are given in Table 5. Fig. (10) shows a Cenolvs Cketo plot, which clearly fits to a quadratic regression.
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Fig. (12))


      Total enol concentration (Cenol) vs total keto concentration (Cketo) plot for 3-oxo-2-phenylbutanamide at 25 °C (quadratic regression given in dashed line).



      

        Table 5 Total enol and keto concentrations (Cenol and Cketo) and operational tautomeric constant K obtained at different total concentrations (C) of 3-oxo-2-phenylbutanamide in CDCl3 at 25 °C.




        

          

            

              	
C (M)



              	
Cenol (M)



              	
Cketo (M)



              	
K = Cenol/Cketo


            


          



          

            

              	0.0514



              	0.0392



              	0.0122



              	3.22

            




            

              	0.0627



              	0.0474



              	0.0153



              	3.10

            




            

              	0.0807



              	0.0603



              	0.0204



              	2.96

            




            

              	0.113



              	0.0758



              	0.0372



              	2.04

            


          

        




      




      If we assume that the only equilibria present in the system are tautomerism and dimerization (as given in Scheme 15), and the following equilibrium constants are defined

KK = [DKK]/[K]2KE = [DEE]/[E]2KD = [DKE]/([K][E])KT = [E]/[K]



      then the following mathematical relation can be found between the operational constant K and the total concentration C [85]:
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      If K is plotted vs C and the points in the graph are fitted to a non-linear regression of the type C = (a-K)/(b-cK2), then dimerization constants values can be estimated. In this case, the following values can be deduced from the fitting.

KK + 1.74KD = 7.2 ± 0.2KE + 0.28KD = 1.3 ± 0.3



      These equations suggest that KK > KD > KE, and this is reasonable since dimers DEE and DKE show two oxygen atoms engaged in two hydrogen bonds (inter and intramolecular), and this fact should weaken the interaction that holds these dimers altogether (see Scheme 15).




      Although concentration effect usually suggests dimerization, the opposite proposition is not true: the absence of concentration effect does not imply necessarily that tautomers exist only as monomers. It is possible that dimerization constants were similar for each tautomer and then their effects canceled each other.




      It is clear that nuclei change their chemical shift (δ) when passing from the monomer to the dimer, especially those atoms involved in tautomer-tautomer interactions (often hydrogen bonds) that hold the dimers altogether. However, dimerization equilibria are often very fast in the NMR time scale and then peaks appear as a mean value given by
δobs = xmonδmon + 2xdimδdim



      where δobs is the observed chemical shift (at a given temperature), δmon and δdim are the chemical shifts corresponding to the isolated monomer and the dimer respectively, and xmon and xdim are the fraction of monomer and dimer in solution, respectively. The Factor 2 arises from the fact that dimer contains twice the nuclei than the monomer and then contributes twice to the mean value of δ.




      The question here is how to determine the individual chemical shifts of the nuclei present in the monomers and the dimers given that they cannot be isolated. A very common procedure is to take NMR spectra at different temperatures. At high temperatures (given the negative ΔS value of the dimerization equilibria), the equilibrium shifts towards the monomer and at low temperature it shifts towards the dimer. It is true that δ values depend on temperature and that they do not reflect the “actual” chemical shift at all temperatures, but this is an approximation that often works.




      For example, when studying the tautomeric equilibrium in 2-pirimidones (Scheme 16), a concentration effect was detected and then several dimerization equilibria were proposed [86].
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      It was found that in CD2Cl2 the major tautomer was the pyrimidone PD and that δ of the NH atom corresponded to a NH∙∙∙N-type atom. Therefore, it was considered that (PD)2 dimer coexisted with PD monomer and that the peak observed corresponded to a mean value between them. Individual chemical shifts were estimated by varying temperature (Fig. 13).
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Fig. (13))


      Chemical shift variation with temperature in a monomer-dimer system.



      At low temperatures the peak approaches to 14.2 ppm at all concentrations and at high temperatures it tends to 8.5 ppm. Using these values, then xmon and xdim can be determined and dimerization constant (Kdim) can be estimated at all temperatures. This also allows to calculate the mean ΔH and ΔS values of dimerization equilibrium. Once determined Kdim, real tautomerization constants KT values can be calculated.




      Dimerization constants Kdim depend strongly on the solvent. For example, tautomeric equilibrium of ureidopyrimidones (Scheme 17) also presents dimerization equilibria [87].
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      Tautomerization constant Kdim was determined in CDCl3-DMSO-d6 mixtures for ureidopyrimidones I (R1 = CH3, R2 = n-Bu) and II (R1 = CF3, R2 = n-Bu). Kdim appears to descend with the DMSO proportion, presumably caused by the hydrogen-bond-acceptor behavior of this solvent.


    




    

      THORETICAL CALCULATIONS




      When there is a tautomeric equilibrium taking place, one of the most important things that has to be done is identifying which are the major tautomers in solution. And this identification must be supported by theoretical calculations.




      Before calculations are carried out, the different signals in NMR spectra must be assigned to the different tautomers in solution, i.e., they have to be distributed into separated groups of peaks, each one corresponding to an independent tautomer. There are different ways of making such a distribution:




      

        	Regarding integration. Signals which correspond to a single molecule may have simple integration ratios.




        	Measuring the spectra of substituted compounds.




        	Variation of temperature. As the equilibrium shifts, some signal integrations become larger and other become smaller.




        	Changing the solvent. As with temperature, equilibrium will shift and the peaks will then vary in intensity.




        	Checking concentration effects. This also helps to be aware of possible dimerizations, trimerizations and other kinds of polymerization, which may complicate further calculations.


      




      It is not essential to do all of them, but they must be all in agreement.




      Once the NMR signals are grouped into different sets, we assume that each one of them corresponds to one tautomer. Then, different structures may be proposed and theoretical calculations will be done to try them all against the experimental data.




      A general scheme for doing the calculation involves:




      

        	Geometry optimization in vacuum. Here, conformational research is done over all rotatable bonds in order to find the minimum energy conformation.




        	Geometry optimization in solvent. The optimized structure in vacuum is now re-optimized but this time surrounded by a continuum dielectric media (PCM model).




        	Calculation of shielding tensors. GIAO calculation is done over the optimized structure and then isotropic shieldings (σ) are obtained.


      




      Once the shielding values (σ) are obtained, they must be turned into chemical shifts (δ).




      There are two general methods for converting shieldings into chemical shifts.




      

        	Subtraction: Once obtained the shielding for each nucleus (σi), then the shielding corresponding to a reference compound (σr) must also be calculated (with the same calculation method and the same basis set). Then chemical shift is simply δi = σr - σi.




        	Scaling: A linear relationship is observed between δ and σ, and it depends basically on the method used for optimization and the method used for shielding calculations. This linear relationship is usually expressed as δ = (I - σ)/S. I and S values are experimental and they are listed in literature [88].


      




      Let us illustrate these steps with an example. Tautomerism of β-ketoamides has been studied through calculations in order to understand which are the tautomers involved in the equilibria. Taking 3-oxo-2-phenylbutanamide as an example [85], nine possible tautomers can be proposed at first, which are a combination of amide, ketone, enol and imidol moieties, some of them bearing internal hydrogen bonds (Scheme 18).

[image: ]



      However, the spectrum in CDCl3 at 25°C (Fig. 14) shows only two separated sets of signals. One group consists of three singlets at δ 3.99 (2H), 5.57 (1H) and 7.02 (1H); the other group is formed by three singlets at δ 5.26 (2H), 5.56 (1H) and 14.22 (1H).




      Both tautomers in the spectrum show three signals in 2:1:1 proportion and then structures EZ3 and I2, which show four different protons and would render four different signals with 1:1:1:1 integration, may be discarded.




      
[image: ]


Fig. (14))


      1HRMN spectrum of 3-oxo-2-phenylbutanamide in CDCl3 at 25 °C.



      For the seven remaining structures, a B3LYP calculation was carried out using 6-31G(d,p) basis set (once each structure was optimized). The δ values calculated were then compared to the experimental values through the RMSD (root of the mean square deviation), which is calculated as

[image: ]



      where δexp are the experimental (observed) chemical shifts, δcalc are those obtained from calculations and n is the number of signals.




      This analysis could lead to the conclusion that main tautomers in solution are ketoamide and Z-enolamide, both showing internal hydrogen bonds. This fact may also be in agreement with the calculated energies of the tautomers suggested. In fact, the two tautomers proposed herein have the lowest energies among the others. Table 6 shows the results obtained in these calculations.




      

        Table 6 Experimental chemical shifts for tautomers 1 and 2 in 3-oxo-2-phenylbutanamide; and theoretical chemical shifts, RMSD and relative energy for seven theoretical tautomers (minimum RMSD and energy values are given in bold).




        

          

            

              	Experimental δ



              	Calculated δ

            




            

              	K1



              	K2



              	EE



              	EZ1



              	EZ2



              	EZ4



              	I1

            


          



          

            

              	Tautomer 1



              	3.99



              	3.79



              	3.56



              	4.70



              	5.04



              	4.59



              	4.72



              	3.60

            




            

              	5.57



              	5.24



              	5.42



              	4.79



              	5.47



              	5.50



              	4.94



              	7.60

            




            

              	7.02



              	8.25



              	4.78



              	5.42



              	15.22



              	8.70



              	5.42



              	9.86

            




            

              	RMSD



              	0.74



              	1.32



              	1.11



              	4.77



              	1.03



              	1.08



              	2.03

            




            

              	Tautomer 2



              	5.26



              	3.79



              	3.56



              	4.70



              	5.04



              	4.59



              	4.72



              	3.60

            




            

              	5.56



              	5.24



              	5.42



              	4.79



              	5.47



              	5.50



              	4.94



              	7.60

            




            

              	14.22



              	8.25



              	4.78



              	5.42



              	15.22



              	8.70



              	5.42



              	9.86

            




            

              	RMSD



              	3.55



              	5.54



              	5.11



              	0.59



              	3.21



              	5.10



              	2.94

            




            

              	Relative energy (kcal∙mol-1)



              	1.1



              	3.4



              	4.4



              	0.0



              	10.2



              	12.9



              	18.1

            


          

        




      




      The accuracy of the data obtained from calculations depends mainly on two factors:




      

        	The calculation method and basis set.




        	The method for converting shielding (σ) tensors into chemical shifts (δ).


      




      Following the same example, δ values were recalculated using two different methods (B3LYP/6-31G(d,p) and mPW1PW91/6-311+G(2d,p)) and two converting methods (subtraction and scaling factors). δ values obtained for tautomers K1 and EZ1 are shown in Table 7.




      

        Table 7 Calculated chemical shifts and RMSD for major tautomers in 3-oxo-2-phenylbutanamide using two different calculation methods and two different converting methods (minimum RMSD values are given in bold).




        

          

            

              	Ketoamide (K1)



              	(Z)-enolamide (EZ1)

            




            

              	Exp.



              	B3LYP



              	mPW1PW91



              	Exp.



              	B3LYP



              	mPW1PW91

            




            

              	subs.



              	sc.fact



              	subs.



              	sc.fact



              	subs.



              	sc.fact



              	subs.



              	sc.fact

            


          



          

            

              	3.99



              	4.19



              	4.63



              	4.17



              	4.03



              	5.26



              	5.04



              	5.47



              	5.33



              	5.11

            




            

              	5.57



              	5.24



              	5.67



              	5.66



              	5.42



              	5.56



              	5.47



              	5.90



              	6.00



              	5.73

            




            

              	7.02



              	8.25



              	8.64



              	8.61



              	8.16



              	14.22



              	15.22



              	15.55



              	15.21



              	14.32

            




            

              	RMSD



              	0.742



              	1.009



              	0.923



              	0.667



              	RMSD



              	0.594



              	0.801



              	0.623



              	0.145

            


          

        




        

          Exp.: experimental; subs.: substraction; sc.fact,: scaling factors.

        




      




      As it can be seen, the value obtained in theoretical calculations depend not only on the method employed, but also on the converting method.




      It must also be regarded that protophilic solvents are more difficult to approximate because the PCM model do not consider specific interactions (tautomer-solvent hydrogen bonds, for example).




      Theoretical calculations can also be performed for 13CNMR spectra (and for any other nuclei). The only difference is that in these cases integration may not be a way of grouping the signals into sets, since NOE effect modifies signal integration.
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