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ABSTRACT

Intramolecular hydrogen bondings (IHB) in some datives of 4-(aminomethylene)-1-methylpyrazolimgso
(AMP) and its imine tautomers were investigatedhgisiensity functional theory (DFT) calculationsB8LYP/6-
311+G(d,p) level of theory. The relative stabildglculations showed that AMP forms are more stabén IMP
ones. The strength of the IHB were investigatednieans of several quantum descriptors such as geoaiet
structural (bond lengths and angles), topologicatgmeters based of Atoms in Molecules theory (AdMBader
(total electronic density and its Laplacian at bondtical point (BCP) and ring critical point (RCP) hyper
conjugative interaction energy ¢B, related to the LP(G)o* (n-ny and LP(N)—m—*(o_H) overlaps, chemical shifts of
the bridged hydrogen atordH, frequency shifts of the N-H and O-H stretchiiilgration modes. The combined
results strongly illustrate that the O/ exist for IMP forms is stronger that the NZB® in AMP tautomers. Good
linear correlation coefficients between IHB enerfy;s, based on Espinosa’s equation and the abovemesttion
descriptors were reported.

Keywords: 4-(aminomethyle)-1-methylpyrazolin-5-one, Intranwlar hydrogen bond, Density functional theory,
Bader's QTAIM IR and NMR.

INTRODUCTION

The tautomerism of organic compounds is one ofnilst important processes in chemistry. This proodsEn
involves intramolecular proton transfer (IPT) betwehe tautomeric groups, particularly in the ghase, where
possible of the solvent molecules is absent [1f2ivas concluded, in the presence of hydrogen bandHB)
between the two tautomeric groups, that the intfecwar hydrogen bonding along the corresponding isiB
assumed to be the main pathway for many tautontiemsa IHB has been found to govern the confornmatio
preference of molecules [3]. Recent years havees#ted an increase interest in studying the IHBtimma4-13],
theoretically and experimentally. Pauling [14] denh out that in most cases the strength of the htikocreases
with the increase of the electronegativity valuetlod acceptor atom. This is exactly the case foger and
nitrogen atoms. Particullay, the HBs formed betwd®m and the NH and OH groups are usually stradich
play essential roles in studies in supramolecglasstal engineering, materials, and life sciendég.

Last decades have received great efforts to caéctit@ HB strengths [16-18]. Recently, it was dighbd that the
HB strength can be also estimated by looking ateleetron density at the bond critical point (BQRYived from
AIM of Bader [19]. This density has been succes$gfused not only to characterize hydrogen bondidgs,12],

but also to design new partition schemes as utmdid to investigate the nature of these kinds edkvinteractions.
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For this study, 4-aminomethylene of 1-methylpyrae&tones (AMP) and its imine tautomer, IMP, anansoof
their derivatives (Ckl F, Cl, GHs, NH,, and NQ) have been chosen (see Scheme 1). These compatmds
important compounds with widespread use as ligamddtain metal complexes [20] (as herbicides amgjitides).
Furthermore, these compounds have the possibdityridergo the enamine-kete imine-enol transformation,
which is expected to achieve through the IHB thE plPocess

The main aim of the current study is to investigateproperties of N-HID and O-HIN IHBs, which exit for AMP
and its IMP tautomer. Therefore, the substitutifact on the hydrogen bond strength and the gegnudtthe IHB
systems were studied. For such investigation, #resitly functional theory (DFT) and the quantum tiyeaf atoms
in molecules of Bader are applied. To obtain mafermation of the nature of the IHBs; the naturah® orbital
analysis (NBO), IR frequencies, and NMR chemicéftshvere also considered. Finally the relativesgth of the
two tautomers and their derivatives were reported.

MATERIALS AND METHODS

COMPUTATIONAL PROCEDURES

All computations were performed at the DFT B3LYPmnputational level in conjunction with the 6—311+(d
basis sets, using Gaussian09 suite of packages Th#¥| geometries of the compounds under probe Wudiye
optimized without the constraint on a possible ptég. For each stationary point, we carried outrational
frequency calculation at the same level to charaet¢heir nature as local minima or transitiortesseand to find the
vibrational N-H and O-H stretching frequencies lué stationary points in the IHB systems under prétso, the
vibrational calculations were used to correct eigsrdor zero-point energy and thermal contributionorder to
ensure the reliability of the calculated relativiabdities, final energies were obtained throughgk point
calculations, carried out with a 6-311++G(2df,2pkis set. The reported energy values were restalgw: single
point energy + ZPVE and given in kcal/mol. To obtanore insight into the nature of the IHB systenad8r's
QTAIM [19,22,23] was applied. The AIM computationgre carried out by using the AIM2000 program [£2]
localize bond critical points (BCPs) and ring c@dti points (RCPs) to characterize them in termslettron
densities fgcp's andprcps) and their Laplaciani(ngcp’s and DZpch’s). The total electron energy density at the
HIID and HIN critical points (HO and HN) is also given for ratolecular HBs. For the latter value its
components are considered: the potential electrangy density (Mcp) and the kinetic electron energy density
(Ggep). For a better understanding of the intramoleciritaractions, the natural bond orbital (NBO) [2Blalysis
were carried out. Finally, correlations between saralculated parameters with IHB energies Bave also been
considered. Graphs were drawn and regression a&salysre performed using Origin Pro 7.0 software.

RESULTS AND DISCUSSION

AIM analysis of intramolecular H-bonds

Bader's QTAIM [19] provides a solid foundation fie estimation of the strength of IHB [26-30]. Thigory is
based on topological properties of the electrorsiterfp), and Laplacian of the electron densifyg) at the bond
critical points (BCP) of two hydrogen bonded atoffilserefore, the analysis of bond critical pointssveaplied in
order to obtain the IHB energy,E It was pointed ouhat there is a well known relation Eq. (1) betweaplacian
and the energetic characteristics of the criticdhp
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1
2 DZPBCP = 2Ggcp +Vecp and Hpyep = Ggep +Vpep @

where Ggcp and Vgep are, respectively, the kinetic and potential etattenergy densities at BCP. It is worthy to
mention that knowing of the BCP in the hydrogendand the ring critical point (RCP) in the quasigrassociated

to the formation of the IHB between the two bond&aims is very useful to characterize the IHB. Savidseoretical
methods [17,31fave been proposed to estimate hydrogen bond er@rngyof the most useful of these methods has
been explained by Espinosa et al [32] who found tiB energy, g, may be correlated with the potential electron

energy density at BCP by the expresskap, =V(pgep )/2 Grabowski [29] pointed out that the H-bond energy

is related to ) at the HII¥ (O or N) BCP and[{p), of electron density at BCP of two hydrogen bahdtms. If a
H-bond exists, then the rangemfr and1’pgcp are 0.002—0.035 and 0.024-0.139 a.u., respectively

Table 1 displays the calculated total electronissity, p, and its corresponding Laplacidri(p) at BCP and RCP,
potential electron energy densibgcr, kinetic electron energy densit@scp, ratio of G(r)/V(r)| at BCP, and IHB
energy for AMP and IMP tautomers and their derivegi An inspection of Table 1 indicates that the-B-and
H---N contacts have the following topological pmipe as follows:

« H---Nand H---0 contacts had lpy¢r and the that of the former is lower than thathef latter,

Both bridges had positivié®p values,

* H---N bonding had positive values and H- - - O hadtivegvalues,

|G()/V(r )| values are greater than unity in IMP and less tinaity in AMP, reflecting that IHB is of non-
covalent nature (electrostatic) in the former ahdawalent nature in the latter.

» The electron density and its Laplacian at the RizB; andpgrcp 0f the quasi rings, which are created due to the
formation of the IHBs had positive values.

e The propertieprcp andUpgrep are larger in IMP than in AMP ones.

These properties are typical for closed-shell adBons as IHBs and indicate electrostatic charamftehe H---O
and H---N bondings. Additionally, the calculateglaaians (not shown) at BCP for N-H bond in AMP abeH

bond in IMP had negative values, thus pointing thatt both bonds in both formers have covalent altaraln

general, the strength and the length of the chdrbmad are closely correlated. The bond strengttetermined by
accumulation of electron density in the bond regan the screening of nuclei by this density [3Dhese
characteristics of electron densities and its Laiplaat BCPs signify the presence of H-bond intésac According
to Table 1, comparison between the topological patars of AMP and IMP forms and their derivatived Ls to
conclude that the IHBs in IMP form are strongemti@AMP forms.

Rozas et al [33] explained that hydrogen bondsbeaclassified as follows:

« Weak hydrogen bond&g < 12.0 kcalmol): 0%gcp >0 andGgcp + Vs> 0;

« Medium hydrogen bonds (12<0E g < 24.0 kcalmol): 0%pgcp >0 andGegcp + Vacp <O;
« Strong hydrogen bond&gs > 24.0 kcalmol): 0%gcp < 0 andGgep + VBCP <0;

Table 1 Topological parameters (in a.u) and IHB ermgies, Bg, (kcal/mol) for AMP (upper) and IMP (lower) and their derivatives
calculated on the B3LYR6-311+G(d,p) wavefunctions.

R Pscr O°pece Gece Vacp GecptVecr  |VecdGecp  Prer O%Prce Ems
Data for HIIO IHB exist in AMP tautomer

NO, 0.0278 0.0988 0.0228 -0.0209 0.0019 0.9167 0.01M0914 -6.6
Cl 0.0293 0.1004 0.0236 -0.0222 0.0014 0.9407 @019.0942 -7.0
F 0.0276 0.0942 0.0219 -0.0203 0.0016 0.9269 0.01050908 -6.4
H 0.0240 0.0850 0.0192 -0.0172 0.0020 0.8958 0.01860828 -5.4

CH; 0.0288 0.1008 0.0236 -0.0219 0.0017 0.9280 0.0180939 -6.9

CeHs 0.0294 0.1026 0.0241 -0.0226 0.0015 0.9378 0.01910947 -7.1

NH, 0.0318 0.1067 0.0257 -0.0248 0.0009 0.9650 0.0190987 -7.8

Data for HIIN IHB exist in IMP tautomer

NO, 0.0380 0.0985 0.0278 -0.0309 -0.0031 1.1133 0.01111019 -9.7
Cl 0.0365 0.0946 0.0263 -0.0289 -0.0026 1.0992 67.010.0992 9.1
F 0.0343 0.0914 0.0246 -0.0263 -0.0017 1.0698 3.016.0956 -8.2
H 0.0431 0.0988 0.0305 -0.0363 -0.0058 1.1906 @01p.1070 -11.4

CH; 0.0488 0.1017 0.0343 -0.0430 -0.0087 1.2531 0.01841133 -13.6

Ce¢Hs 0.0507 0.1027 0.0357 -0.0456 -0.0099 1.2773 0.01861152 -14.3

NH, 0.0518 0.1022 0.0362 -0.0469 -0.01069425 1.2954 0187. 0.1159 -14..7
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According to our theoretical results in Table 1 &nel above classification of the IHB, it can be @daded that the
O-HIN IHB exist for IMP is of medium power hydrogen lohrwhile the O-HIN IHB exist for AMP is weak
hydrogen bond. It was shown that topological patameat BCP and RCP may be useful to describettbegih of
IHB [7,34,35]. The correlation of IHB energies,gk of the N-HID and the O-HN bridges with the |¥r/Ggcpl
ratio, total electronic density and its correspagdiaplacian in BCPs are shown in Figure 1. Thedimdependence
with high regression coefficients (close to unityjicates that there is strong correlation betwiét energies and
the abovementioned topological properties. Thas#irfgs illustrate that these quantum descriptorstEaused to
estimate the hydrogen bond strength.

The existence of the ring critical point (RCP) lire tchelated ring structure, which is created dubeédormation of
the IHB, was analyzed. Grabowski [29] pointed tfat IHBs there is a correlation between the hydrogend
strength, g, with the total electron densitp, and its Laplaciarijzp at RCP. For the systems under probe there
are a good linear correlations betweegs Eand the topological properties at the R@Rgr and sz, with a
correlation coefficients are very high (near to)oag can be shown in Figure 2 (a-d). Our findingtidate that the
topological properties at the ring critical poirancalso be used to estimate the relative strenfjttheo IHB.
Comparison of the topological properties calculsie@®CP and BCP indicates that the [@MW IHBs exist for IMP
forms are stronger than the NED IHBs exist for AMP forms.
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Figure 1: Left: Epg of OMM IHB in AMP vs. (a) Total electronic density at Il BCP (c) Laplacian of total electronic density aOIH
BCP and (e) |\sce/Ggce| ratio at OMH BCP. Right: Eng of NOIIH IHB in AMP vs. (a) Total electronic density at NITH BCP (c) Laplacian
of total electronic density at NIIHH BCP and (e) |\scp/Gace| ratio at NIIH BCP.
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On the other hand, Table 1 shows variation of the Bacp, andDZp properties at both BCP and RCP depend on the
nature of the substituent groups. Substitutionhef ¢lectron-withdrawing groups (F, Cl and N@nds to reduce
these parameters and weakness the hydrogen boadeVédrse action is true in the case of electroratiog groups
(CHs, GsHs and NH). For example, the strongest hydrogen bond waasrteg for NH group and the weakest one
was found for F group.

Geometrical analysis of intramolecular H-bonds

The most relevant geometrical structural paramet&ssociated with the formation of NED and OHIN IHBs
exists for AMP and IMP tautomers, respectively, susmmarized in Table 1. The optimized structurethefparent
tautomers AMP-H and IMP-H are shown in Figure 3e Tiptimized structures of all derivatives of AMRIdMP
tautomers and the transition states which contechtare available from the author upon request.
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Figure 2: Left: Epg of OMM IHB in AMP vs. (a) Total electronic density at QIIH BCP and (c) Laplacian of total electronic densityat
OMMH BCP. Right: Exg of NIIH IHB in AMP vs. (b) Total electronic density at NIl BCP and (d) Laplacian of total electronic densityat
NIH BCP.

According to Table 2, for AMRorms, despite of the nature of the substituerd, MhH bond becomes longer and
N---O and the NH---O IHB distances become shdrder those in the parent tautomer (AMP-H). For INBRTTS,
the picture is completely different, it is foundathon going from an electron withdrawing substitugioup to an
electron donating one, OH---N IHB and O---N digtarmcome shorter and the O-H bond becomes lortgem w
compared with those of the parent molecule (IMPAH.it is obvious from Table 2, the geometrical gedies of
AMP and IMP forms illustrate that the ranges of O--nN H- - - N distances in IMRutomer are about 0.013-0.119
A and 0.058-0.188 A shorter than those in AMP oreklitionally, the valence angl&yy in IMP formsis about
7.4-12.8 higher than in the AMP ones. These facts pretiat the OH---N IHB is stronger than the NH---O one.
As shown in Figure 4 (a-d), IHB energies of th&Bl and HIN bridges, Fg, correlate well with the geometrical
parameters (O-H covalent bond[I® and HIN hydrogen bonds, @M contacts and N-HD and O-HIN bond
angles). The linear correlation coefficients ar®98, 0.999, 0.996, 0.926, 0.870, 0.991, 0.951 arg940
respectively.
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AMP-H IMP-H
Figure 3: Geometrical structure of the parent AMP axd IMP tautomers.

Table 2. Selected geometrical parameters (distancisA and angles inc) for AMP (upper) and IMP (lower) and their derivatives
calculated at B3LYP6-311+G(d,p) level of theory.

R AMP IMP
[J[JH HIO NIIMO  [T550y =1 HIIO  NIIO  [oqng
NO, 1.021 1.949 2.739 132.0 0.992 1.85 2.702 142.1
Cl 1.026 1.925 2.745 134.6 0.992 1.871 2.723 142.0
F 1.025 1.955 2.759 133.1 0.991 1.897 2.746 141.8
H 1.02 2.016 2.806 1315 1.001 1.802 2.678 144.1
CHs 1.023 1.932 2.749 134.6 1.007 1.751 2.64 144.9
CeHs 1.023 1.923 2.747 135.5 1.009 1.735 2.627 145.1
NH, 1.027 1.888 2.741 138.3 1.012 1.724 2.622 145.7
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Figure 4: Linear correlation dependencies of (a) ks (HIID) vs. N-H, HID and NIID distances (AMP), (b) Eg(HID) vs. On-nm (AMP)
(c) Eng(HM) vs. N-H, HIIN and NI distances (IMP) and (d) Eg(HIMN) vs.8o.nm (IMP)

As can be shown in Figure 5 (a and b) of the supefeary information, the correlation of Z£HID) with the sum
of N-H bond length and HOD distance (R = 0.988) is considerably better tthencorrelation betweenys(HIID)
and QIN distance (R = 0.870), which is not as good a# Wit other geometrical parameters. On the othed,ha
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correlation of Eg(HIM) with the sum of O-H bond length andlM distance (R = 0.999) is considerably as good
as the correlation of {g(HIIN) with HITM
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Figure 5: (a) By of OMM IHB in AMP vs. N-H+H MDD distances. (b) s of NI IHB in IMP vs. O-H+H MM distances.

distance (R = 0.991). Previous studies [36] attatduhis behavior to the non-linearity of the hyglrn bond system.
Also, Table 2 shows, in general, for IMP forms,célen donating groups (GHCsHs and NH) lengthen the N-H
covalent bond and shorterilll and QN distances in comparison with the parent molectie opposite effect is
true in case of electron with drawing substituenatugs (NQ, F and CI). For AMP, the picture is more complécht
(as can be shown in Table 2). It is worthy to namtthat, there are some invaluable correlationsvéyt
topological and geometrical parameters (not shotwoi).example, a good correlation betwediBHand pymy exists
with R value amount to 0.998 (with equation @gy = - 0.103 @IIf + 0.229) for IMP form. Again, similar
correlation between HD andpym exists with R value amounts to 0.856 (with equatspym = - 8.409 ¢ +
2. 993) for AMP form. All these results illustrateat the topological properties and the geometpeabmeters can
be used as a good descriptor to estimate the hgdrognd.

NBO analysis

In the NBO analysis, the electronic wave functians interpreted in terms of a set of occupied Leamd a set of
non-Lewis localized orbitals [37]. Delocalizatiofffeets can be identified from the presence of atigdnal
elements of the Fock matrix. The strengths of tliedecalization interactions,dl; are estimated by second order
perturbations theory. It is well known that in tN&O analysis of H-bond systems, the charge trarisfereen the
lone pairs of proton acceptor and antibonds ofgratonor is highly important.

The results of NBO analysis clarify that in the sjuang structure of AMP and IMP tautomers, thedqmair of
nitrogen atom (LP(N)) and the two lone pairs of gesy atom, LP(O), respectively, participate as deaod thes o.
u ando w4, respectively, interactions behave as acceptosiramg intramolecular charge transfer interactod
their energies are presented in Table 3.

Table 3: Frequency ofvn.y andvo. stretching vibrational modes, frequency shiftsgv = Av(R) - Av(H), and charge transfer energy, kr,
(kcal/mol) for, respectively, AMP and IMP tautomers and their derivatives calculated at B3LYP/6-311+@,p) level of theory.

R AMP IMP
VN-H Av N-H élH ECT(a) Vo.H AVo.H 61H ECT(b)

NO, 3401 32 9.3 8.3 3292 171 11 18.3
Cl 3327 105 9.8 9.7 3297 176 10.6 14.8
F 3354 79 9.2 8.7 3325 204 10.3 13.9
H 3432 0 9.1 6.2 3121 0 12.3 20.9
CH; 3379 53 10 9.1 3019 103 13 25.3
CeHs 3370 63 10.2 9.4 2985 136 135 -
NH, 3313 120 9.9 11.2 2952 169 13.3 28.5

@Corresponds to LP(O) ¢*\.+ antibonding interaction§’Corresponds to LP(N). 6* 0.+ antibonding interactions.

As it is common, the orbital energiesstEhave been reported in kcal/mol. These energiegsmond to the LP(N)
- 6 o and LP(0)- o .4 interactions, respectively, which is related toximum LP(N) - ¢ o4 and LP(O)—

o w4 Overlaps leading to a linear or close to linearrgewy in the O-HIN and N-HID hydrogen boning systems,
respectively. In the current research, the H-baatl$ to an increase in théo.y and o w4 antibonding orbital
occupancy, producing the weaker and longer O-H d#idl bonds. Close look at the tabulated results ablé& 3
indicate that the nature of the substituent infaeesnthe strength of the NHED and O-HIN intramolecular
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hydrogen bondings according to the following treAdl$P-NH, > AMP -CHs > AMP -CH; > AMP -Cl > AMP -F
> AMP -NO, > AMP -H and IMP -NH > IMP -CH; > IMP-H > IMP-F > IMP-CI > IMP-NQ, respectively.

It is important to mention that that NBO energysrErelated to LP(NO)- o oy and LP(O) - o n.u, Overlaps
nicely correlates with other geometrical and togalal parameters. For example, the linear cortatoefficients
showing Et dependency versuslIHED and HIN contacts are 0.981 and 0.990, respectively (hotva). Also, the
linear correlation coefficients showing the depemgeof Bt versuspym and pymy are 0.996 and 0.995,
respectively (not shown). Furthermore, there iseaedt linear relationship betweengEwith Ecr, with the
correlation coefficients amount to 0.991 and 0.9@8pectively. These results provide that the mtegseof the
charge transfer between the lone pairs of protaetor and antibonds of proton donoef{Ecould be very useful
in estimating the IHB strength.

IR and NMR:

Anotherr approach used to study the strength ofhydrogen bondings in the investigated specieshés IR

spectroscopy of the O-H and N-H bonds on the omal lend the'H NMR chemical shifts §H) of the donor
hydrogen atom involved in IPT process. It is vielbwn that there is a good correlation betweenueeqy shift of
the stretching vibration mode, of the accepted bond and the IHB strength. Espiret & used such this
correlation for the estimation of the IHB strength.

The calculated frequency shifts of N-Ayy, and O-H,Avqy, stretching vibration modes for parent tautomers
(respectively, AMP and IMP) and their derivativee tabulated in Table 3. The frequency shifts witbpect to the
parent AMP and IMP tautomerdy, are plotted against IHB energiesgEin Figure 6 (c) and (d), respectively. In
substituted tautomer AMP, regardless of the natdirsubstituenty(N—H) mode shows a negative frequency shift
(red shift). In substituted tautomer IMP(O—H) mode shows a negative frequency shift (reift)sim case of
electron donating substituent groups and a positieguency shift (blue shift) in case of electroithdrawing
substituent ones. The highest red shift is obsefeed®H, substituent which is in agreement with the highegt
and the lowest red shift is observed for QGisbtituents. On the other hand, the highest &iife is observed for
fluorine substituent and the lowest one is repofbechitro group which is also in agreement witk tH-bond energy
(see Table 3). As presented in Figure 6 (a andhk)H-bond energies, 5(NIIH) and Eg(OIH), correlate well
Av(O—H) and4v(N-H) for IMP and AMP tautomers. The larger negatshift shows higher g and larger positive
shift shows lower Fgs.

Another sensitive descriptor to measure thg B the’H NMR chemical shift §) of the hydrogen atom which
involved in the IHB [38]. Formation of the intraneglular H-bonds leads, as a rule, to deshieldingprimfged
hydrogen atom and consequently to an increases ichigmical shifttH NMR chemical shifts 3'H, of the parent
tautomers (AMP and IMP) and their derivatives aeutated in Table 3. Thi#d NMR values were calculated by
means of gauge-independent atomic orbital (GIAO)ha [39] at the B3LYP/6-311+G(d,p) level of theofhe
calculated chemical shielding were converted irtersical shifts §) by subtracting 31.76, thtH shielding of
tetramethylsilane computed at the same level afrthand basis set. It was pointed that the strolgBrcauses the
d'H chemical shift of donor atom, H, to move dowrdiélirther. From Table 3 it is obvious that the o#eedd'H
values for AMP species, regardless of the substitgeoup, are upfiled and those in the case IMRisgeare
downfield. The main effect of the electron donatsgstituent groups (in contrary of the electrothdiawing
substituent groups) is increasingddH chemical shifts of the donor H atom. Accordinghe above observations, it
is clear that the IHB in IMP species (OQHH) are stronger than those in AMP forms (NHH).

Figure 4 (e and f) presents the graphical plotiiigd'H versus H-bond energy,uE of the AMP and IMP,
respectively. The linear correlation coefficienfstitese dependencies are very high in case of iomer (R =
0.994) and it is not good in case of AMP species-(R881). Moreover, our results indicates thate¢hs a good
correlation betweed'H NMR chemical shifts anddg, related to LP(N)- ¢ 0.y and LP(O)— o n.u interactions.
The correlation coefficients of the aforementiomsghendencies are 0.971 and 0.635, respectivelyseTkiads of
dependencies are important, because they allow estimate quantitatively the strength of suchradgons and
provide a physical explanation for the process.
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Right: Left: Eqg(OMM in AMP) vs. (b) Frequency shifts Avo.n (d) Ecr, related to LP(N)—6'o.x and (f) proton chemical shiftsd'H.

Table 4: Relative energies,]E=(AMP-IMP) and the relative energy gap between Egutomer and the transition state, |E=(AMP-TS). All
values are in kcal/mol.

AE(AMP-IMP)

AE

(AMP-TS)

-NO-
-Cl
-F

-H
-CHs
-CeH=
-NH,

TOMMMER O =

4.
3.
2.
7.
7.
7.
5

2.
1.
1.
4.
4.
3.
1

NI MmN~

Analysis of Tautomers Stabilities

The relative energies of the AMP and IMP tauton{&sheme 1) are tabulated in Table 4. The totabketta is
summarized in Table 5 of the Supplementary Matgri@lomparison of the relative energies of AMP ali |
tautomersAE = Eavp-Ejvp, Shows, regardless of the nature of the substittleat AMPtautomers are more stable
than IMP ones, which is in agreement with the presiexperimental results [20,40]. As it is obvidisn Table 1
that the relative stability difference is signifitaand it is ranged from 2.1-7.6 kcal/mol.
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Close look At table 1 illustrates that the natufréhe substituent influences the energy gap betwleemautomers in
favor of AMP form, the greater the electron dongiteffect of the substituent (NHCHs, CsHs), the more energy
difference. According to these results it can bectuded that AMP tautomer is the predominat ongads phase.
Furthermore, the energy gap which connects the stafile tautomer and the transition stafds(AMP-TS)) is
considerably small (ranging from 1.2 to 4.5 kcalhnd his implies that the IMPT reaction, if proceed
thermodynamically possible and the considered taete (AMP and IMP) may interchangeable. According to
Table 4, one can conclude that the highest dedrequilibrium between the AMP and IMP tautomerslserved
for R = -F, withAE = 1.2 kcal/mol, whereas the least one is repdde® = -H, withAE= 4.5.

Table 5: Optomized energies, Eopt, Single point ergies, E, zero point energies, ZPE, and Thermal correctioto energy, TCE (All
values are in hartree).

Eopi Es ZPE TCE

£

AMP-H -434.336157 -434.362794 0.125352 0.13383
IMP-H -434.324147 -434.350857 0.125512 0.13368
TS -434.32033 -434.347115 0.121501 0.12914
AMP-CH3 -473.668471 -473.697715 0.152533 0.16283
IMP -CH3 -473.656992 -473.686133 0.153066 0.16282
TS -473.653945 -473.683213 0.148868 0.15829
AMP-F -533.607910 -533.639776 0.116928 0.12631
IMP-F -533.606034 -533.637747 0.117766 0.12673
TS -533.598021 -533.630005 0.113396 0.12187
AMP-CI -893.95826 -893.989326 0.115370 0.12505
IMP-CI -893.955149 -893.985812 0.116134 0.12548
TS -893.947944 -893.978945 0.111788 0.12062
AMP- NH2 -489.723482 -489.753749 0.14227 0.15203
IMP-NH2 -489.714315 -489.744639 0.142162 0.15171
TS -489.711574 -489.742047 0.137989 0.14723
AMP-C6H5 -665.449854 -665.491599 0.206239 0.21912
IMP-C6H5 -665.437588 -665.479343 0.206265 0.21891
TS -665.435072 -665.476998 0.20232 0.21455
AMP-NO2 -638.890353 -638.929761 0.127094 0.13801
IMP-NO2 -638.884965 -638.924221 0.127698 0.13844
TS -638.877808 -638.917354 0.123325 0.13355

CONCLUSION

We have investigated the intramolecular hydrogemdbws exit in AMP and IMP tautomers and their datives
using B3LYP level of theory at the 6-311+G(d,p) ibaset. The energetic results obtained from DFTutations
suggest, in all cases, that the AMP tautomer isenstable than IMP one. The results obtained fraemggtometrical
and topological parameters derived from Bader'srgheuggest that the stronger IHB can lead to fegng N-H
and O-H bonds and shortening the intramoleculardgeh bondings (HID and HIN) and the NID distances. Our
calculated RCPs values are useful descriptor o$titength of intramolecular H-bonds. There is aedécorrelation
exists between IHB energyng and the structural, topological parameters, 1HRN&hd charge transfer energy,
Ecr, derived from NBO calculation. It can be concludlealt E;z calculated from the topological parameters may be
treated as the HB energy, and well correlates ¢oprtinent IHB strength parameters. Moreover,ddleulated
electron densities and Laplacian properties of AdE IMP tautomers illustrate thaffBD and HIN bondings have
lower p and positivd]2p values, which is typical for closed-shell interaatindicating electrostatic character of the
HIID and HIN bondings. The numerous linear relationships wihy high correlation coefficients found in this
study strongly assume that the aforementioned pteasimay be very useful to evaluate the H-borehgths.
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