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Intramolecular H-Bonds: DFT and QTAIM Studies on 3-(Aminomethylene)pyran-2,4-dione
and lIts Derivatives
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Intramolecular N-H---O hydrogen bonds in 3-(aminomethylene)pyran-2,4-dione and its simple derivatives
(F, Li, and BeH substituents) were analyzed theoretically. The systems were optimized at the B3LYP/6-
311++G(d,p) level of approximation. For some fluorine derivatives the corresponding tautomers-wlith O

--N intramolecular H-bonds were investigated, and for such pairs of tautomers, the calculations on transition
states of the NH---O < N---H—0O proton-transfer reaction were carried out. The geometrical and energetic
parameters for these species were characterized. The topological parameters derived from Bader theory were
also analyzed; these are characteristics of H-bond critical points and also of ring critical points. Besides
N—H-:-O and O-H---N intramolecular hydrogen bonds, there are the other intramolecular interactions, mostly
ionic such as B&:--°0, Li™---7°0, and Li---°F. The F--O interactions also exist for some of species
investigated. They may be classified as energetically stabilizing ones since the corresponding bond paths and
critical points exist. The numerous correlations and dependencies between geometrical, topological, and
energetic parameters were detected and described.

Introduction SCHEME 1
H-L
Intramolecular hydrogen bonds are usually reported as very o0~ "0
. . ; . L d1 [|d4
important interactions which often exist in all states of matter RN R
and which influence on species’ propertied.It was even 1 dzR‘“ :

claimed that in crystal structures there are preferences to form

six-membered pseudo-rings closed through intramolecular H-for their saturated analogues, but it is connected with the

bonds. These interactions are preferred over the other EVEN;_skeletons of the unsaturated molecules which allow the donor
strong intermolecular hydrogen bortiarticularly homo-

, . and the acceptor atoms to be closer than in the corresponding
nuctlear |fntramoletczllar_ eIH-(-j-ObTy(grogden bonf(:s with tthet Saturated systems. This is in line with other studies since the
system ot conjugated single-double bonds are often investigate MP2/6-311++G(d,p) calculations were performed on the intra-

(S(t:_hemedlzh For rs]uch spec;esf :‘%re 'g’ttﬂgdg)? delocallr; molecular H-bonds for malonaldehyde and its simple chloro and
zation and the enhancement of H-bond strenhrly on suc fluoro derivatives, and it was found that the main part of the
interactions were classified as resonance assisted hydrogerh_bond energy is connected with the closure of six pseudo-
bonds (RAHBSs), and their characteristics were analyzed in ring and only part of the 2630% with thezr-electron delocali-

detail® zation. However one can see that the latter effect is not
O—H---O RAHBs strengthened by-electron delocalization  meaningless for so-called RAHBs and undoubtedly it contributes

as well as by the pseudo-ring existence possess differentig the enhancement of H-bond strength.

detectable properties. These are as follows: equalizatior-af C There are numerous studies on the other six-member rings.

and C=C bonds on one hand and such equalization 6/0C  For example, these are Schiff or Mannich bases and related

and C=0 bonds on the other hand, movement of the proton to systemg1! Crystal structures of coumarin derivatives are the

the middle of G--O distance in extreme cases of very strong other example$.The latter compounds were also investigated

hydrogen bonds, etc. Also heteronuclear-i--O intra- theoretically since ab initio and QTAIM (quantum theory of
molecular RAHBs were analyzéd‘,as well as intermolecular “atoms in molecules” metho&ﬂ calculations were performed
RAHBs? In the latter case both homonuclear-8:+-O as well on related systenfs.

as heteronuclear H-bonds, as for exampteHN--O ones, are Coumarin derivatives are not convenient objects to perform
known. Numerous studies were performed on such interactionsthe high-level calculations since they are complex species. There
existing in carboxylic acids and amidés. are two six-membered rings for them, and if additional substit-

It is worth mentioning that the idea of resonance-assisted uents exist, the intramolecular H-bond with pseudo-ring may
H-bonds was criticized recenti It was pointed out that neither  be also created. Thus, simpler, related species are analyzed here
the coupling constants nor the proton chemical shifts for speciesto deepen the nature of intramolecular interactions. There is the
with intramolecular G-H---O and N—-H---N hydrogen bonds  six-membered ring with heteroatom (oxygen) and with the
in malonaldehyde and its diaza derivative, respectively, prove oxygen attached to this ring (Scheme 2) in the species chosen
the systems’ stabilization assisted by resonance. The authordor these investigatiorssimilarly to that in coumarine. The
claim that there are stronger H-bonds for these systems than3-(aminomethylene)pyran-2,4-dione (Scheme 2) and its simple
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SCHEME 2: 3-(Aminomethylene)pyran-2,4-dione Results and Discussion

H o o) . . ) .
Relationships between Geometrical and Topological Param-

‘ eters. The calculations performed on the wide spectrum of

N M related species allow one to get deeper insight into the charac-
H teristics of intramolecular interactions. There arelit--O and
‘ O—H---N hydrogen bonds within the species analyzed, and such
O N interactions exist also for transition states. Hence it is possible
“H H to analyze the H-O and H--N noncovalent interactions, the

covalent N-H and O-H proton donating bonds and also the
“intermediate” interactions in transition states.

Tables 1 and 2 show the geometrical and topological param-
| eters of these interactions. For example, Table 1 showsiN
R ’ R bond lengths which are detected in the range of 111044
X ! G ! A, the H--N contacts are of about 1-8.7 A, and H--N
| distances corresponding to the transition states are approximately
in the range of 1.41.3 A. In the case of NH bond the electron
\H/ \Rg \Hf’ \R2 density at the corresponding BCP amounts~0.3 au, for
H---N interactions of TSs such electron density amounts to
0.15-0.21 au, while for F+-N contacts of B tautomers the range
for this quantity is 0.040.07 au. Besides, for two kinds of
interactions, N-H bonds and H-N contacts of TSs’, the corre-
sponding Laplacian values are negative. The negative Laplacian
is the topological evidence of the covalency of such inter-
actionst?¢17For H---N contacts of B tautomers Laplacians are
positive as it is for the non-covalent closed shell interactions.
However, even for the latter interactiomscp values are nega-
tive which is often attributed at least to the partial covaletcy.
Jt means that ©H---N hydrogen bonds, existing for B tauto-
mers, are medium in strength or even they are relatively strong.
It is in line with the classification of hydrogen bonds given by
Rozas et al® The authors proposed bo¥¥pgcp > 0 andHgcp
> 0 for weak H-bonds; for medium and strong H-bont%scp
The calculations were performed with GaussidfiGets of > 0 andHgcp < 0, while for very strong ones bo¥pgcp < 0O
code using the standard 6-38+G(d,p) basis sétat the hybrid andHgcp < 0. This is nicely related to the Hammondeffler
Hartree-Fock density functional (B3LYPY These calculations  postulate’® O—H-:-N H-bonds are strong since the related B
were carried out on 3-(aminomethylene)pyran-2,4-dione and its tautomeric forms are close to the transition states, closer than

SCHEME 3
H o 0 H o 0

derivatives are analyzed here. For such species not only
intramolecular H-bonds exist but also the other intramolecular
interactions.

The goal of this study is to apply density functional theory
(DFT) calculation&® and QTAIM theory? to analyze the sys-
tems described. The properties of-N---O and O-H---N
H-bonds are analyzed. Also the other intramolecular interactions
are investigated, and the characteristics of pseudo-rings create
due to the intramolecular H-bond formation are given.

Computational Details

simple derivatives (Scheme 2). The following &d R sub- the corresponding A tautomers where-N---O H-bonds exist.
stituents were taken into account:H, —F, —Li, and —BeH. This will be further discussed.
In the case of derivatives withiRR, = H, H; R;, R = H, F; Similar results concerning ++O interactions are collected

Ri, Rz = F, H, the tautomers where-€H--*N H-bonds exist in Table 2. For H--O contacts corresponding to the-Ki---O

were also calculated (Scheme 3). For such pairs of tautomersy_prigges in A tautomers, there are +2.3 A distances with

the calculations were performed on transition states (TSs) of the electron densities at corresponding BCRg) of 0.01—

the N—H---O < N---H—O proton-transfer process. The tau- (.04 au; Laplaciansy?pscp) are positive here, but sometimes

tomers with N-H---O hydrogen bonds are further designated the correspondingizcp values are negative. The latter indicates

as A, while their counterparts with €H---N H-bonds as B.  gronger interactions, partly covalent, and reayces are

The results on all A and B tautomers correspond to minima negative for the shortest-HO contacts (for M0 = 1.710

since imaginary frequencies were not observed, while for TSs 5,4 1.712 A). For the covalent-H bonds, there are high

one imaginary frequency was detected. o values of electron densities at corresponding BCPs and there
QTAIM?*?is also applied here, and the characteristics of the are negative Laplacians. For-+0 interactions of transition

bond critical points (BCPs) and ring critical points (RCPs) are gtates, the distances are equal to 1.17, 1.22, and 1.35 A. Only

analyzed in terms of the following properties: the electron for the atter case of the greatest-HD distance the Laplacian

density at the critical pointog), its Laplacian ¥2pc), and the is positive butHscp is negative.

total electron energy density at the critical poikic]. For the Some relationships may be observed for these parameters

latter its components are also investigated: the potential electronl:igulre 1 shows the dependence betweerNdN—H and O-H/ '

energy density\(c) and the kinetic electron energy densi. H---O distances. This is a very well-known relationship between

The foIIqwmg relations are well-known if all terms are expressed the proton-donating bond length and the proton-acceptor distance
in atomic units. . . ;
often found for different samples of experimental and theoretical
1 results? It indicates that for N-H-+-O interactions the greater
1{V°pe) =2Gc+ Ve He=G¢+ Ve (1) the elongation of the NH bond is the shorter the-HO contact
is; it means the stronger is the interaction. The same holds for
For the properties of the bond critical point and of the ring O—H---N hydrogen bonds; the stronger interaction corresponds
critical point the BCP and RCP subscripts are further applied to a shorter H-N distance and a greater elongation of thetlD
here. covalent bond. Figure 1 also shows three cases of transition
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TABLE 1: N —H Bonds and H---N Contacts’ Distances (A) and Topological Parameters (au); Electron Density at
Corresponding (N—H/H---N) BCP and Laplacian and Energetic Topological Parameters@gcp, Electron Kinetic Energy Density

at BCP; Vgcp, Electron Potential Energy Density at BCP;Hgcp, Total Electron Energy Density at BCP}

derivative N-H/H---N PNH/H-+N VZPNH/H"'N GBCP VBCP HBCP
Li,H-A® 1.024 0.3271 —1.6875 0.0477 —0.5172 —0.4696
F,H-A® 1.031 0.3144 —1.7018 0.0464 —0.5186 —0.4717
H,H-A 1.022 0.326 —1.7567 0.0455 —0.5301 —0.4847
BeH,H-Ad 1.02 0.3312 —1.7111 0.0456 —0.5189 —0.4733
H,F-A 1.024 0.32 —1.8462 0.0409 —0.5434 —0.5025
H,Li-A 1.028 0.3264 —1.5507 0.0549 —0.4974 —0.4425
H,BeH-A 1.033 0.3179 —1.5675 0.0511 —0.4941 —0.4430
F,F-A° 1.037 0.3087 —-1.7111 0.0444 —0.5166 —0.4722
F,Li-Ace 1.026 0.3221 —1.6157 0.0514 —0.5068 —0.4553
F,BeH-A° 1.044 0.3044 —1.4947 0.0518 —0.4772 —0.4254
Li,F-AP 1.023 0.3256 —1.8401 0.0412 —0.5425 —0.5013
Li,Li-A® 1.025 0.3284 —1.6027 0.0527 —0.5060 —0.4534
Li,BeH-AP 1.019 0.329 —1.6646 0.0476 —0.5114 —0.4638
BeH,F-Ad 1.021 0.3275 —1.8548 0.0393 —0.5422 —0.5030
BeH,Li-Adf 1.022 0.3327 —1.5594 0.0524 —0.4947 —0.4423
BeH,BeH-A 1.025 0.3274 —1.5827 0.0498 —0.4953 —0.4455
F,H-B° 1.625 0.0646 0.1109 0.0465 —0.0652 —0.0187
H,H-B 1.615 0.0666 0.1061 0.0469 —0.0672 —0.0203
H,F-B 1.767 0.0436 0.1119 0.0335 —0.0389 —0.0055
F.H-TS 1.25 0.1689 —0.2782 0.0708 —0.2112 —0.1404
H,H-TS 1.31 0.1451 —0.1266 0.0700 —0.1716 —0.1016
H,F-TS 1.159 0.2147 —0.7147 0.0636 —0.3059 —0.2423

a Different derivatives are taken into account, as first opsibstituent is indicated; next there is &d the type of tautomer (A, B or TS state).
b There is additional intramolecular +iO interaction.® There is additional intramolecular-+O interaction There is additional intramolecular
Be---O interaction. There is additional intramolecular 1iF interaction.f There is additional intramolecular +iH interaction (hydride bonding).

TABLE 2: O —H Bonds and H::-O Contacts, Distances (A), and Topological Parameters (au); Electron Density at
Corresponding (O—H/H---O) BCP and Its Laplacian and Energetic Topological Parameters Ggcp, Electron Kinetic Energy
Density at BCP; Vgcp, Electron Potential Energy Density at BCP;Hgcp, Total Electron Energy Density at BCP}

derivative O-H/H---0O POH/H:+-0 VZPOH/HmO Ggcp Vecp Hgcp
Li,H-AP 1.879 0.0328 0.1174 0.028 —0.0268 0.0013
F,H-A° 1.759 0.0433 0.139 0.0368 —0.0388 -0.002
H,H-A 1.884 0.0325 0.1156 0.0276 —0.0262 0.0013
BeH,H-Ad 2.107 0.0201 0.071 0.0157 —0.0137 0.002
H,F-A 1.854 0.0358 0.1248 0.0303 —0.0293 0.0009
H,Li-A 1.906 0.0315 0.1078 0.026 —0.025 0.001
H,BeH-A 1.832 0.0366 0.1214 0.0305 —0.0306 —0.0001
F,F-A° 1.712 0.049 0.1426 0.0404 —0.0452 —0.0048
F,Li-Ace 1.911 0.0315 0.1075 0.0258 —0.0247 0.0011
F,BeH-A® 1.71 0.0489 0.1419 0.0404 —0.0454 —0.0049
Li,F-A® 1.95 0.0292 0.1075 0.0246 —0.0223 0.0023
Li,Li-A® 1.883 0.0329 0.1154 0.0279 —0.0269 0.001
Li,BeH-A? 2.142 0.0196 0.07 0.0155 —0.0136 0.002
BeH,F-Ad 2.086 0.0224 0.0797 0.0177 —0.0155 0.0022
BeH,Li-Adf 2.348 0.0128 0.0411 0.0093 —0.0084 0.001
BeH,BeH-A! 2.103 0.0203 0.0698 0.0157 —0.0139 0.0018
F,H-B° 1.014 0.3072 -2.0493 0.0701 —0.6525 —0.5824
H,H-B 1.022 0.3 -1.9666 0.0704 —0.6324 —0.562
H,F-B 0.99 0.3323 -2.3337 0.0645 —0.7124 —0.6479
F.H-TS 1.224 0.1679 -0.2185 0.0923 —0.2391 —0.1469
H,H-TS 1.173 0.1929 -0.4779 0.0917 —0.3028 —0.2112
H,F-TS 1.352 0.1198 0.067 0.08 —0.1433 —0.0633

a Different derivatives are taken into account, as first onestbstituent is indicated and next there isaRd the type of tautomer (a or b) or TS
state.” There is additional intramolecular+iO interaction There is additional intramolecularFO interactiond There is additional intramolecular
Be---O interaction.® There is additional intramolecular +iF interaction.! There is additional intramolecular +iH interaction (hydride bonding).

states considered in this study, for which-# and H--O correlation presented in Figure 3: the electron density-at H
distances amount approximately to 413 A. N/N—H BCP vs the electron density at-/H---O BCP for

The strength of any pair of interacting atoms is reflected by the same H-bongN—H---O or O—H---N. In the first case of
the electron density at the corresponding bond critical point; hydrogen bonding there is the relation between electron density
this density is greater for shorter distané&slt is shown in at N—H BCP and the electron density at-HD BCP. In the
Figure 2, where the distaneelectron density exponential rela- second case of ©H---N this concerns ©H bond and H:-N
tionships for H--O/O—H and H--N/N—H interactions were contact.
found. The correlations’ coefficients for both dependencies are  Figure 4 presents the relationship between the-®{N)
very close to unity (squares of coefficients are given in Figure distance and the Laplacian of electron density at the corre-
2). Hence the distaneeelectron density dependence implies the sponding bond critical point. It indicates the region of covalent
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0.2
acter of interactions and only in one case of® BCP V2pgcp
0151 > 0 andHgcp < 0, which means the interaction is at least partly
014 covalent.
) Figure 5 shows the relationships between the-O)
0.05 distance and the other topological parameters sucHgzs,
Gscp, and Vpcp; all these topological parameters concern the
° T T T T T T J BCP related to the corresponding bond or contact. One can
0 005 04 015 02 025 03 035 observe the monotonic AIM parameters’ changes with the
electron density at H..N BCP change of the H-N(O)/O(N)—H distance V¢ is always nega-
Figure 3. Linear correlation between the electron density atHM tive, and its modulus increases for shorter distan&s:is

H---N BCP and the electron density at the correspondinrg®O—H

BCP (both values in au). always positive and increases if the distance decrebiges.is

negative for all covalent bonds, all contacts of TSs’, and it is
bonds where the Laplacian is negative. Figure 4 presents TSspositive for H--O within N—H---O systems but negative for
also possessing negative Laplacians. There is only one case oH---N contacts for the three B tautomers considered here. The
the positive Laplacian value at-HO BCP for the transition latter is connected with the fact that-®1--N H-bonds are
state with R = H and R = F; it is equal to 0.067 au. The  stronger than the corresponding-N---O H-bonds of the related
Hgcp value for this BCP is negative and amounts6.0633 A tautomeric forms. It results from the Hammonbdeffler®
au. However for the latter case of hydrogen bonding the postulate that tautomers of the higher total energy possess the
corresponding H-N BCP within the same N-H---O system stronger H-bonds since they are closer to TSs. It is worth
indicates the negative value of Laplacian-68.7147 au. One mentioning that H-bonds of TSs are the strongest ones. Gener-
can be referred to the last lines of Tables 1 and 2 to compareally, for the tautomeric forms of the lower energies the corre-
the values mentioned above. sponding H-bonds are weaker than H-bonds for tautomers and
Summarizing, for N--H---O systems of TSs all contacts TSs, which are characterized by higher energies. That was
indicate negative Laplacians corresponding to the covalent char-observed for the wide spectrum of systems for which the proton-



Intramolecular H-Bonds J. Phys. Chem. A, Vol. 110, No. 42, 20061851

TABLE 3: Geometrical Parameters (See Scheme 4), Bond 0.0443 au, and for the unsubstituted one this is equal to 0.0325

Lengths (A), and N-H—O Angles (deg) au. For the previous tautomer the equalization of d2 and d3
derivative di d2 d3 d4 N-H-O bonds should be observed as connected with the lengthening
Li,H-AP 1244 1456 1.44 1.324 1323 of d3 and shortening of d2. Table 3 indicates such equalization
F,H-AC 1.245 1.467 1.394 1.32 134 but both d2 and d3 bonds are elongated for F-substituted
H,H-A 1242 1461 1.387 1326 130 species. This may be connected with the other features of
BeH,H-A 1236 1448 1419 1316 127.4 F-substituent which is also the-electron lone pair donating
H,F-A 1245 1456 1387  1.316 123.2 one?2 The latter property probably disturbs the expected results
H,L-A l2ar, 1d4sl 1413 1317 1395 for A tautomer with R = H and R = F. The F-atom at the R
H,BeH-A 1242 1464 1.385 1.343 138.9 N _ e _
FF-A° 1244 1469 1387 1.343 133.8 position, as an electron-withdrawing substituent, should cause
F,Li-Ace 1.243 1464 1.405 1.283 133.6 the decrease of the proton affinity of nitrogen and hence the
F_,BGHQAC 1245 1469 1392 1.325 142 enhancement of the H-bond strength. Such behavior is in line
t:tl,AA A i 33‘3‘ i 3‘5‘3 1 33? i 31‘1‘ i%g g with the rule of the minimum proton affinity difference between
Li:BeH—Ab 1237 1457 1416 1326 1217 the_ proton donor gnd the proton acceptor in hydroger_l _bonds.
BeH,F-Ad 1238 1443 1423 1.286 120.4 This is also equivalent to the statement of the minimum
BeH,Li-Adf 1233 1449 1452 1.305 127.5 difference between thekp values of the two interacting groups
BeH,BeH-A' 1235 1451 1417 1336 132.8 as measured in a proper polar solvéfit.However for the
E’ﬂ-_g 131‘5‘ i-‘g‘gg 1-2% i-%"’ ig-g mentioned above F-substituted A tautomer its geometrical and
HE-B 1324 1393 1448 1282 1415 topological parameters do not differ significantly if compared
FHTS 1282 1431 1424 1.292 151.5 with the unsubstituted species (see TablesS)L The similar
H,H-TS 1.29 1.418 1.426  1.301 151.8 situation is observed if R= Li—no meaningful change of
H,F-TS 1275 1431 1413 13 142.8 H-bond strength if it is compared with the reference A tautomer
a The designations of additional contacts (footndte$ are the same ~ (R1 =Rz =H), thepy...o values are equal to 0.0328 and 0.0325

as those in Tables 1 and 2). au, respectively. The influence of the other substituents is also

not in line with the simple rules proposed early®iut it may
transfer process in hydrogen bonds was investigaldw same be justified since the sample considered here contains more
is observed for the systems analyzed here. complicated species. The considered intramolecular H-bonds
It was mentioned in early studies that the intramolecular are heteronuclear ones, and also the various other effects should
H-bonded systems within the six-membered pseudo-ring posses$e taken into account.

some unique featurésThat is, for example, the equalization  Analysis of Ring Critical Point Properties. The numerous

of bonds within the six-member pseudo-ring. For-B---O dependences are known from literature between the geometrical
hydrogen bonds (Scheme 1) theelectron delocalization leads  and topological parameters. They mainly concern relationships
to the equalization of d1 and d4 {€© and G=0) bonds on  petween the bond length (and the contact distance) and the
one hand and such equalization of d2 and d3-@Cand C-C) characteristics of the corresponding bond critical point. However
bonds on the other hand. In other words, the greater thethe characteristics of the other critical points are also analyzed
m-electron delocalization is, thus the greater are such equaliza-from time to time. For example it was found that the ring critical
tions and the greater is the enhancement of the H-bond Strengthpoint (RCP) properties may be often treated as measures of the
The latter is also connected with the equalization of theHD hydrogen bond streng@2*Even, very recently, the cage critical
bond length and the ++O distance within the ©H---O system.  point (CCP) properties were investigated and the dependence

Besides it was pointed out that R-substituents may also influenceof the electron density at CCP on the interplane benzene dimer
the H-bond strength. The enhancement of the latter interaction gistance was founf

is connected with the electron-withdrawing features of the R
substituent or the electron-donating-&ubstituent (Scheme 9.

The influence of the substituents on the hydrogen bonds is
analyzed here. Table 3 presents the bond lengths within the
pseudo-ring created due to the formation of intramolecualr
hydrogen bonding. If one compares our systems (Scheme 4)
with those considered early by Gilli et @(Scheme 1), thus
the R-substituent should cause similar effects. Fluorine is
classified as the electron-withdrawing substituent which in-
creases the H-bond strength if substituted asARd really the
H---O distance for such substituted tautomer amounts to 1.759
A, while this distance for reference A tautomeric formy (R
R, = H) is equal to 1.884 A. The proton-acceptor-{+Y)
distance as well as the electron density at the HBCP —
pu--v IS the rough indicator of H-bond strength. The numerous
correlations between H-bond energy and the latter topological
parameter were fourdl.For F-substituted A tautomeiy...y =

For the systems analyzed here the pseudo-ring containing
N—H---O or O—H---N intramolecular hydrogen bond is created
and hence also the RCP exists. The characteristics of RCPs of
the systems analyzed here are given in Table 4. It is known
that the greater electron density at RCP corresponds to the
stronger intramolecular hydrogen bonding since the correlations
between the latter value and tpg...y values or the proton
acceptor distance were detectédt is worth mentioning that
similar relationships are also known for the intermolecular
H-bonds of carboxylic acid®. This may be observed since car-
boxylic acids form centrosymmetric dimers with two equivalent
O—H---O bonds, and hence the eight-member ring is credted
with RCP inside. In other words the properties of the latter
critical point are related to the other energetic and geometrical
properties of the formed hydrogen bonds. Briefly summarizing,
the greater electron density at RCP of intramolecular H-bond
corresponds to the stronger interaction.

SCHEME 4 Figure 6 presents the relationship between the electron density
at X—H/H:+-Y (Xx—H = N—H, O—H; H+::Y = H-::O, H:**N)

A O° BCP and the electron density at the corresponding RCP. One

H 6 KRS Ry can observe three regions of interactions. For the lowest values
d'o I of the electron density at BCP there is the increasgref if

H R the previous value increases. This is connected with the
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TABLE 4: Characteristics of RCPs (au) TABLE 5: Linear Correlation Coefficients of the Different

derivative - v G q Relationships between the Characteristics of the Ring
PRCP PRCP RCP RCP RCP Critical Point

Li,H-AP 0.0156 0.0976 -0.0153 0.0199 0.0045 V2 v, G H
F H-A 0.0170 0.1115 -0.0174 0.0226 0.0053 Prep PreP Rep RCP RCP
H,H-A 0.0156 0.0980 -0.0152 0.0199 0.0035 PRCP 1 0.995 0.993 0.995 0.974
BeH,H-Ad 0.0126 0.0729 -0.0114 0.0148 0.0034 —2prep 1 0.997 1 0.976
H,F-A 0.0167 0.1040 -0.0162 0.0211 0.0049 Vrep 1 0.999 0.967
H,Li-A 0.0158 0.0943 -0.0152 0.0194 0.0042 Grep 1 0.972
H,BeH-A 0.0164 0.1019 -0.0162 0.0208 0.0046 Hrep 1
F,F-A° 0.0177 0.1152 -0.0180 0.0234 0.0054
F,Li-Ace 0.0166 0.0975 -0.0157 0.0200 0.0043 TABLE 6: Energies (hartrees) of the Species Analyzed
F,BeH-A° 0.0183 0.1169 -0.0187 0.0240 0.0053 Here?
Li,F-AP 0.0165 0.0963 -0.0151 0.0196 0.0045 At !
LiLi-A® 00159 0.0963 -0.0154 0.0198 0.0043 derivative energy energy difference
Li,BeH-AP 0.0134 0.0734 -0.0117 0.0150 0.0034 F,H-A —611.489 039 3.9
BeH,F-A° 0.0140 0.0794 -0.0123 0.0161 0.0038 F,H-B —611.486 590 2.4
BeH,Li-Adf 0.0100 0.0506 -0.0083 0.0105 0.0022 F.H-TS —611.482 753 1.54
BeH,BeH-A 0.0127 0.0720 -0.0115 0.0147 0.0033 H,H-A —512.224 399 7.77
F,H-B° 0.0199 0.1288 -0.0206 0.0264 0.0058 H,H-B —512.213 963 1.2
H,H-B 0.0199 0.1312 -0.0212 0.0270 0.0058 H,H-TS —512.212 014 6.95
H,F-B 0.0170 0.1062 -0.0165 0.0215 0.0051 H,F-A —611.405 360 2.06
FH-TS 0.0235 0.1622 -0.0269 0.0337 0.0068 H,F-B —611.416 151 8.84
H,H-TS 0.0234 0.1621 -0.0270 0.0337 0.0068 H,F-TS —611.402 070 -6.77
H,F-TS 0.0223 0.1532 -0.0248 0.0315 0.0068

2 The energies of A and B tautomeric forms as well as of transition
2 The designations of additional contacts (footndite$ are the same states are given. The energy differences are also presented (kcal/mol).
as those in Tables 1 and 2). b Ers — E(AorB). ¢E(B) — E(A).

tautomeric forms (Scheme 3) and that for three species the DFT
calculations were performed here for both A and B tautomers
as well as for the corresponding transition states. Their geo-
metrical and topological results are given in Tables31Since
for three A tautomeric forms the corresponding B tautomers
Q@re considered and also the TSs of the proton-transfer reaction,
thus there are nine related molecular species, and their energies
are given in Table 6. The energies of A and B correspond to
minima (no imaginary frequencies observed). One can observe
that in two cases the A tautomeric form is of the lower energy
than the B counterpart. The energy differences are also presented
th Table 6. Such a difference between B and A tautomeric forms
for unsubstituted species amounts to 6.6 kcal/mol. There is one
case where B tautomer is of lower energy than the A counterpart;
Bhis is for R = F. In other words the species with the-@-

--N hydrogen bond is of lower energy than that one where the
N—H---O hydrogen bond exists since the latter tautomer is
closer to the corresponding transition state.

The situation for all three cases considered here may be
xplained in the following way. Nitrogen is of greater proton
affinity than oxygen atom; hence,H---O systems exist in

the species of lower energy. The systems withHB--N are of

the higher energies than the previous ones. On the other hand
the latter have the stronger H-bonds and are close to TSs. For
She transition states H-bonds are the strongest. E6r R the
proton affinity of nitrogen decreases since F is the electron-
withdrawing substituent. In consequence the proton affinity for

shortening of nonbonding contact;++HO or H---N. Thus the
greater the electron density is at BCP for the shorter contact
and the stronger H-bond interaction so the greater isokae
value. The second region concerns the contacts of transition
states. Both electron densities at RCP and BCP in such a cas
are generally greater than for the previous nonbonding region.
This is connected with the well-known observation that H-bonds
for transition states are very strohgror the latter region both
H---O and H--N interactions are taken into account. And the
last region concerns NH and O-H covalent bonds. The
elongation of covalent bonds causes the decrease of the electro
density at the corresponding BCP (FigureXéaxis) and the
increase opgrcp. It means that hydrogen bonds become stronger
interactions. One can see that there are correlations betwee
the prcp and theponnn 0N one hand and also betweprcp
andpy...nm---0 0N the other hand. For both subsamples of atom
atom distances good correlations are observed (Figure 6).

It is worth mentioning that all topological parameters may
be used as descriptors of the H-bond strength since there is an,
increase of all characteristics of RCP for stronger interactions.
All correlate between themselves, and the linear correlation
coefficients are close to the unity (Table 5).

Transition State and the Proton-Transfer Processlt was
mentioned in the previous section that the proton-transfer proces
N—H---O < N---H—0 concerns two corresponding (A and B)

0.025

o O . oxygen is greater than for nitrogen. As a result of such a situation
electron densityat ' : .
RCP (au) . ® ° the B tautomer is of lower energy than the A form by 6.8 kcal/
0.02 o : o mol. It is worth mentioning that the potential barrier heights
3 : TSs" region : % . for all species are in the range of £6.8 kcal/mol
o015 ? : : & Other Intramolecular Interactions. Since there are few
) ¥ : : ) oxygen acceptor centers in the species considered here and also
¢ : : @ the derivatives with such substituents-as, —Li, and —BeH
nonbonded . ' . . . . . .
0.01{ ® interactions : : o are included, thus it implies the existence of various intramo-
: " covalentbonds lecular interactions. Except of intramolecular hydrogen bonds,
0008 these are Uid...fdo, Be+6...féoy |_i+é...76|:, and Lj%++—9H
e 005 04 045 02 025 03 045 ionic interactions as well as an-GF one. Table 7 presents the
electron density atH...Y BCP (au) characteristics of the corresponding BCPs. These are electron
Figure 6. Relationship betweepscp and prep (both in au). Filled cir- densities at BCPs and their Laplacians. If one assumes that such

cles correspond to OHA+O interactions; open circles, to NH/HN. values reflect the strength of interaction, thus'Be —°0’s is
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TABLE 7: Other Intramolecular Interactions and pgcp and
V2pgcp for These Interactions (auy

derivative type of interaction pBCP V2pgcp
Li,H-A Li---O 0.0411 0.3087
F,H-A F--O 0.0139 0.0581
BeH,H-A Be--O 0.0728 0.4968
F.F-A -0 0.0128 0.0544
F,Li-A F---O 0.0146 0.0605
F,Li-A Li---F 0.0257 0.1840
F,BeH-A F--O 0.0143 0.0599
Li,F-A Li---O 0.0400 0.2949
Li,Li-A Li ---O 0.0483 0.3743
Li,BeH-A Li---O 0.0411 0.3065
BeH,F-A Be--O 0.0744 0.5031
BeH,Li-A Be:--O 0.0910 0.6269
BeH,Li-A Li---H 0.0191 0.0735
BeH,BeH-A Be--O 0.0737 0.5046 i
F,H-B F--O 0.0137 0.0567
F,H-TS F--O 0.0121 0.0500

aThe tautomeric form (A or B) and TS are indicatédror italicized
derivatives, except for hydrogen bonding, two additional interactions
exist.

the strongest one sincgse..0's values are in the range of
0.0728-0.0910 au. For example, for the trans-linear dimer of
water where the H-bond energy is estimated~&skcal/mol,
the pu...o calculated at the same level of approximation as the
systems considered here (B3LYP/6-31#G(d,p)) is equal to
0.024 al?® The next strong interaction is t4---=%0, with a
pLi--o Of 0.0406-0.0483 au; that is even stronger tham?i-—°F
sincepy;...r for a single case amounts to 0.0257 au. There is
also the Li?---79H interaction where the electron density at
the corresponding BCP is equal to 0.0191 au, close to the value
of the water dimer. It means the 1%--~°H—Be interaction is
not negligible. That may be also classified as the intramolecular
hydride bonding. Intermolecular hydride bonds (named first as T )
inverse H-bonds) were analyzed in earlier studfess well as e SO T A\ \ N
i W\ <

very recently? Such interactions are characterized by thet% S
--Y system where X and Y are electropositive atoms while the
hydrogen atom is negatively charged, opposite to typical hydro-
gen bonding. Figure 7a presents the molecular graph of the” o )
derivative where Rand R substituents are-BeH and—Li, Figure 7. (a) Molecular graph of the derivative withyR= BeH and

. . _s . . - R, = Li. Some of the atoms are designated; the remaining are carbon
oo OH — 2
respectively, and where the 1’ H—Be interaction exists. ones. (b) Contour map of the electron density (black lines) of the species

The electron density contour map with the gradient paths is also with the gradient paths (red lines). Triangles correspond to the attractors;
included (Figure 7b). One can observe that except fetH\ circles, to the bond and ring critical points. The orientation and the
O hydrogen bonding and the 1%+ ~%H interaction also the positions of the atoms and critical points are the same as in a.
Beto-.- =90 interaction occurs.

The weakest O interactions are characterized by rather
low values of the electron densities at BCPs, of about 06:012 The influence of substituents on H-bond strength was ana-
0.015 au. Since for both contacting atoms there is the negativelyzed. It was found for the systems investigated here that F-atom
electron charge excess, thus these interactions may be probablpttached to nitrogen participating in the—M---O H-bond,
classified as stabilizing ones. Such a situation was discussed incausing the tautomeric form with the-®---N hydrogen bond

recent studies for H-H interactiong! as well as for F+F ones® to be more stable than the previous form. This is the result of
the decrease of the proton affinity of nitrogen since fluorine is

Summary the electron-withdrawing substituent.
The intramolecu'ar NH---O hydrogen bonds were analyzed It was a|SO found that the CharaCterIStICS Of RCP are gOOd

here for 3-(aminomethylene)pyran-2,4-dione and its simple descriptors of the H-bond strength. They correlate well between
derivatives. For some species, unsubstituted reference andhemselves and with the other H-bond strength measures. Except
fluorine ones, the other tautomeric forms with-8-+-N hydro- for intramolecular H-bonds, the other intramolecular interactions
gen bond were investigated. Additionally the transition states Were analyzed here; also the unique-B€--Li interaction was

of the proton-transfer reaction were taken into account. Numer- detected.

ous continuous H-O and H--N interactions were detected since

there is the smooth change of all geometrical and topological ~Acknowledgment. Support has been provided by Grant No.
parameters if different relationships are considered. It means505/706 2006 (University of tdi), the State Committee for
that there is no the sharp border between the H-bond and theScientific Research (KBN No. 3TO9A 138 26). Use of com-
covalent bond; strictly speaking, the hydrogen bonds are putational resources of the Cracow Supercomputing Center is
“interactions without borders® also acknowledged.
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