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Different types of intramolecular ++H interactions have been analyzed using the MP2/6+31G(d,p) level

of approximation. These are-&¢4--- H—B, C—H---H—Al, C—H---H-C, C—H---H-0, O—H---H—Al and
O—H---H—B contacts. Quantum theory of atoms in molecules and natural bond orbitals methods were applied

to better understand the nature of these interactions. It was found that some of the species analyzed possess
the characteristics of typical hydrogen bonds, such as thel®O ones. The electron charge transfer from

the Lewis base to the antibonding=Kl (for example G-H) orbital of the Lewis acid is one such characteristic.

The NBO method may be considered decisive to classify any system as dihydrogen bonded.

Introduction hydride) bonds where a negatively charged H-atom is situated

. ) . ) between electropositive atoms; and dihydrogen bonesix-
There are numerous studies orr# interactions, their role H—Y containing both protic and hydric H-atoms.

in chemical processes and their impact on the stabilization of

particular conformer$.The |nf|u§nce of sugh |nteract|on§ ON  ihat the properties of DHBs do not differ much from typical
the arrangement of molecules in crystals is also meanidgful. H-bondsL13 The ab initio calculations (up to the MP4(SDQ)/
Early studies concerning these topics were mostly connected6_311++'G(d ) and QCISD(T)/6-314+(d,p) levels of ap-
with H---H steric repulsive interactions that disturb the molecular proximation)’rc))n dihydrogen bonded systlgms with hydrF())gen
system or, in fact, it was assumed to be energetically deStabiIiZ'fluoride as the proton donor and hydrides of metals of the first

N : >
Ing.” For example, the nonplanarlty Of. the biphenyl molecult_e and second groups of the periodic table as the acceptors have
in the gas phase was explained as being the result of repulsive

interaction ofortho hydrogen atoms. However, biphenyl mol- shown numerous correlations between geometrical, energetic
ecules are planar in crystals (see CSD's BIPHEN refcode) and topological paramete¥sFor example, the elongation of

owing to the so-called packing forces. Another. more recent the HF proton donating bond due to complexation is observed,
glot P 9 : T ’ and the H-F bond length correlates with the H-bond energy
example is the crystal structure of a pentacyclic half-cage

compound measured by low-temperature neutron diffraction and the H--H distance. There are also other correlations, for
where a short H-H distance of 1.617(3) A was detected and instance those between the above-mentioned proton donating

classified as a nonbonded repulsive interaction. bond length and the doneacceptor distance and the topological

. ) parameters (QTAIM parameters) derived from the Bader
The meaning and understanding of-HH contacts was theory4

changed and verified in the 1990s when a new type of interaction
named dihydrogen bofd(DHB) was detected in different
organometallic crystal structuré$.This interaction was des-

What are the characteristics of DHBs? Generally, it seems

The formation of DHB usually causes changes similar to those
of conventional H-bonds. These are shifts of the proton donating
) . X—H stretching bands to lower frequencies and an increase of
ggﬁ;ﬁg ats)’o)ﬁtl;s |c_|h a'\g’g_lw;errﬁi(HH ?ﬁ?r?éees iégg'g?l g?tt.og their intensities, changes in the magnetic resonance shielding

ng " Wi X posItiv constants and changes in the QTAIM parametei&here are

ﬁzara%ﬁ/eogh:’_aéog;d t:gnf}ggt"er:jdwri‘%dmfﬂ“iSa;OtTanpS?E'gﬁsni'er‘tgl he so-called blue-shifting H-bonds with the shift of M bands
9 9 to higher frequencies; it is worth mentioning that blue-shifting

or a boron atom) is the acceptor center. Other systems Weren e \were also detectéd The LiHe+-Hy, LiH+--CHa, LiH -+
also analyzed and classified as DHBs, even somélG-H—C He and LiH-+-CoH, sys;tems with P:P-H interm,olecular
iqteractions were described as possess!ng the characteristics Ogont acts were analyz&d with the perturbational IMPPT
S?ngggggstte?%nsd%\}gzn;:)eerr?grsmgglcﬁlﬁggioaﬁ ddtlagsrt?i?\zinng decompositior_l scheméThe auth(_Jrs found that the com_po_nents
energies for them in some cases éxceed 10 kealfnol of the interaction energy of the LHHC,H, compl_ex are_smllar

. ) T ) to those of typical H-bonded systems (the main binding energy
~ A more detailed analysis and classification of different ¢ontibutions come from the electrostatic energy, followed by
interactions was performedand it was pointed out that there e jnquction and dispersion energies), whereas for the remaining
are three kinds of HBs: typical hydrogen bonds, designated as.omplexes the partitioning is different and these-H interac-
X—H--Y, with the positive charge of H-atom; inverse (or jons are not classified as dihydrogen bonds but as van der Waals
complexes.
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concluded that the transition from-+H contacts in DHBs to SCHEME 1

contacts in van der Waals complexes is continuous without H H

borders. Other calculations on model dihydrogen bonded Xy N v

systems ranging from weak to strong ones have been investi-
gated'>2PFor example, the authors predicted the binding energy
for the LINCH"---HLi complex (at the MP2/aug’-cc-pVTZ Xz %3
level) to be 27.1 kcal/mol. Similarly, strong dihydrogen bonds

were analyzed where the hydronium ion or its derivatives act  m=p /

as the proton donating system and the Behblecule or its vV M=Al

derivative is a proton acceptor because it has the negatively

H H
charged, hydric Lewis base cent@it was found that for the X1 /H H\ /X4 0/ \C_WX“
latter complexes the delocalization interaction energy term is M Cremtngy X=FH “¥a
the most important attractive one whereas the electrostatic >=< M=5, Al >=<
energy was dominant for medium strength or even strong X %s X2 X3

H-bonds. It was found that the delocalization energy is attributed
to covalency of interactions, and hence very strong H-bonds
and DHBs are covalent in natufe.

Very recently another kind of ++H interaction was analyzed;
these are the so-called-HH stabilizing interactions that are X,
different in nature if compared with DHBs. The detailed
topological analysis of such-HH intramolecular interactions
in biphenyls and other similar systems was performed by Matta
et al?! and also the comparison of the latter interactions with %2 %
typical DHBs was performed.

One can see a broad spectrum of-H interactions, those  Laplacians. The AIM calculations were performed with the use
arising from sterically overcrowded molecular structures, di- Of the AIM2000 progrant/ To deepen into the nature of
hydrogen bonds and finally HH stabilizing interactions  intramolecular interactions considered here, the natural bond
analyzed in recent studies. In the case of intermolecular Orbitals (NBO) method was also applied (B3LYP/6-31G
interactions the decision whether they may be attributed to (d.p) approximation to apply NBO methog).

DHBs may be baseq on th-e ana.IyS|s of blndlng energies andResults and Discussion
the other characteristics, including those derived from the ) ) )
decomposition schemes of the interaction energy. Such inves- G€ometrical and Topological ParametersAccording to an
tigations were performed and briefly described above. The €@rly criterion of existence of hydrogen bonding, the preton
situation is much more complicated for intramolecular interac- acceptor distance should be smaller than the corresponding sum
tions because the estimation of the H-bond energy is not Of van der Waals radi? Such a criterion is often applied for
univocal?2 The studies on the intramolecular-+H interactions ~ the hydrogen bonds occurring in crystals where geometrical
are not commo#t and do not explain their nature in detail. parameters are very often the only information on the charac-
Hence, the aim of this study is to analyze such interactions for teristi_cs of moieties constituting cry_stal s_tructures. That was
the greater sample of species and, what is most important hereguestloped because hydrogen bonding, like most electrostatic
to explain which factors decide whether any system may be INteractions, acts far beyond the van der Waals cifoffius
classified as an intramolecular dihydrogen bond. '.[hIS criterion may be applled only as a flrst.rough classification
into any type of interaction. Because the dihydrogen bond may
be treated as a special kind of hydrogen bond, this criterion
may be applied here for intramolecular-HH distances. Table

The calculations were carried out using the Gaussiait 03 1 shows that generally +tH distances are close to the sum of
set of codes. The systems possessing HH intramolecular van der Waals radii (2:22.4 A) or they are even greater.
contacts were taken into account and fully optimized. These However, there are distances meaningfully smaller than 2 A;
are the species presented in Scheme 1 and classified into sixhe shortest one is 1.885 A. The shortesi-H distances are
classes: (l) there is the proton donating® bond actingasa  observed for B-H--*H—O systems (the mean-HH distance
Lewis acid and the hydric group (BHwhere the H-atom is  for this class amounts to 1.990 A) whereas the longest ones are
the Lewis base center; (Il) this class is similar to the previous observed for A-H---H—C systems (the mean value is equal
one because theAlH ; group interacts with the OH bond; (Ill)  to 2.498 A).
and (IV) hydric H-atoms of BHand AlH, groups interact with Table 1 also presents QTAIM parameters, electron density
the methyl group, which may be treated as a weak Lewis acid, at H--*H bond critical point), its Laplaciansoc), kinetic
especially if it is substituted by F-atoms (€8, because in  electron energy density at bond critical point (BCB:)Y and
such a case the more polarizee-B bond is a stronger Lewis  potential electron energy density at BOR). For some of the
acid than in the case of an unsubstitutedsChethyl group;  species presented in Table 1 the 4 bond paths with BCPs
(V) OH acts as Lewis acid and GHbs suspected to be a very  were not found. Compounds have been considered only with
weak Lewis base center; (VI) these are-ig:--H—C intramo- Cs symmetry, even though in several cases there are no minima,
lecular interactions. because none of thg; minima present has a-HH BCP. The

The calculations were performed using the second-order lack of H---H BCPs corresponds in a few cases to the greater

H H X4
\ / \04‘“’(4 Vi

X1|\|m--C

Computational Details

perturbation Mgller-Plesset method (MPZ)and the Pople type
6-311++G(d,p) basis set was usétdThe “atoms in molecules”

(AIM) theory of Bader was applied, and the critical points found

H---H distance (in two cases‘HH is greater than 2.5 A);
however, for two G-H---H—C interactions the H-H distance
is about 2.07 A and a BCP is not observed. The latter situation

were further analyzed in terms of electron densities and their is connected with the interaction of protic hydrogen with €,
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TABLE 1: H ---H Distance between Protic and Hydric H-Atoms (in A); Ratio between the Hydric H-Atom Radius
(H-atom---BCP Distance) and the Protic H-Atom Radius (Protic H-atom--BCP Distance}; and QTAIM (in au) Characteristics
of the Species Analyzed Here

H---H H---H

compound distancey ratio pc = V%0  Gc Ve Ni° compound distanceyratio p. V% G Ve N
| 1.935 1.292 0.0155 0.0484 0.0169.0097 O 1] 2.265 1.399 0.0096 0.0262 0.00570.0049 O
I Xz3=F) 1.885 1.294 0.0169 0.0516 0.0138.0107 O I (Xz=F) 2.086 1.375 0.0124 0.0325 0.0070.0064 O
I (X;=F) 2066 1.279 0.0119 0.0416 0.0138.0107 0 Il (X,=F) 2517 d 0
I X2=F) 1.992 1.271 0.0138 0.0443 0.0098.0085 O I (Xz2=F) 2.278 1.375 0.0091 0.0250 0.00540.0046 O
| (X125=F) 2.016 1.260 0.0129 0.0427 0.00940.0081 0 Il (X1,3=F) 2.289 1.386 0.0089 0.0253 0.00540.0047 0
| X23=F) 1.927 1.279 0.0155 0.0483 0.0169.0097 O Il X23=F) 2.105 1.367 0.0119 0.0312 0.0069.0060 O
| (X.o=F) 2103 1.256 0.0110 0.0385 0.0083.0070 0 Il (X1,=F) 2.470 d 0
| X1,3=F) 1.993 1.277 0.0135 0.0451 0.01660.0087 O Il (X13=F) 2317 d 0
mean 1.990 1.276 0.0139 0.0451 0.0166.0091 mean 2.291 1.380 0.0104 0.0280 0.06610053
1 2174 1.125 0.0106 0.0358 0.007%0.0061 O v 2.507 1.287 0.0073 0.0204 0.00440.0036 O
I (X, =F) 2239 1.128 0.0094 0.0329 0.0069.0055 O IV X1=F) 2592 d 0
I (Xz=F) 2199 1.122 0.0101 0.0346 0.00720.0058 0 IV (X2=F) 2,511 1.273 0.0071 0.0199 0.00420.0035 O
I (Xz=F) 2178 1.119 0.0105 0.0359 0.007%.0060 O IV (X3=F) 2.476 1.256 0.0073 0.0208 0.00440.0036 O
I (Xz3=F) 2181 1.119 0.0104 0.0358 0.007%.0060 O IV (X23=F) 2.462 1.260 0.0075 0.0209 0.00440.0037 O
I (X4=F) 2138 1.133 0.0110 0.0386 0.008€0.0064 O IV X4=F) 2.439 1.284 0.0079 0.0220 0.00470.0039 O
mean 2.185 1.124 0.0104 0.0356 0.00+4.0060 mean 2.498 1.272 0.0074 0.0208 0.004240037
Vv 1.976 1.142 0.0122 0.0453 0.00970.0080 1 VI 2.078 1.000 0.0110 0.0387 0.008€0.0064 O
V (X2=F)F 1.992 1.140 0.0119 0.0452 0.00960.0079 1 VI (X1=F) 2.081 1.015 0.0106 0.0396 0.00810.0063 O
V (Xs=F) 2.068 d 1 VI (X2=F) 2.124 1.003 0.0101 0.0364 0.00790.0059 O
V (X23=F) 2.067 d 0 VI (X23=F) 2.146 1.000 0.0098 0.0357 0.00730.0057 O
V (Xa=F) 2.044 1.116 0.0104 0.0434 0.00960.0072 1 VI (X1,234=F) 2.054 1.000 0.0108 0.0411 0.0083.0064 O
mean 2.029 1.133 0.0115 0.0446 0.0098.0077 mean 2.097 1.004 0.0104 0.0383 0.06/™0061

aThis ratio is designated as ® Ny, is the number of imaginary frequencies detecte@; symmetry has been imposed to these molecdlbia
BCP found.
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Figure 1. Relationship between +H distance (in A) and the electron  Figure 2. Relationship between +tH distance (in A) andvZon..
density at the corresponding BCP (in au): full circles; i8:+--H—O (in au), designations of subsamples are the same as in Figure 1, the

interactions; open circles, AlH---H—O interactions; full squares, regression line for BH---H-O is included.

C—H---H—B; open squares,€H---H—AIl; full triangles, C—-H+--H—C

systems; open triangles,---H—C contacts. Exponential regression  H-:-H distance and the Laplacian of the electron density at the

is presented for BH---H—O interactions. corresponding BCP is observed only for the species with
o ) B—H-:-H—0O interactions; the latter correlation is rather poor

which, in the case of intermolecular hydrogen bonds, usually for the other subbsamples (Figure 2).

acts as the proton donating bond. This may be the reason why Taple 1 also presenc andVc values; one can see that for

BCPs were not found. One can see that there is no consistency|| the cases considered h&e > |V¢|. Because it was pointed

between H--H distances and QTAIM parameters because the out in earlier studies thadtc (Hc = Ge + V) is negative for

lack of BCPs, usually interpreted as the lack of stabilizing rather strong H-bond®,all the interactions considered here may
interactions, does not correspond to the greatestHilistances.  pe classified as only medium strength or weak ones. The ratios
However, one can observe some relationships. between the distance of the BCP to the hydric and protic
Figure 1 presents the poor dependence between thélH  H-atoms are also included in Table 1, the greatest ratios occur
distance and the electron density at the corresponding BCPfor B(Al) —H---H—O interactions whereas for-¢H---H—C they
(pn--H). There is a rough exponential correlation concerning all are the smallest and close or even equal to unity. This is
the systems analyzed here. However, if subsamples (thoseconnected with symmetry of the systems analyzed: 2,3-butene
designated in Scheme 1) are analyzed separately, then a goos symmetrical with equivalent €H interacting bonds (ratio
exponential correlation for BH---H—O systems is observed equal to 1); for the remaining -€H---H—C interactions the
(R? = 0.996). It seems that such a dependence is not observedpolarization of CG-H bonds is weak, resulting in negligible
for the other subsamples considered here. Only in the case ofdifferences between the volumes of contacting H-atoms.
Al—H---H—0O interactions does the exponential correlation exist  Figure 3 presents relationships between the electron density
(R? = 0.990), but only six systems of that type are analyzed at H---H BCP and the radii of protic and hydric H-atoms. One
because for the other two AH---H—O species BCPs were can see linear correlations for-81---H—O interactions, which
not found (Table 1). Similarly, a linear correlation between the indicates a decrease of both atomic radii with an increase of
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H-atomradius (in A) that AE is only the rough estimation of H-bond strength and
13- hence there are more refined proposals to calculate the intramo-
lecular H-bond energ$! This may be the reason whyE does
not correlate with any topological or geometrical parameters.
It seems that the application of the more refined techniques is
not advisable here, especially for-AH---H—O systems where
AE energy differences are not meaningful.

The net atomic charges on-+H interacting atoms were
by y=-20.101x +1.1826 calculated and compared. Table 3 presents such charges
R’ =0.9901 calculated within the CHelpG scheme as well as using the NBO
protic method; the charge differences between protic and hydric
H-atoms are included. The CHelpG schethémplemented
08 . . . . within the Gaussian packages, produces charges fitted to the
0.01 0.012 0.014 0.016 0.018 electrostatic molecular potential (EMP) using a grid based
method. It was found that the application of the CHelpG method
Figure 3. Dependence between electron density atHBCP (in au) yields much better_ estimates of_ intermolecular charge transfer
and the hydric and protic H-atoms’ radii (in A), the radius of atom is than any other ar.bltrary popg!atlon analy$iOne can see that
the distance between its attractor and-H BCP. meaningful negative and positive charges for contacting H-atoms
are observed fol andll classes of the analyzed species, for
TABLE 2: Differences in Energies (in kcal/mol) between the such moieties the charge differences are the greatest ones. For

1.2 1

1.1 1

0.9 1

pH.+H(inau)

Open and Closed Forms (Scheme 2) C—H---H—B(Al) interactions the differences are also meaning-
compound energy difference compound  energy difference ful, indicating a possible attractive interaction, for these systems
I 4.93 T 297 the net positive charge is on the H(C) atom. One can see that
I Xz3=F) 3.83 Il (Xz3=F) 1.26 for C—H---H—C interactions these differences are close to zero
I (Xa=F) 2.90 Il (X1=F) 0.27 and even in a few cases both H-atoms possess a positive charge.
I (X2=F) 3.56 I (X2 =F) 1.29 The results for & H---H—O species are very interesting, almost
| (X1,2,3: F) 0.66 1 (leglgz F) —2.07 ) . _ o
| (X2i3=F) 2.64 Il (X2 =F) —0.01 all these species are transition states because imaginary frequen-
| (X12=F) 1.74 Il (X12=F) —-0.68 cies were detected for them (Table 1). CHelpG charges for that
I X3 =F) 1.85 I (X13=F) —0.82 subsample are positive for H(O) atoms and negative for H(C)
aPositive values indicate that the closed form is more stable. centers. This means that-G1 bonds act here as Lewis bases,
the situation being similar to €H---M (M —metal) agostic
SCHEME 2 interactions where the M center is the Lewis acid aneHOs
H H H H _ the Lewis basé’-38However, one can observe that NBO charges
/ AN X \ N Ky calculated for the ©H---H—C species are positive for both
o] M 1 0 Y .
contacting H-atoms (Table 3).
— >:< The results collected in Table 3 may indicate that BfAIl)
. % 5 b H---H—O0 interactions are attractive ones and can be attributed
2 o3 2 to DHBs because charge differences on contacting H-atoms are
closed IM=B open meaningful and the greatest ones of all. The results for the

IM=Al remaining sampledI{ —VI) are not so clearly conclusive.

pr..+1. For the other subsamples these dependences are not well To delve further into the nature of intramolecular interactions,

correlated. Generally, the geometrical and topological results an NBO analysis was performed. Table 3 alsc_) presents the
presented here show the strong systematic interrelations forenergies connected with the transfer of electronic charge from

B—H:--H—O species and to a lesser degree forAk--H—0 the filled ovu orbital to the _antrilbondrx_H*. YH denotes the_
interactions. This may indicate that for these subsamples theretg‘r']vésigaﬁe d(r:sn(taenr'baé)nnd d?riH)ls'I}hii I;s(,avtvr:se aszgéﬁé?;?geeogsgpg
are attractive and stabilizing interactions whereas for the otherI . yh' hg SCE M(g) Ith b d 9y
subsamples such interactions may be only accepted in the limit. owering which in eory may be expressed as

Energy DependenciesTable 2 presents the energy differ- BIElo* 0
ences AE) between the so-called closed and open configurations AE_.P = _2& (1)
(Scheme 2). Such a difference is often treated as a rough ” € T €

measure of hydrogen bond stren&ti3Only B—H---H—O and .

Al—H---H—0O contacts are included because for these specieswhereF is the Fock operator ang- ande,, are the NBO orbital
good correlations were observed in the previous section. energies. It is worth mentioning that in the case of typical
Additionally, forlll , IV andVI subsamples the so-called open hydrogen bonding a two-electrorny i~ oxy* intermolecular
configurations do not exist. One can see that for all the speciesdonor-acceptor interaction is considered where electron density
of subsamplé the closed conformation is more stable than the from the lone pair f of the Lewis base Y delocalizes into the
open one. This is in agreement with the short interatomic unfilled oxy* antibonding orbital of the Lewis acid. It was
distances and the presence of BCPs, which indicate the attractivgpointed out that w — oxy* orbital overlap is the general
H---H interaction for B-H---H—O contacts. For subsamgdlg characteristic of hydrogen bondiggIn other words, such an
with an Al—H Lewis base center, for some of the species the overlap may be treated as a criterion of the existence of the
open configuration is energetically favorable and for others the H-bond. For the systems analyzed here the role of the n-lone
closed one is more stable. The above-mentioned energy differ-pair is replaced by the bonding orbital of base, i.e., theHy
ence QAE) for subsampld is in the ranget+0.66A-4.93 kcal/ bond. This was earlier observed for the other simple models of
mol whereas such a difference ftir is in the range—2.07/ intermolecular dihydrogen bond® The oyy — oxy* is also
+2.27 kcal/mol. It was analyzed, in early and recent studies, observed here for all B(AlyH---H—0 interactions and for a
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TABLE 3: Atomic Charges on H-Atoms, Hydric and Protic (in au),2 and Orbital Interaction Energy AE,@ (kcal/mol)

compound H-protic  H-hydric charge differenceAE,,®? compound H-protic H-hydric charge differenceAE,,+®?

I +0.4595 —0.2537 0.7132 1.95 I +0.4327 —0.3789 0.8116 1.26
+0.4867 —0.1182 0.6049 +0.4768 —0.4029 0.8797

| Xs=F) +0.4439 -0.2411 0.6850 2.46 Il Xs=F) +0.4176 —0.3685 0.7861 2.33
+0.5057 —0.1190 0.6247 +0.4979 —0.4086 0.9065

| (X1=F) +0.4298 —0.2370 0.6668 1.18 Il (X1=F) +0.4018 —0.3762 0.7780 0.57
+0.4793 —0.1491 0.6284 +0.4691 —0.4256 0.8947

I (X2=F) +0.4331 -0.2017 0.6348 1.36 Il (X2=F) +0.4025 —0.3503 0.7528 1.07
+0.4870 —0.1018 0.5888 +0.4776 —0.3983 0.8759

| (X123=F) +0.3902 -0.1764 0.5666 1.42 Il (X123=F) +0.3645 —0.3372 0.7017 1.10
+0.5000 —0.1411 0.6411 +0.4923 —0.4264 0.9187

| X23=F)  +0.4143 -0.1779 0.5922 191 Il (X23=F) +0.3878 —0.3388 0.7266 2.06
+0.5069 —0.1028 0.6097 +0.4986 —0.4037 0.9023

| X12=F) +0.4038 —0.1939 0.5977 0.95 Il (X12=F) +0.3769 —0.3500 0.7269 0.59
+0.4810 —0.1378 0.6188 +0.4719 —0.4217 0.8936

| (Xy,3=F)  +0.4109 -0.2222 0.6331 1.62 Il (X13=F) +0.3863 —0.3623 0.7486 1.04
+0.4984 -0.1513 0.6497 +0.4910 —0.4303 0.9213

m +0.0874 —0.2357 0.3231 v +0.0449 -0.3575 0.4024
+0.2182 —0.1032 0.3216 +0.2095 —0.3934 0.6029

I (X;=F) +0.0618 —0.2091 0.2709 IV (X:1=F) +0.0337 —0.3526 0.3863
+0.2141 —0.1333 0.3474 +0.2041 —0.4185 0.6226

I (X;=F) +0.1042 -0.1988 0.3030 IV (X2=F) +0.0630 —0.3398 0.4028 0.5
+0.2192 —0.0887 0.3079 +0.2110 —0.3893 0.6003

I (Xs=F) +0.1578 —0.2280 0.3858 IV (Xs=F) +0.1267 —0.3582 0.4849
+0.2339 —0.0998 0.3337 +0.2248 —0.3914 0.6162

I (X23=F) +0.1865 —0.1906 0.3771 IV (Xz3=F) +0.1498 —0.3382 0.4880 0.53
+0.2352 —0.1020 0.3372 +0.2265 —0.3872 0.6137

I (X4=F) +0.0716 —0.2139 0.2855 0.7 IV (Xa=F) +0.0353 -0.3313 0.3666 0.98
+0.1541 —0.0850 0.2391 +0.1476 —0.3876 0.5352

\Y +0.4411 -0.1041 0.5452 \ —0.0060 —0.0060 0
+0.4629 +0.1802 0.2827 +0.1987 +0.1987 0

V (X2=F) +0.4329 -0.0708 0.5037 0.52 VI (X1=F) +0.0312 —0.0225 0.0537
+0.4791 +0.1780 0.3011 +0.1993 +0.1353 0.0640

V (Xs=F) +0.4140 +0.0063 0.4077 VI (X2=F) +0.0766 +0.0011 0.0755
+0.4626 +0.1966 0.2660 +0.2129 +0.1995 0.0134

V (X23=F) +0.4095 +0.0546 0.3549 VI (X23=F) +0.0940 +0.0940 0
+0.4795 +0.1951 0.2844 +0.2114 +0.2114 0

V (Xa=F) +0.4288 —0.0869 0.5157 VI (X1,234=F) +0.0940 +0.0940 0 0.53
+0.4632 +0.1171 0.3461 +0.1482 +0.1482 0

a Upper value corresponds to ChelpG charge and lower one to NBO charge.
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Figure 4. Relationship between+tH distance (in A) and the second- . . . .

order energy lowering energy (eq 1, in kcal/mol); black circles, Figure 5. Relationship between the electron density at-H BCP

B—H---H—0; open circles, AFH+--H—O. (in au) and the second-order energy lowering energy (eq 1, in kcal/
' ' mol): black circles, B-H:--H—0; open circles, A+H---H—0.

few other systems (Table 3) with the corresponding lowering (X1234= F); however, in this case there are two symmetrical
energy described by eq 1. This is in line with the other results 4, éduivalent mutually existing overlaps.

earlier described that the existence of DHBs is more probable  one can find a few interesting correlations between the energy
for seriesl and Il It is worth mentioning that the above-  gescribed by eq 1 and the other parameters usually attributed

mentioned overlap is observed even for those-ii--H-0O to H-bonding. Figures 46 present the dependences between
interactions where BCPs Were.not found. Table 3 also shows parameters usually analyzed as good descriptors of H-bond
the systems from the other series whet@ — oxx* delocal- strength and the charge-transfer energy (eq 1). The following

ization is observed: they are those species where the hydricdescriptors are taken into account:-HH distance, electron
B(AlH2 group exists or where €H bond polarization is  density at H:*H BCP (on...4) and the Laplacian of the electron
enhanced. This electron transfer is observed owing to the density. One can observe very good exponential correlations
influence of F-substituents. There is one strange case ofbetweenAE,,«@ and these descriptors. Two series of com-
C—H---H—C interaction for the symmetrical species ¢f pounds were analyzed: those connected throughiB-H—0O
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energy (kcal/mol) Rheingold, A. L.; Miller, B.; Pregosin, P. S.; Crabtree, R. Bl. Chem.
f Soc. Chem. Commut994 1021. (d) Lee, Jr., J. C.; Peris, E.; Rheingold,

A. L.; Crabtree, R. HJ. Am. Chem. S0d 994 116, 11014. (e) Peris, E.;
2.0 - Lee, J. C., Jr.; Crabtree, R. H. Chem. Soc. Chem. Commuad894 2573.
1.5 - 40.08189103'26"
@é} R?=0.9977, Al

25+

(f) Peris, E.; Lee, J. C., Jr.; Rambo, J.; Eisenstein, O.; Crabtree, B. H.
Am. Chem. Socl995 117, 3485. (g) Peris, E.; Wessel, J.; Patel, B. P.;
Crabtree, R. HJ. Chem. Soc. Chem. Comm®995 2175.

(8) (a) Wessel, J.; Lee, Jr., J. C.; Peris, E.; Yap, G. P. A;; Fortin, J. B.;
Ricci, J. S.; Sini, G.; Albinati, A.; Koetzle, T. F.; Eisenstein, O.; Rheingold,
A. L.; Crabtree, R. HAngew. Chem., Int. EdEngl. 1995 34, 2507. (b)

0.5 7 Crabtree, R. H.; Siegbahn, P. E. M.; Eisenstein, O.; Rheingold, A. L.;
Koetzle, T. FAcc. Chem. Re4996 29, 348. (c) Richardson, T. B.; Koetzle,
0.0 " T T ) T. F.; Crabtree, R. Hinorg. Chim. Actal996 250, 69. (d) Cramer, C. J,;
0.025 0.030 0.035 0.040 0.045 0.050 0.055  0.060 Gladfelter, W. L.Inorg. Chem 1997, 36, 5358.

(9) Robertson, K. N.; Knop, O.; Cameron, T.Gan. J. Chem2003
81, 727.

Figure 6. Relationship between the Laplacian of electron density at  (10) (a) Liu, Q.; Hoffman, RJ. Am. Chem. S0d995 117, 10108. (b)
H---H BCP (in au) and the second-order energy lowering energy (eq Alkorta, I.; Elguero, J.; Foces-Foces, Chem. Commuril996 1633. (c)
1, in kcal/mol): black circles, BH+:+H—0; open circles, AtH--- Remko, M.Mol. Phys.1998 94, 839. (d) Orlova, G.; Scheiner, $. Phys.
H-O. Chem 1998 102 260. (e) Orlova, G.; Scheiner, $. Phys. Chem199§
102 4813. (f) Braga, D.; DeLeonardis, P.; Grepioni, F.; Tedesco, E.;

. . Calhorda, M. Jlnorg. Chem 1998 37, 3337. Kulkarni, S. AJ. Phys.
contacts and those interacting through-Ad---H—0O. For both  Chem Al99g 102 Fon () Kulﬁami, s. AJ.(gP)hys. Chei 1999 103
series correlations are good; both kinds of Lewis base centers,9330. (i) Kulkarni, S. A.; Srivastava, A. KI. Phys. Chem. A999 103
i.e., AlH, and BH, are well separated because the correlations 2836. (j) Calhorda, M. J.; Lopes, P. E. Nl.Organomet. Chen200Q 609,

are observed forl and Il subsamples separately. Similar

y = 0.0627¢""°

R?*=0.976, B
1.0 -

Laplacian (au)

.(11) Popelier, P. L. AJ. Phys. Chem. A998 102 1873.

correlations betweem\E® and the electron density were (12) (a) Grabowski, S. JChem. Phys. Lett1999 312 542. (b)
reported for the complexes formed between guanidine and Grabowski, S. JJ. Phys. ChemA 200Q 104, 5551. _
formate with RNA bases through hydrogen bond interact®ns. ~_ (13) Alkorta, I.; Zborowski, K.; Elguero, J.; Solimannejad, ¥ Phys.

Chem. A2006 110, 10279.
. (14) (a) Bader, R. F. WAcc. Chem. Red985 18, 9. (b) Bader, R. F.
Conclusions W. Chem. Re. 1991, 91, 893. (c) Bader, R. F. WAtoms in MoleculgsA
A . . Quantum Theory Oxford University Press: Oxford, U.K., 1990. (d)
The rgsults of ab initio calculations perf_ormed on the species Quantum Theory of Atoms in Molecules: Recent Progress in Theory and
where intramolecular H-H contacts exist were analyzed. Application Matta, C., Boyd, R. J., Eds.; Wiley-VCH: New York, 2007.
Additionally, the observations and findings were supported by Ph(15)C§]a) AII&O&BEE Il-(:JaElggggo,(g).;DM?Oé; Yaﬁgz,EM.é)Del, Besm'e& J.BEJ.I
P : yS. em. . el, Bene, J. E.; Perera, S. A.; Bartlett,
AIM and NBO results_. I_t was founc_i _that_ neither geometrical R. .- Alkorta, I.: Elguero, J.: KioO.: Yafez, M. J. Phys. Chem. /2002
nor QTAIM characteristics are decisive if-+HH contacts are 106, 9331. (c) Cybulski, H.; Pecul, M.; Sadlej, J. Chem. Phys2003

attractive and stabilizing interactions, or whether they may be 119 5094.

classified as dihydrogen bonds. Ph(lﬁ)oFe”ghYazzé‘gfr157'V1V(-)§'§iUv L. Wang, J-T.; Li, X-S.; Guo, QX.
. ys. Org. Chen : .
However, NBO results show that for some types of-H (17) (a) Chatasiski, G.. Szczéniak, M. M. Mol. Phys 1988 63, 205.

contacts, the electron charge transfer from Lewis base to Lewis (b) Cybulski, S. M.; Chatasski, G.; Moszyski, R.J. Chem. Phys199Q
acid, the so-called — o* lowering energy, correlates well with 92, 4357. (c) Chatasski, G.; Szczéniak, M. M. Chem. Re. 1994 94,

; ) 723.
a few other_parameters gsu_ally treated as descrlptors_of H k_)ond:L (18) Coppens, Px-ray Charge Densities and Chemical BondifigCr,
strength. Itis worth mentioning that such energy lowering exists oxford University Press: New York, 1997.

for H---H interactions between a typical Lewis acid (OH bond) (19) Grabowski, S. J.; Sokalski, W. A.; Leszczynski)JPhys. Chem.
and typical Lewis base (Bfand AlH) even if the appropriate A 2005 109, 4331.

; ; (20) Grabowski, S. J.; Sokalski, W. A.; Dyguda, E.; Leszczynski, J.
bond path with BCP was not detected. This shows that NBO Phys. Chem. R006 110, 6444,

could be very helpful to deepen the nature and to classify any (21) Matta, C. F.; Herfradez-Trujillo, J.; Tang, T.-H.; Bader, R. F. W.
interaction. Chem. Eur. J2003 9, 1940.
(22) Woodford, J. NJ. Phys. Chem. 2007 111, 8519.

: - it f : (23) (a) Grabowski, S. JChem. Phys. Lett200Q 327, 203. (b)
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