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Abstract: The X—H bond length in X—H..Y hydrogen bonded complexes is controlled by a balance of two
main factors acting in opposite directions. “X-H bond lengthening” due to n(Y)—o*(H—X) hyperconjugative
interaction is balanced by “X-H bond shortening” due to increase in the s-character and polarization of the
X—H bond. When hyperconjugation dominates, X—H bond elongation is reflected in a concomitant red
shift of the corresponding IR stretching frequency. When the hyperconjugative interaction is weak and the
X-hybrid orbital in the X—H bond is able to undergo a sufficient change in hybridization and polarization,
rehybridization dominates leading to a shortening of the X—H bond and a blue shift in the X—H stretching
frequency.

Introduction outline of the most fundamental differences between the

Hydrogen bonding is essential to many chemical and bio- alternative explanations. The first line of thOUght, introduced
chemical processésA characteristic feature of H...Y hydrogen by Hobza and_co-worke?sconce_ntrated on differences between
bond formation in an % H...Y system is X-H bond lengthening  classical and improper H-bonding such as an increased impor-
with a concomitant red shift of the XH stretching frequency.  tance of disperse interactions and of changes in the remote parts
The latter, readily observed in the IR spectra, is widely regarded of the molecule, e.g., electron transfer te-E bonds in a
as the “signature of H-bonding’.However, a number of  complex of fluoroform and water which occur in addition to
experiment&*> and theoreticél studies have reported the more common hyperconjugative charge t_ransfer from the lone
existence of an unusual class of “improper” or “blue-shifted” pair of a heteroatof to the o* (C—H) orbital (n—~0*(C—H)
hydrogen bonds in which H-bond formation leads teb bond interaction)?® The second school of thought views conventional
shortening and to a blue shift of the—>H IR stretching
frequency’ Although this effect has been reported mainly for (8 Eok;(zaulz-;Il_-ia\élgﬁl,elévem;g. i%?oclhoe% 4ZSE':)3<2.2 002 124 9639
C—H bonds, recent theoretical studies suggest that improper (9) Fang, v.; Fan, 3oM.Lith L Ui X.-S.. Guo, Q.-Chem. Lett2002 116.

Fan, J. M.; Liu, L.; Guo, Q.-XChem. Phys. Let002 365 464.

H- bor;dmg is more gsegneral and can be observed fertSi (10) Hermansson. KJ. Phys. Chem. /2002 106 4695,

P—H,? and even N-H3° bonds. (11) In the literature (éiscussiodnﬁof hydrogen bondki)ng,dtccj-zrms “dorrlg'r_;( and
i i i i i “acceptor” are used in two different contexts. “H-bond donor” is tl
Fromits Ve_ry discovery, mpr_oper hydrogen bonding received part (?f the X-H...Y complex where Y is called “H-bond acceptor”.
much attention from theoreticians who suggested several However, if the hyperconjugative flow of electrons in Lewis type electron
explanations for this phenomenon. Because several detailed

discussions are availablé;10 we limit ourselves to a brief

donor/electron acceptor interaction is described, #gK —H) is a Lewis
(hyperconjugative) acceptor and lone pair of Y is a Lewis (hyperconjuga-
tive) donor. “H-bonds acceptors” are, in fact, electron donors in charge-
transfer hyperconjugative (CT) n(¥) ¢*(X —H) interactions.

T Department of Chemistry and Biochemistry, Florida State University. 12) i%)G%éhigegcﬁ;i%?bs"_;wﬁ‘g;, Sj_ ‘,JD'iqusr’é]gf£_yséo%ge{%agl%%]h_loa

* Theoretical Chemistry Institute and Department of Chemistry, Univer- (13) Gu, Y.; Kar, T.; Scheiner, §l. Am. Chem. Sod.999 121, 9411.
sity of Wisconsin-Madison. (14) Bader, R. W. FAtoms in Molecules. A Quantum ThepBxford University

(1) Scheiner, SHydrogen BondingOxford University Press: New York, 1997.
Jeffrey, G. A.An Introduction to Hydrogen BondOxford University
Press: New York, 1997. Desiraju, G. R.; Steiner;The Weak Hydrogen
Bond Oxford University Press: Oxford, 1999.

(2) Allerhand, A.; Schleyer, P. v. R.. Am. Chem. S0d.963 85, 1715.

(3) Budginsky, M.; Fiedler, P.; Arnold, ZSynthesid989 858. Boldeskul, I.
E.; Tsymbal, I. F.; Ryltsev, E. V.; Latajka, Z.; Barnes, AJJMol. Struct.
1997 436, 167.

(4) Hobza, P.; Birko, V.; Havlas, Z.; Buchhold, K.; Reimann, B.; Barth, H.-
D.; Brutschy, BChem. Phys. Letl999 299 180. Reimann, B.; Buchhold,
K.; Vaupel, S.; Brutschy, B.; Havlas, Z.; Hobza,JPPhys. Chem. 2001,
105, 5560.

(5) Delanoye, S. N.; Herrebout, W. A.; van der Veken, BJ.JAm. Chem.
S0c.2002 124, 11 854-11 855.

(6) Hobza, P.; Birko, V.; Selzle, H. L.; Schlag, E. WI. Phys. Chem. A998
102 2501. Hobza, P.; Havlas, Zhem. Phys. Lett1l999 303 447.

10.1021/ja034656e CCC: $25.00 © 2003 American Chemical Society

Press: Oxford, U.K., 1990.

(15) Cubero, E.; Orozco, M.; Hobza, P.; Luque, FJ.JPhys. Chem. A999
103 6394.

(16) Liu, S.Y.; Dykstra, C. E.; Malik, D. Xhem. Phys. Letl.986 130, 403.46.
Liu, S.; Dykstra, C. EJ. Phys. Chenil986 90, 3097. Liu, S. Y.; Dykstra,
C. E. Chem. Phys. Lett1987 136, 22. Dykstra, C. EAcc. Chem. Res.
1988 21, 355. Parish, C. A.; Dykstra, C. B. Phys. Chem1993 97,
9374.

(17) Masunov, A.; Dannenberg, J. J., Contreras, Rl.HPhys. Chem. 2001,
105 4737.

(18) Interestingly, introduction of negative charge close to hydrogen atom, lead

to the red shift of G-H stretching frequency in water but blue shift in
C—H bonds of CH4, CF3H, CCI3H. See ref 10 and Hermansson].K.
Chem. Phys1993 99, 861. Hermansson, Hnt. J. Quantum Chen1993
45, 747 for further details.

(19) Qian, W.; Krimm, SJ. Phys. Chem. A2002 106, 6628.
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and improper hydrogen bonds as very similar in nature. As a is more complicated such that “when the field and dipole
representative example, Scheiner and co-wotkéise shown moments are parallel, the bond lengthens, as in the case of
in a thorough study that improper and normal H-bond formation O—H...O, when the field and dipole derivative are antiparallel,
leads to similar changes in the remote parts of the H-bond as in the case of €H...O, the bond shortend?

acceptor, and that there are no fundamental distinctions between We completely agree with those who conclude that there are
the mechanism of formation of improper and normal H-boids.  no fundamentaldifferences between the two types of the H-
This is consistent with the results of AIM (“Atoms-In-  bonds and do not intend to dispute the nature of physical phen-
Molecules”}* analysis of Cubero et al. who found no essential omena which were suggested to lead to bond shortening. How-
differences between electron density distributions for normal ever, in this paper, we would like to suggestteemicalrather

and blue-shifted hydrogen-bontsSeveral other studies which  than physical perspective with respect to the nature of the under-
concentrate on the importance of electrostatic contributions to lying factors controlling the direction of changes in the-K
H-bonding and the effect of the electric field on-& bond bond length upon XH...Y complex formation and analyze the
length support this conclusion. Earlier studies of Dykstra and mechanismof electronic reorganization by which the bond
co-workers were able to predict the nature of H-bonding (blue shortening occurs. This perspective is not only consistent with
or red-shift) based on electrical moments and polarization of most of the observations and interpretations in the literature,
H-bond donors® Recently, Dannenberg and co-workers have but also it puts both types of H-bonding in the framework of
shown that at small electric fields “electron density from the classic structural organic chemistry providing chemists with a
hydrogen moves into the-€H bond” shortening and strength-  clear and unified view of this important phenomenon.

ening it",}” whereas Hermansson has modeled the electric field e will show that improper H-bonding is not a surprising
of H-bond acceptor with a highly accurate “electrostatic potential aperration but a logical consequence of Bent's #8féone of
derived point charges” and concluded that the reasons for thethe most general rules of structural organic chemistry which

blue-shift is “the sign of the dipole moment derivative with  predicts an increase in s-character of the X-hybrid AO of the
respect to the stretching coordinate combined with electronic X —H bond upon %-H...Y H-bond formation as H becomes

exchange overlap at moderate and shorter H-bonded dis-more electropositive during this process.
tances.®® In a very recent paper, Li et al. suggested that¥x

bond shortening in improper H-bonding is a result of repulsive
(Pauli) steric interactions between the two molecules which
balance the attractive (electrostatic) forces at the equilibrium

geomet_ryf? Finally, Qian and Krimm analyz_ed the dynf_;lmlc methods are often able reproduce the qualitative pictureH>bond
propertlgs of the H-bond donor grOUP' with the partlculgr shortening$, but the MP2 method with extended basis sets is most
emphasis on the force on the bond resulting from “the interaction commonly used for the description of this phenomenon, especially when
of the external electric field created by the [proton] acceptor accurate binding energies are requifetlithough all discussions in
atom with the permanent and induced dipole derivatives of the this paper are based on MP2(FC)/6+33* calculations, we also carried
X—H bond.” They concluded that the effect of the electric field out B3LYP/6-311#G** computations on all systems in the study. The
B3LYP results parallel the MP2 data quite closely and are summarized
(20) An Appraisal of Valence-Bond Structures and Hybridization in Compounds in the Supporting Information.

of The First-Row Elements. Bent, H. Ahem. Re. 1961, 61, 275. The changes in the electronic properties of blue-shiftingCFOH,)

(21) For selected applications of Bent's rule, see: Baldridge, K. K.; Siegel, J. o | .
S.Chem. Re. 2002 124, 5514. Lemke, F. R.; Galat, K. J. Youngs, W. J.  and red-shifting (C§H...CI") complexes were analyzed by using relaxed

?éggnf&e?gz:sﬂgal 18, 14k/|19|._|l§at':/[|3pl, '\gi; M?”fgng? Cibgl.l(;gerg. rhys. H...Y distance scan where all geometric variables were allowed to
. Paimer, M. . Vol ruct. ) . Palmer, i : H
M. H. J. Mol. Struct.1997 405, 193. Jonas, V.. Boehme. C.; Frenking G.  OPtimize except for the (fixed) H...Y distance.

Computational Details And Choice Of Method

All computations were performed using the Gaussian98 progtam.
Improper H-bonding can be qualitatively described by a variety of
quantum mechanical methods. Both Hartréeck (HF) and post-SCF

rorgéﬁhemgglaggg, %(1)374%)lot,KD. M.; Iﬁndsis,hcl:. R; %Ievelsnckl. Because this paper concentrates on struéfurather than energetic

m. em. So . Kaupp, M.; Schleyer, P. v. R. Am. _ ; ; :

Chem. Soci993 115 1061, Fantucei. b.: Valenti, \J. Ghem. Soc.. Dalton consequences of H ‘bondlng, in most of the_ complexes (espeually for
Trans.1992 1981. Xie, Y. M.; Schaefer, H. F.; Thrasher, J.J.Mol. those structures which were reported previously) we did not correct

Struct. (THEOCHEM)L991, 80, 247. For the limitations of Bent's rulein - hydrogen bond energies for the basis set superposition error (BSSE).
treating organometallic compounds see: Kaupp,Qflem. Eur. J1999

5, 3631. The estimated BSSE values of several systems fall in the range of 0.05
(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. 0.25 kcal/mol. We applied BSSE corrections to the previously unknown
f: hecseman, J R Zeust . Noigomen 3 A, Jr, SUSITam™ class of biue:shifted OH...Y complexed
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, The NBO 4.6° program was used to evaluate changes in hypercon-
gé;te’\fss%nnucgf E_-} E;arrae”g_%_{ é‘?j‘m& %é)rgl'('ﬁg:gr KS '\%IPCIEFSS!' K“" jugation, hybridization and polarization upon formation of H-bonded
Rabuck, A. D.: Raghavachari, K.; Foresman, J. B.: Cioslowski, J.; Ortiz, complexes. The NBO analysis transforms the canonical delocalized
J. V,; Stefanov, B. B.; Liu, G; Liashenko, A,; Piskorz, P.; Komaromi, I.; Hartree-Fock (HF) MOs, or corresponding natural orbitals of a
O B A Gomenig. & e acomba Tl 7= correlated description, into localized orbitals that are closely tied to
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, chemical bonding concepts. This process involves sequential transfor-
M. _Rgﬁ'tgg'frb E S 5’88'86' J. A. Gaussian 98, revision A.1; Gaussian, mation of nonorthogonal atomic orbitals (AOs) to the sets of “natural”
(23) We also chose to not to discuss-K stretching frequencies since they ~ atomic orbitals (NAOs), hybrid orbitals (NHOs) and bond orbitals

- V\ﬁ!fe Shféwﬂ (e.g.,ref8)to COéFF?'ate very well Withh tdheBN bong I'e:n‘géhs. g (NBOs). Each of these localized basis sets is complete and orthonormal.
e e tara e g, (CP) corection method. Boys, S. s Bemard:, mportantly, these sets also describe the wave function in the most

(25) NBO 4.0. Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. “economic” way because electron density and other properties are

Eﬂ-?xvei”hwi' Iigggeoretical Chemistry Institute, University of Wisconsin,  gascribed by the minimal amount of filled orbitals in the most rapidly
aaison, , . . . . . .
(26) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899. convergent fashion. Filled NBOs describe the hypothetical, strictly

(27) é’a) \Aléeirlghdo!dV\II:'I' |ff—rllled%pegialgfgé?Ogmli%aztiorgals(?herwst.&hleyeﬂ localized Lewis structure. The interactions between filled and vacant
.V\}\i/s'c.éhu7b65.ley' ew York, i - (b) See also: www.chem- orbitals represent the deviation of the molecule from the Lewis structure
(28) Reed, A. E.; Weinhold, Rl. Chem. Phys1985 83, 1736 and can be used as a measure of delocalization. This method gives
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energies of hyperconjugative interactions both by deletion of the off- £ 06* .- Bng
diagonal Fock matrix elements between the interacting orbitals and from
the second-order perturbation approach

E(2)= —n @'/F/U*ﬁ_ -n Fijz 1
()_ 060*_60_ °AE () \
:]V / Stabilization
whereld/Flo*[] or Fj is the Fock matrix element between thandj ° Al

NBO orbitals,¢, ande,~ are the energies af ando* NBO's, and n,

is the population of the donow orbital?® In this paper, we used
exclusively the second-order perturbation approach which provides an (a)
expedient way to estimate relative trends in hyperconjugative energies.

Detailed descriptions of the NBO calculations are availdbé?® " 8/“
Results and Discussion \H

Hydrogen bonding is a complex phenomenon and detailed (b) (0)
analysis ofall subtle factors involved in formation of hydrogen  figure 1. (a) Energy lowering due to hyperconjugative interaction between
bonded complexesXH...Y2%26:30.3%is heyond the scope of this  n(Y) and o*x—_y orbitals in X—H...Y complex. (b) NBO plots illustrating
discussion. However, we will outline the most important effects the overlap of ther*c— of fluoroform and then(O) orbital of the oxygen

. . . e atom in water in the fluoroform/water complex and (c) description of the
pertinent to our discussion below. The two largest stabilizing hyperconjugativen(O)—o*_ interaction in this complex in terms of

effects are (a) the hyperconjugating)—o*(X —H) interaction resonance theory illustrating effective charge transfer from H-bond acceptor
(which is often called “covalent component”, or “charge transfer (water) to H-bond donor (fluoroform).

(CT) component ” because it is associated with partial electron
transfer from a lone pair of atom ¥(Y), to an antibonding C—H...Y distance. The increase in s-character is a direct
X—H orbital) and (b) the electrostatic interaction between consequence of Bent's rutene of the most general rules
inherent and induced dipoles. Destabilizing factors include the governing structure of organic molecufé#\ccording to Bent’s
steric (exchange or Pauli) repulsion between filled orbitals and rule,atoms tend to maximize the amount of s-character in hybrid
the deformation of both H-bond acceptor and H-bond donor orbitals aimed toward electroposit substituents and direct
from their optimal geometries present in the isolated species. hybrid orbitals with the larger amount of p-character toward
Because all of the above factors influence the X bond more electronegate substituentsThis rule illustrates the notion
length in an H-bonded complex in a complex and interrelated that hybridization of chemical bonds in organic molecules is a
way, a clear dissection of their relative importance can be dynamic property aimed at maximizing chemical bonding and
challenging as illustrated by the ongoing discussion of the natureis highly sensitive to molecular structure and environn#ént.
of improper H-bonding. We will show below that it is instructive Hybridization as a Function of Electronegativity. Because
to understand themechanismof electronic and structural  the correlation of electronegativity with s-character is of primary
reorganization of X-H bonds in the process of both “proper” importance for our model, we will analyze this correlation in
and “improper” H-bond formatiariThis mechanism is combina- some detail. We begin with considering how hybridization of
tion of two effects: hyperconjugat X—H bond weakeningand  an sp orbital on carbon in €X bonds changes as a function
rehybridization-promoted bond->H strengthening Because of the electronegativy of X (CkINH,, OH, and F) in substituted
these two effects are general ft types of H-bonds, there are  ethanes EtX (Figure 2). As the electronegativity of X increases,
no fundamental differences between classical and improperso does the polarization of a<X bond, whereas the s-character
H-bonding. Let us briefly outline these two factors before in carbon-centered hybrid atomic orbital of the-& bond is

discussing them in more detail in the following chapter. reduced. These changes can be quite significant. For example,
The importance of hyperconjugative interaction (charge according to NBO analysis, the s-character of a carbon-centered
transfer) from a lone pair of the H-bond acceptor todthé¢C — hybrid orbital forming the highly polarized (75% of electron

H) orbital of the H-bond donor is well-document&Because density on the fluorine atom)-€F bond is decreased and the
such interactions lead to an increase in population of an latter is best described as arf spbital instead of the usual $p
antibonding G-H orbital, they elongate the €4 bond?® orbital as in the &H bonds of methane.
Several well-known energetic and structural consequences of A direct consequence of Bent's rule which is important for
this effect are illustrated in Figure 1. H-bonding is that a decrease in effective electronegativity of
This hyperconjugative €H bond weakening effect is op-  hydrogen in a X-H bond leads to an increase in the s-character
posed by a different effect, the importance of which, to the best of the carbon hybrid orbitals of this bodéiSuch a decrease in
of our knowledge, is not recognized. This-@& bond strength- effective electronegativity, which leads to increased bond
ening effect is an increase in s-character of carbon hybrid orbital
in the C—H bond which occurs upon the decrease of the (32) On a deeper level, these two effects are connected and the rehybridization

(and repolarization) itself can be considered an induced consequence of
the hyperconjugative CT interaction. In lowest order, the CT interaction

(29) Coulson, C. AResearchl957, 10, 149. can be considered merely as population transfer between the fixed orbitals

(30) See for example, Morokuma, K.; Kitaura, K. Molecular Interactions of (undistorted) monomers, but CT also induces higher-order orbital
Ratajczak, H., Orville-Thomas, W. J., Eds.; Wiley: New York, 1980; distortions (with associated charge reorganization) to further enhance
Chapter 2. donor-acceptor interaction. We will discuss this connection later in the

(31) For characterization of hydrogen bonds based on sharing of electrons in paper. Another interesting way to incorporate changes in s-character in a
molecules. see: Fulton, R. L.; Perhacs)JFPhys. Cheml998 102, 9001. general picture of three-center bonding is given in a recent paper:
For the sharing analysis of the behavior of electrons in some simple Munzarova, M. L.; Hoffmann, RJ. Am. Chem. So@002 124, 4787
molecules, see: Fulton, R. L.; PerhacsJFPhys. Cheni998 102 8988. 4795.
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of bond polarization (% of electron density on carbon) with s-character (%) in carbjdiylspd orbital in C-X bond (MP2/6-3%-G* level).

polarization, is observed when the distance between thebond in the first case and a classic H-bond in the second case).
hydrogen and a “reservoir” of electron density such as a lone Once the nature of the underlying factors controllingtCbond
pair of an H-bond acceptor is decreased. We will show below lengths is understood and differences (if any) between the two
that this leads to an increase in the s-character of-ahl ¥ond types of H-bonds are determined, we will apply these results to
upon H-bond formation (vide infra). Because increase in explain the trends in a variety of other H-bonded complexes.
s-character is associated with bond shortening, under certain To our surprise, we were not able to find any correlation of
circumstances it may counterbalance the-EK lengthening  C—H bond lengths with H...Y distance in the literature except
effect of the n(Y)—o*(X—H) hyperconjugative interaction.  for the RCH...FH system recently studied by Li et&lhese
Since total s-character at any given carbon atom is conservedauthors found that in thesEH...FH complex, the €H bond
an increase in the s-character in the-B{ bond leads to the  |ength increases at larger distances, goes through a maximum
simultaneous increase in the p-character of other bonds con-and starts to shorten when the short-range repulsive forces come
nected to the central carbon atom explaining their elongation into effect. These observations were taken as evidence that bond
and other structural reorganizations in remote parts of the shortening is a result of short-range repulsive effects and longer
hydrogen bond donor as discussed by HobEmwever, such  range interactions are bond lengthening. Although we were able
reorganization should be observed for all H-bonds, both classicto reproduce the above result for this particular complex, the
and improper, and this is exactly what we observed in this study. changes in €H bond length for CEH complex formation with

This is certainly a minimalistic model of hydrogen bonding better Lewis donors ()0 and CI) follow a different trend.
stripped of many nuances but, surprisingly, it still captures the We found that in these complexes, the 8 bond continuously
essence of this phenomenon and possesses predictive poweshortens at longer X...H distances until thig(C—H) and n(Y)
needed to explain most of the experimental data regarding bothorbitals begin to overlap directly which leads to progressive
proper and improper H-bonding and to predict new blue-shifted C—H bond lengthening at shorter distances. The turning point
H-bonds (for example, we used it to discover the first-RO is observed earlier for the chloride anion which is consistent
H...Y improper H-bondsyida infra). The basic idea is simple:  with the more diffuse nature of chloride lone pairs. Although
because rehybridization and hyperconjugation act in oppositethe ultimate effect on the-€H bond lengths differs for the two
directions, the observed effect of H-bonding on the bond lengths complexes (bond shortening for=H,O and C-H bond
is a result of abalance of these two intrinsic effectsWhen lengthening for ¥=CI"), in both cases the evolution of-CH
hyperconjugation is dominant, the-&1 bond lengthens. When  distance upon decrease in X...H distance=>O, CI) follows
hyperconjugation is weak and the structure of the H-bond donor a similar trend (Figure 3).
allows for a significant change in-€H bond hybridization, the Changes in the lengths of-& bonds (remote structural
C—H bond shortens. In the following section, we will illustrate  reorganization) are also evident but they follow a simpler pattern
how this simple notion explains a number of features and trends (continuous G-F bond elongation) which is qualitatively similar
associated with improper and classic hydrogen bonds. for both complexes (Figure 3) although some differences (such

C—H Bond lengths in C—H...Y Complexes as a Function as an earlier onset and a larger-E bond elongation for the
of Hyperconjugation and Rehybridization. 1. Changes in complex with chloride) are noticeable.

C—H Bond Properties upon Approach of an H-Bond (B) Hyperconjugation: The net change in the-€H bond
Acceptor. (A) C—H Bond Length: We start our discussion  |engths within the two complexes is different in sign only due
with an analysis of structural reorganization in the GHF to the differences inrelative magnitude of the underlying

molecule as it approaches an H-bond accepteO(ind C) factors: C-H bond lengthening in the chloride anion complex
(known to lead to formation of an improper-&i...O hydrogen s more pronounced than in the case of the water complex. These
guantitative differences are consistent with a larger role of
33) Increase of a hydrogen net charge is one of important criteria for the i ; (O — i -
33) presence of H-bonding: Kock, U.; Popelier, P. L.JAPhys Cheml995 hype_rconjugatlvemp(X) 0 (C H) charge transfer (CT) mte_rac
99, 9747. Popelier, P. L. AJ. Phys. Chem. A998 102, 1873. tion in the former complex due to the more spatially diffuse

5976 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003
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character and increased energy of nonbonding orbitals of thethe increased orbital overlap leads to increase in the importance

chloride anion compared with those of oxygen in water. of hyperconjugation. This region almost coincides (although
The role of hyperconjugation in H-bond formation is further with a short delay) with the onset in-H bond lengthening in
illustrated by other changes in the properties of theHbonds. both CHF; /water and CHE/chloride anion complexes. Impor-

For example, at larger distances, the populations of b®th tantly, combined analysis of Figure 3a and Figure 5 determines
(C—F) and o*(C—H) orbitals gradually decrease (a bond- the threshold (which corresponds to second-order perturbation
shorteningeffect) as both H-bond acceptors approach €4F  energy forn(Y) — o*(H—X) interaction in the order of 35
For o*(C—F) orbitals which do not overlap with the lone pairs kcal/mol) at which the bond-lengthening effect of hyperconju-
of H-bond acceptors, this trend is conserved even at shortergative interactions overcomes the bond-shortening effects. This
distances. The situation is different f@t(C —H) orbitals whose estimate is certainly approximate and will vary depending on
population starts to increase rapidly once they begin to overlap the nature of the H-bond donor and H-bond acceptor but, as
directly with the lone pair of H-bond acceptor. This makes a we will show below, the magnitude of this threshold determines
hyperconjugativen — o* electron-transfer possible and leads the borderline between systems exhibiting improper and proper
to hyperconjugative €H bondlengtheningn both blue-shifted H-bonding for the majority of systems discussed in this paper.
and red-shifted CHFcomplexes described above. Again, the  (C) Rehybridization/Repolarization: The second group of
similarity of the two types of H-bonding is consistent with the changes involves€H bond shortening effects. As evident from
similar shapes of the curves for the classic and improper Figure 3, although these effects are dominant at larger H...Y
H-bonds in Figure 4. distances, usually (in a classic H-bond) they become partially
The magnitude and distance (overlap) dependence of hyper-overshadowed by hyperconjugation at shorter distances. The
conjugative contributions to H-bonding can be obtained from Situation is different for improper H-bonds.
NBO energetic analys®. The trends in interaction energies  The first C-H bond shortening effect is due to the increase

given in Figure 5 indicate that at distances below-23& A in C—H bond polarization upon H-bond formation (Figure 6).

This increase is echoed in the increase of positive charge on

(34) Decrease in population af*(C—H) orbitals is consistent with shift of hydrogen, decrease of positive charge on carbon and increase
electron density from hydrogen in the-& bond (repolarization of the of negative charge on fluorine. The latter group of changes is

bond). Becauses* has larger coefficient on hydrogen, such electron density g X R L
shift decreases the population of this orbital. reflective of a decrease in effective electronegativity of the
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Figure 6. Correlation ofo(C—H) polarization (% of electron density at
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Figure 7. Correlation of s-character in(C—H) bonds (%) with O...H
distance in CHR/water (left) and CHE/chloride (right) complexes. (MP2/
6-31+G* level).

bond leads to a simultaneous increase in p-character in the three
C—F bonds which results in their lengthening as observed by
Hobza (Figures 7 and 8).

Figure 9 illustrates that bond polarizatidand rehybridiza-
tion are highly correlated for both CHFwater (left) and CHE
/chloride scans. At longer distances the data points for both
complexes can be combined into one curve which suggests that
the nature of long-range effects is similar in these two cases.
As the systems approach to the equilibrium H...Y distance, the
percentage of s-character starts to increase even faster than the
polarization of C-H bond toward carbon which explains the
observed divergence of corresponding trends for the two
complexes in Figure 9.

(D) Connection between Rehybridization/Repolarization
and Hyperconjugative Charge Transfer (CT) Interactions:
It is important to further emphasize that the rehybridization (and
repolarization) itself can be considered an induced consequence
of the hyperconjugative CT interaction. In the lowest order
approximation, the CT interaction can be considered merely as
population transfer between the fixed orbitals of (undistorted)
monomers, but CT also induces higher-order orbital distortions
(with associated charge reorganization) to further enhance
donor—acceptor interaction. The repolarization @f (X —H)
toward H @ toward X) has the double benefit of amplifying
then — ¢* interaction while reducing the—o interaction (steric
repulsion), both increasing net attraction. Repolarization be-
comes easier (and the charge reorganization more pronounced)
as the electronegativities of X and H become more equal,
whereas the effect diminishes whe(X—H) is already highly
polar. The CT-induced repolarization has the superficially
paradoxical effect of reducing net electron density at H (even

(35) Increased polarity (ionic character) of the-B bond also should lead to
C—H bond shortening. Note that a similar observation of increased
polarization and s-character has been made by Kryachko, E. S.; Zeegers-
Huyskens, TJ. Phys. Chem. 2002 106, 6832, by Li et al. in ref 8 and
possibly by others.

hydrogen atom which, in excellent agreement with Bent's rule, (36) A typical s bond &X can be described asic_x = o (sp)c +

leads to an increase in the s-character in the carbon hybrid orbital

forming the C-H bond effect which should lead to-€H bond

shortening® Because the total s-character on the central carbon

atom is conserved, an increase in the s-character of thid C
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)c + B(spT)x
where a and b are polarization coefficients for the C- and X-centered hybrids
(spY)c and 6p")x. 0.2 andf32 are proportional to electron density at the C-
and X-hybrids witha2 + 2 = 1. When X is more electronegative than
C,a2 > 05> 2.
(37) Note that increase in the ionic character of &€ bond is an additional
factor leading to shortening of this bond.
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1.1 4

though charge was transferred intao& orbital with greater

amplitude at H), and it leads to the Bent's Rule shifts in 19987

hybridization which we have quantified above. Thus, the whole :- 1.09 4

collection of effects bears the signature of strong correlation 2 1.085 -

with the strength of the—o* CT interaction “driving force”, o 108

with proportionality to intrinsic X-H bond polarizability - S 1075 -

(X) — x(H) electronegativity difference). g 107 4 y=-0-0(;124:1+ 1.1311
Despite the different equilibrium €H bond lengths in the 1.065 4

two complexes, the nature of changes which accompany the ‘ ' . ‘ . : '

formation of both of the complexes is very similar for “classic” 20 25 30 35 40 45 50 55

and “improper” H-bonding. The only difference is in the relative s-Character in C-H bond, %

magnitude, obalance of the different factors. In the absence  rigyre 10, Correlation of s-character in the carbon hybrid orbitals efC

of dominating hyperconjugative interactions, the relative role bonds with the experimental-€H bond lengths in ethane, ethylene and
of other relatively subtle effects such as dispersion forces may acetylene (diamonds, the s-character is taken as 33%, 25%, and 50%
nctease as previously suggested by Hobat the qualatve _*SPSCe)ncemmason i UEG3G: computd engtho e
pictures of improper and proper H-bonding are similar as noted (hollow circles).

recently by other researche¥10.13.17 , ) )

(E) Sensitivity of C—H Bond Length to Changes in in fluoroform and |t§ .conjplex in Watersugggsts that the .change
Hybridization. The next question is whether the changes (from N €—H bond hybridization is indeed sufficient to explain the
sp12to sp-%) in the s-character of €H bonds are sufficient C—H bopd shortening (we will d|scuss_, the validity of th!s
to explain the G-H bond shortening. The sensitivity of-&H assumption for other H-bond acceptors in one of the following
bond lengths to changes in s-character can be estimated fronfNaPters). _ _
the values of experimental €H bond lengths in ethane, . Not surprisingly, the changes in elgctronlc structure of
ethylene and acetyleffewhich are illustrated in Figure 10, different parts of the CfH molecule are highly correlated and

Comparison of these data with the calculatedtCbond lengths ~ N€ increase in positive charge on hydrogen is accompanied by
a simultaneous increase in the negative charges on carbon and

(38) Delley, B.J. Chem. Phys1991, 94, 7425. fluorine atoms. Approximately half of electron density which
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is displaced from hydrogen moves to carbon while the rest is
equally distributed between the three fluorine atoms (Figure 11).
A similar correlation is observed for the changes in polarization
and hybridization of €H and C-F bonds Figure 12. This

which are not able to undergo efficient rehybridization do not
exhibit improper H-bonding.

2. Influence of Electronic Properties of H-Bond Acceptors
on C—H Bond Lengths in C—H...Y Complexes.We tested

explains changes in the remote parts of the molecule such as inhe first conclusion by changing the relative magnitude of

C—F bonds and fluorine lone pairs which are certainly integral
parts of the detailed picture of thes®H...Y complexes
formation?

(F) Conclusions from the Above AnalysisA first conclu-
sion from the above analysis is that improper H-bonding is likely
to be observed only when the->H bond elongating hyper-
conjugativen(Y) — o*(X —H) interaction is relatively weak®
Therefore, it is not surprising that other wealacceptors such
as Si-H and P-H bonds also display improper H-bonding
behavior as shown recently by Schlegel and co-workéke
will show below that the X-H bond lengths in the new types
of X—H...Y improper H-bonds are also controlled by the same
effects as in the case of€H bonds.

The second conclusion is that, in order for improper H-
bonding to occur, the molecular structure should allow signifi-
cant rehybridization of the XH bond upon formation of the
complex. If molecular structure inhibits rehybridization, then
red-shifted H-bonding will be observed even for-M bonds
with relatively weak hyperconjugative-acceptor ability (vide
infra). Certainly, a larger rehybridization will be needed to
compensate for the presence of stronger hyperconjugative
interactions, whereas smaller rehybridization will suffice when
hyperconjugation is extremely weak. However, in both cases
rehybridization is needed, and we will show that molecules

(39) Alabugin I. V.; Zeidan, T. AJ. Am. Chem. So2002 124, 3175.
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hyperconjugativen(Y) — o*(C—H) interactions in G-H...Y
H-bonds by varying the H-bond acceptors Y. This was achieved
in different complexes of GJH (an H-bond donor which is
known to exhibits both classic and improper H-bonding) with
anionic (F, CI7) inorganic, neutral inorganic (FH, CIH, 9,
H>S, NHs) and organic (oxirane, benzene and pyridine) H-bond
acceptors. For pyridine both andz-complexes were studied.
The continuous changes in the balance of hyperconjugation and
rehybridization provided by this series allowed a better under-
standing of the role of H-bond acceptors in improper H-bond-
ing.

The structural, electronic and energetic parameters pertinent
to formation of H-bonded complexes with these H-bond
acceptors are listed in Table 1. Lengths ofi@ bonds display
significant variations (from-0.0032 to+0.0405 A relative to
the value of 1.0876 A in isolated CHFnolecule) depending
on the H-bond acceptor. In general, the magnitude of hyper-
conjugative interactions(Y) — o*(C—H) is the most important
factor in defining the €&H bond length (Figure 13). As
expected, anionic lone pairs are considerably better electron
donors than their neutral counterparts, and the relative trends
in hyperconjugative donor ability of the H-bond acceptors can
be readily understood based on the relative energies of non-
bonding donor orbitals and their overlap with the accepter
(C—H) orbitals.
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Table 1. NBO Analysis of Improper H-bonding Complexes of CFzH with Various H-bond Acceptors (F~(1), FH (2), CI~ (3), CIH (4), H20 (5),
H2S (6), NH3(7), Me,O (8A), Oxirane (8b)) Calculated from MP2/6-31+G* Calculations along with the Interaction Energies (kcal/mol)

R I AR
(1) 2 (3) 4) (5) (6) 7 (8a) (8b)°

parameter" | CF,H

C-H, A 1.0876 1.1281 1.0856 1.0949 1.0861 1.0860 1.0863 1.0888 1.0867 1.0844
Ar' - 0.0405 | -0.0020 | 0.0073 | -0.0015 | -0.0016 [ -0.0013 | 0.0012 | -0.0009 | -0.0032
C-F, A 1.351 1.375 1.353 1.364 1.351 1.355 1.353 1.357 1.356 1.353
H...Y,A - 1.583 2.266 2273 2.776 2.143 2.788 2.234 2.123 2.337
gc 1.085 0.994 1.074 1.038 1.076 1.063 1.070 1.056 1.061 1.072
qu 0.167 0.322 0.187 0.247 0.177 0.205 0.183 0.212 0.204 0.195
qr -0.417 -0.460 -0.422 -0.443 -0.419 -0.426 -0.421 -0.428 0.425 0.423
gcr - 0.064 0.003 0.043 0.006 0.008 0.010 0.015 0.011 0.007
n(ocy) 1.9914 1.9924 1.9914 1.9932 1.9917 1.9914 1.9918 1.9918 1.9907 1.9911
n(Ccr) 1.9954 1.9943 1.9954 1.9949 1.9954 1.9953 1.9954 1.9953 1.9953 1.9952
n(o*cy) 0.0351 0.0765 | 0.0351 0.0619 | 0.0388 | 0.0375 | 0.0414 | 0.0429 [ 0.0404 | 0.0353
n(o%*cp) 0.0625 0.0587 | 0.0618 | 0.0593 | 0.0618 | 0.0612 [ 0.0615 | 0.0609 | 0.0601 0.0623
n(Lpy) - 2.0000 | 2.0000 [ 2.0000 1.9997 1.9998 [ 2.0000 1.9997 1.9763 1.9925
n(Lpy)x v - 1.9372 1.9969 1.9574 1.9938 1.9910 1.9898 1.9837 1.9667 1.9899

spn (CH) sp2.12 spl.60 sp2.05 spl.76 sp2.06 spl.97 sp2.03 spl.93 spl.96 sp2.01
% s-char 31.92 38.28 32.82 36.11 32.56 33.6 32.91 34.07 33.66 33.10
spn (CF) sp3.37 sp3.81 sp3.42 sp3.65 sp3.42 sp3.48 sp3.43 sp3.51 sp2.49 sp3.47
% s-char 22.79 20.72 22.48 21.43 22.52 22.21 22.42 22.04 22.17 22.25
pol C% | 593 68.6 60.3 64.3 59.9 61.3 60.3 61.8 61.3 60.7
(ocy), H% | 40.7 31.4 39.7 35.7 40.1 38.7 39.7 38.2 38.7 39.3
pol C% | 258 24.2 25.6 249 25.7 25.5 25.7 25.4 25.6 25.4

(6er), F% | 742 75.8 74.4 75.1 743 74.5 743 74.6 74.4 74.5
E(h—>0*) | - 54.0 3.6 249 46 3.6 6.6 11.7 8.5 2.0
AE;, - 27.1 2.6 16.6 1.8 52 2.8 6.1 5.5 5.7

a Average values are used for the unsymmetrical systéfisere are three blue-shifting H-bonds in this complekhe difference in the €H distance
between the monomer and complex. ThetClengths in the blue-shifted complexes are shown in blue, thél @&ngths in the red-shifted complexes are
shown in red.
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Figure 13. Correlation of C-H bond length with energy af(Y) — ¢*(C—H) hyperconjugative interactions (on the left) in aGH ...Y complexes and
with s-character at C-hybrid orbital of-€H bond (on the right). For the second correlation only the values for the isolated fluoroform molecule and the three
cases when energy ofX) — ¢*(C—H) interaction< 5 kcal/mol (Y=FH, CIH, oxirane) were used (MP2/6-3G* level).

Hybridization of the C-H bond in fluoroform is also compared with the isolated GF molecule’® However, the
remarkably sensitive to the environment and changes frdf sp  situation is different for those cases when hyperconjugation is
to sp12 in different H-bonded complexes. Nevertheless, as weak (Y=FH, CIH, oxirane where the energy of tim¢Y) —
expected, there is no appareglobal correlation between  ¢*(C—H) interaction is less than the 5 kcal/mol threshold).
s-character in €H bonds and €H bond lengths for all Figure 13b illustrates that for such cases the observeti C
H-bondacceptors in Table 1 and Table 2. This is due to the bond lengths indeed correlate well with s-character in the
dominating effect of hyperconjugation-induced CT bond length- corresponding €H bonds.
ening in most of the complexes (Figure 13). In fact, in the case  Even though changes in s-character lead to improper H-
of strong electron donors where thgf) — ¢*(C—H) compo- bonding only for a minor fraction of the complexes where their
nent is large (energy 11 kcal/mol), the effect of rehybrid-  effect is not overshadowed by hyperconjugation, there is still
ization is completely overshadowed by CT bond lengthening. an excellent global correlation (Figure 14) betweentCbond
As a result, an increase in the-@& bond lengths is observed  polarization and s-character which is valid falf H-bonded
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Figure 14. NBO polarizations of €H bonds versus change in s-character calculated at the MP2/6-3left) and B3LYP/6-31#G** (right) levels.

Table 2. NBO Analysis of Improper H-Bonding Complexes of 1.0844
CF3H (X) with Benzene and Pyridine Computed at the MP2/ 0876
6-31+G* Level along with the Interaction Energy (kcal/mol) .
parameter P 2 2,.4"
CF;H ""’w ": P ,H*
9) (10) (11)
C-H A 1.0876 | 1.0880 1.0873 1.0886
Ar’ - 0.0004 -0.0007 0.0006
C-F A 1.351 1.354 1.353 1.350
H..Y,A - 2.672 2.783 2.240
gc 1.085 1.075 1.076 1.058
g1 0.167 1.085 0.179 0.185 1.0865
a5 0417 | 0422 -0.419 -0.426 (1.0871)
- - .006 .002 012 ) . .
—E'E;m) 19914 ?‘gg; ?,ggls ?,3909 Figure 15. MP2/6-3H-G* optimized structure of CfH...oxirane complex
(o) 10954 | 1.9953 1.9953 1.9953 with the multiple blue shifted hydrogen bonds. The i€ bond lengths in
(61D 0.0351 [ 0.0350 0.0360 0.0415 the monomers are given in parentheses.
n(G¥cr) 0.0625 | 0.0612 0.0619 0.0610
spn_(CH) 5p2.22 spl.98 sp2.02 spl.94 1 <
% s-character 30.97 33.46 32.97 33.88 f‘
spn (CF) 5p3.29 sp3.47 sp3.45 sp3.50 2
% s-character 23.19 22.23 22.33 22.09 $_ "
pol (o), C% | 57.5 60.2 59.9 61.6 ¥
H% | 423 39.8 40.1 38.4 3 2
pol (Gcr), C% 28.0 25.6 25.7 255 2
F% 72.0 74.4 74.3 74.5 f
E(n(or m}—>6%) | - 3.6 24 9.8 7 *_’
AEjy - 5.6 44 5.7
<4
aThe difference in the €H distance between the monomer and complex. {5
complexes (both classic and improper) considered above (note

the similarity to the plot in Figure 2). . 16 MP2/6.31-G* optimized ies of hvd bonded
. . _ igure 16. - * optimized geometries of hydrogen bonde
The presence o$everal intermolecular contacts is an ad- ", complexes (X= CRH, NFH. and PRH, Y = F-, HF, CI, HCI,

ditional feature of some of the H-bonded complexes. Although H,0, and HS, NHs) and NBO contour diagrams showing the dominant
this complicates the general picture somewhat and makes globahyperconjugative interactiom{ — o* c) for the corresponding complexes.
correlations for these complexes less meaningful, it is also an

interesting phenomenon by itself. The most interesting example (2long with the pertinent orbital plots for the hyperconjugative
is provided by the complex of fluoroform with oxirane (Figure N(Y) — o*(C—H) interactions). Note that the geometry is far
15)41In addition to the G-H...O hydrogen-bond, there are two  from optimal collinear arrangement of(O) and o*(C—H)
C—H...F attractive interactions. Note that three C-H-bonds ~ orbitals and this complex trades one strong hyperconjugative
involved into these interactions are shortened and thus thisinteraction for three weaker contacts.

strongly bound complex (binding energy of 5.7 kcal/mol) is The above interesting features notwithstanding, the situation
triply improper! Complete structures of all complexes are given for the majority of complexes is more straightforward. All
in the Supplementary section and are outlined in Figure 16 complexes1—7 display geometries with classic H-bonding
directionality (almost collinear geometry for the-€l...Y triade)

(40) Note, however, that hyperconjugation provides considerable portion of the i i i e — g* i
binding energy for other complexes too (even when its effect on thiel C f"md a _smgle. dominant hyperconIUQatmg o*cn Orbital
bond length is counterbalanced by the effect of rehybridization). In fact, Interaction (Figure 16).
the second-order perturbation estimate shows that in several cases the Another interesting trend is illustrated in Table 2 where three
hyperconjugation energy is larger than the binding energy. There is no X L. . X .
hidden contradiction here because the binding energy consists of severalComplexes with very similar stabilization energies show either
gg{rﬁgg\é%ggpercomugat|ve, electrostatic) and repulsive (steric, deformation) classic or improper behavior as a result of a subtle balance of
(41) Cubero, E.; Orozco, M.; Lugue, F.Ghem. Phys. Lettl999 310, 445. the several factors discussed earlier. As evident from the
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Table 3. NBO Analysis of the H-bonded Complexes of HCCH and

magnitude of total charge transf , the hyperconjuga-
9 g enct) P 119 FCCH with H,0 at the MP2/6-31+G* Level

tive donation from ther-system of the electron acceptor pyridine

ring is one-third than that of the benzenesystem, whichex-
plains why there is no €H bond elongation in the-pyridine HC=CH FC=CH
complex. In contrast to the pyridine-system the pyridine
nitrogenlone pairis a good hyperconjugative donor. As a result,
noticeable G-H bond elongation is observed in thecomplex C-H, A 1.0676 1.0660
of pyridine and fluoroform. ﬁf“ ok - g-?g‘lﬁ 0.0026
3. Influence of Electronic Properties of H-Bond Donors o 0250 0239 04Tl
on X—H Bond Lengths in X—H...Y Complexes. (A) Inhibi- qu 0.250 0.271 0.262
tion of Improper Behavior by a Change in the Ability of gcr - 0.009 -
X—H Bonds to Rehybridize. The electronic properties of — [Scu) 19397 19880 1.9836
! ) - N(G*ci) 0.0057 0.0131 0.0048
H-bond dor_lors are equally important in determining whether a n(Orp) 1.9998 19914 1.9998
classic or improper type of H-bond is observed. The above [ (cH) spl.05 spl.02 sp0.96
analysis suggests that there are two ways by which properties % s-character | 48.60 49.54 51.00
of H-bond donors can decrease the probability of improper |pol (ccu), Ci’u ggg gg-g gg-g
behavior. The first way includes use of stromgacceptors E(n—>0’*)H/o 3. 36. 3.
capable of participating in strong hyperconjugative interactions. [;g - - 36 a4

The second less common way is to change the ability 6HX
bonds to adjust their hybridization upon formation of the
complex. The role of this factor is illustrated by the literature
which describes different trends in H-bonding in—8..Y

aThe difference in the €H distance between the monomer and complex.

Table 4. NBO Analysis of the Ha-Hp ...Y (Y = OH2, OMe,, and
Cl—) Complexes

systems depending on the original hybridization efkCbonds. .
For example, Scheiner and co-workers reported that the |, .. s >0 q: »2 z >0 ©®
improper character in €H...Y H-bonds is weakened in 3p i (30)!‘
C—H bonds compared with 3€—H bonds. The trend is further (29) 31)
.. . . Hy-Hs, A 0.7375 0.7389 0.7395 0.7483
enhanced for sp-hybridized- bonds which show only classic A - 0.0014 0.0020 0.0008
H-bonding pattern&?? These findings were confirmed in a Hp...Y, A - 2.680 2.681 2.932
thorough study by Radom and co-worké#$iobza and Havlas g:b g% 33;3?“ 33;22 '3_‘3?;;’
reported a similar effect for the complexes of benzene with [gc ) 0.0013 0.0029 0.0075
CHClz and HCN? They noted that although acidities and |-(Su) 1.9981 1.9996 1.9981 1.9999
. n{G# 1) 0.0038 0.0016 0.0038 0.0071
charges on hydrogen are comparable in both caseb| bnds n(Lpy) : 1.9908 1.9763 3.0000
in these two cases respond differently to complex formation: a O(LpY)comles - 1.9982 1.9702 1.9925
blue-shifted complex is formed with the $E—H bond in [P [0 B e e e
CHCI; whereas a classic red-shifted H-bond formation was [En—c*) - 1.22 1.51 326
observed with the sp-€H bond in the HCN complex. A similar AEin - 047 0.62 2.36

observation was reported by Dannenberg and co-workers who
found that the &H bond in methane contracts but the-8
bond in acetylene elongates when external electric field is from s %to s-92(i.e., from 51.0% to 52.1% s-character) upon
applied” formation of complexes of these two fluorocarbons with water.
In the next section, we will show how the above observations In addition, spg*(C—H) orbitals are, in general, better hyper-
are readily explained by the relative susceptibility of different conjugative acceptors than3sp*(C—H) orbitals because they
C—H bonds to rehybridization. For this purpose, we have have lower energy and more favorable polarizationt{C—
analyzed complexes of F&CH and acetylene with water and  H) toward H, which should increase the magnitude ofHC
found that the relative changes in hybridization upon formation bond lengthening(Y) — o*(C—H) interactions in the case of
of H-bonds are less pronounced in these systems when comparedcetylenic C-H bonds. These combined factors explain why
with similar complexes involving Spand sp hybridized C-H the blue shift decreases when going from ps# hybridized
bonds. The increased stiffness of acetylenicHCbonds can carbons and is not observed at all at sp hybridized cartfons.

be explained as a result of fixed hybridization of two out of  propably, the ultimate example of a bond which is not capable
four orbitals at the sp carbdd.Because of that, any increase rehybridization is the HH bond“5 According to our model,

in s-character of an sp-€H bond should be compensated by a formation of H-H...Y complexes should always lead to the red-
decrease in the s-character and lengthening of the rather stiffgpitt even though the* 4 orbital is a relatively weak acceptor
C=C bond. As the result, relative changes in hybridization are 5nq energies of the correspondingY) — o*uy interactions
smaller for sp G-H bonds than for their $pcousins. For 1 pelow the 35 kcal/mol threshold. This notion is an

example, the hybridization of the-€H bond in CHRs changes o cejjent agreement with the computational results reported in
from sp2to sp9’ (i.e., from 32.1% to 33.7% s-character) while  1apie 4. All H—H...Y complexes are red-shifted!

the hybridization of the €H bond in FGGCH changes only

aThe difference in the HH distance between the monomer and complex.

(44) Cyclic systems are also less free to alter hybridization (due to constraints

(42) Wetmore, S. D.; Schofield, R.; Smith, D. M.; RadomJLPhys. Chem. A
2001, 105, 4470.
(43) These are pure p-orbitals forming thebonds.

of ring geometry) and thus might also exhibit similar exceptions.
(45) This idea was provoked by a comment of an anonymous referee to whom
we are grateful.
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Table 5. NBO Analysis on the Improper H-bonded Complexes of
SiF3H (X) with H,0, H,S and NH3 at MP2/6-31+-G* Level b

* |3 4
SiFsH };‘, 9 { Y 1

(12) 13) (14)
Si-H, A 1.4591 | 1.4547 1.4572 1.4571
Ar - 0.0044 0.0019 0.0020
Si-F, A 1.605 1.611 1.606 1.610
H..Y, A - 2671 3.195 2.647
gsi 2418 2414 2.407 2.386
g -0.310 | -0.295 -0.297 -0.270
gr -0.703 | -0.710 -0.704 -0.707
ger - 0.016 0.002 0.005
n(Gsip) 1.9670 | 1.9667 1.9660 1.9639
n(Csi) 1.9903 | 1.9901 1.9903 1.9903
n(cgi) 0.0406 | 0.0404 0.0418 0.0426
n(C*g;) 0.0564 | 0.0592 0.0564 0.0565
n(Lpy) - 1.9998 2.0000 1.9997
(L Py deomples - 1.9828 1.9973 1.9937
spn_(SiH) sp2.26 | sp2.17 5p2.23 sp2.16
% s-character 29.56 30.53 29.94 30.62
spn_(SiF) sp3.12 sp3.18 sp3.14 sp3.18
% s-character 23.53 23.20 23.40 23.19

pol (Gs), Si% | 34.1 34.9 34.8 36.1
% | 659 65.1 65.2 63.9

pol (Gsip), Si% | 11.3 11.0 11.3 11.2
F% | 88.7 89.0 88.7 88.8

E(n>c*) - 0.7 1.4 2.9

AEy, - 6.8 1.1 2.2

aThe difference in the SiH distance between the monomer and
complex.” Energies are given in kcal/mol.

(B) Promotion of Improper Behavior. The same two factors
as described above control other types of recently reported
improper H-bonds involving SiH,® P—H,® and N-H&° moi-
eties. We will analyze these complexes in order to illustrate
which properties of the H-bond donor favor formation of an
improper H-bond. In the final part, we will report the first
examples of neutral improper H-bonded complexes with par-
ticipation of O—H bonds (Table 5).

Si—H...Y Bonds. Let us start with H-bonded complexes of
SiRsH (X) with various acceptors and donors €/ H,0, H.,S,
and NH). In this case, the contribution from hyperconjugation
is so small that improper H-bonding is observed in all cases
even in the complex with Nglwhich was red-shifted in the
case of CHE. The nitrogen lone pair in NHis a relatively
strong donor which leads to considerable deviation of the-5i
bond for this complex from correlation in Figure 17 but is not
sufficiently strong to result in a net red-shift unlike in the case
of CRH.

Increased likelihood of improper H-bonding in-Sil...Y
systems is a consequence of unfavorable polarization-efiSi
bonds which, via a combination of two effects, results in
formation of complexes that are weaker and less tightly bound
compared with their €H...Y analogues. First, it decreases the
electrostatic component of the binding energy (in fact, natural
charge on hydrogen atom in HS3iks negative!). Second, it

decreases the hyperconjugative component of the binding energyf the general trends, it is obvious thafY) —

which parallels the decrease in acceptor abilityodfSi—H)
orbitals compared to that @*(C—H) orbitals. Because(Si—
H) bonds are polarized in an opposite direction théG—H),
the o*(Si—H) orbitals which mirror the polarization af(Si—
H) orbitals have a larger coefficient on Si and a smaller
coefficient on H. Thus, the polarization of(Si—H) orbital is
unfavorable for the hyperconjugatinéY)... o*(Si—H) interac-
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y = -221.25x + 352.37
R®=0.9979
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s-Character at Si, %
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Si-H bond length, A

Figure 17. Correlation of Si-H bond lengths with s-character in-Stl
bonds 0f11-13 at MP2/6-31-G* level (diamonds). Note that although
hyperconjugativen(N)—o¢*(Si—H) interaction in complexl4 (a square)
leads to noticeable deviation from the correlation, it is still not able to
provide net SiH bond lengthening compared to the isolated HSIF
molecule.

1.46

Table 6. NBO Analysis on the Improper H-bonding Complexes of
PF2H (X) with H,O, H,S and NH3 at the MP2/6-31+G* Level ?

Parameter ;_ ‘. é P
-
PF.H 7 A A ,g) 9*“ ‘:
(18) (19) 20

P-H, A 1.4202 1.4143 1.4176 1.4149
Ar - 0.0059 0.0026 0.0053
P-F, A 1.628 1.635 1.633 1.645
X...Y, A - 2.384 2.630 2.716
gp 1.428 1.392 1.423 1.422
qn -0.144 -0.103 -0.130 -0.135
qr -0.642 -0.646 -0.647 -0.659
qcr - 0.003 0.001 0.032
n(Gpu) 1.9783 | 1.9766 1.9771 1.9747
n(Gpg) 1.9932 1.9934 1.9930 1.9926
n(G¥py) 0.0255 | 0.0269 0.0254 0.0263
n(Gpp) 0.0409 | 0.0405 0.0404 0.0533
n(Lpy) - 1.9998 2.0000 2.0000
n(Lpyh.y - 1.9949 1.9977 1.9632
spn_(PH) sp6.00 sp3.48 sp3.90 sp5.54
% s-character 13.89 15.01 14.10 14.87
spn (PF) sp7.66 sp7.71 sp7.82 spB.46
% s-character 11.20 11.13 10.99 10.32
pol (opy), P% | 42.8 449 435 43.1

H% | 57.2 55.1 56.5 56.9
pol (Gee), P% 15.4 15.3 15.2 14.8

F% 84.6 84.7 84.8 85.2
E(n2>c*) - 3.6 0.3 0.5
AEim - 2.4 2.9 8.1

aThe difference in the PH distance between the monomer and complex.
b Energies are given in kcal/mol.

tions. As a result, the range of hyperconjugative donors able to
form improper H-bonds is expanded for Hgi€ompared to
CHFs.

P—H...Y Bonds. Analysis of P-H...Y H-bonds reveals the
blue-shifting behavior in all H-bonded complexes listed in Table
6 as well as other properties which are quite similar to those of
Si—H...Y complexes. Although the lack of dominant H-bonding
interactions in some of these complexes complicates analysis
“(P—H)
hyperconjugation is weak. As a result, the role of rehybridization
in controlling the P-H bond length is dominant as illustrated
in Figure 18. Interestingly, in this case the oxygen lone pair in
complex18is a better hyperconjugative donormY) — o*-
(P—H) interactions than its nitrogen counterpart in coméx
(in contrast tan(Y) — o*(Si—H) interactions in complexek2,

14). This observation is readily explained by the different
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15.2

y =-199.23x + 296.73
R? = 0.9764

S-character

13.8

13.6

1.413 1.414 1.415 1416 1.417 1.418 1.419
Bond length, A

Figure 18. Correlation of P-H bond lengths with s-character irP bonds
at MP2/6-31G* level.

1.42 1.421

Table 7. NBO Analysis on the H-bonding Complexes of NF;H (X)
with Various Acceptors and Donors (Y = HO, H,S and NH3)
Computed at the MP2/6-31+G* Level

Parameter ; . ]
NF:H "‘ L 4 ‘-J f‘" ?‘J {,
9 ? 9 !

(15) (16) ?

a7
N-H, A 1.0298 | 1.0327 1.0323 1.0409
Ar* - 0.0029 0.0025 0.0111
N-F, A 1.416 1.422 1.419 1.424
H...Y,A - 1.914 2519 1.934
g 0.213 0.189 0.199 0.176
qu 0.381 0.420 0.393 0.408
qr -0.297 -0.315 -0.305 -0.320
der - 0.020 0.024 0.038
n(Gny) 1.9889 1.9905 1.9901 1.9911
n(Gnr) 1.9944 1.9949 1.9949 1.9951
n(GF ) 0.0095 | 0.0270 0.0298 0.0440
n(G#yr) 0.0334 | 0.0316 0.0320 0.0311
n(Lpy) - 1.9998 2.0000 1.9997
n(Lpy by - 1.9787 1.9765 1.9601
spn (NH) sp3.00 sp2.44 sp2.62 sp2.26
% s-character 24.93 28.96 27.53 30.58
spn_(NF) spo.49 spb.96 spb.80 spi.14
% s-character 13.30 12.50 12.75 12.22

pol (Onu), N% | 69.3 72.0 70.7 72.9

H% | 30.7 28.0 29.3 27.1

pol (Onp), N% | 34.0 33.1 335 32.9

F% | 66.0 66.9 66.5 67.1

E(n2>0*) - 18.7 12.7 28.1

AE,, - 8.6 5.0 11.0

aThe difference in the NH distance between the monomer and complex.
b Energies are given in kcal/mol.

geometries of the complexes (Table 5 and Table 6). In
PFH...NH; complex20, where the HPN angle is close t0°90
and the P-H...N contact can hardly be classified as a hydrogen
bond (similarly to the SiH...O contact in complexX2). In

Table 8. NBO Analysis on the H-bonding for the Syn and Anti
Isomers of 3-Imino-propen-1-ol Computed at the MP2/6-31+G*

‘, ) 4 ]
Parameter A ‘_'I' 141- :"VI * firI:
O~ red O.HN |0=-rd N...H-0
N = blue N = blue
X-H, A 1.0267 1.0254 0.9734 1.0069
Ar' - -0.0013 0.0000 0.0335
H...Y,A - 2.143 - 1.751
qx -0.686 -0.686 -0.746 -0.797
qn 0.364 0.381 0.510 0.567
n(cxu) 1.9797 1.9803 1.9900 1.9869
n(Yip) 1.9851 1.9820 1.9622 1.9164
n(G#xn) 0.0063 0.0125 0.0044 0.0575
spn_(XH) sp3.41 sp3.04 sp3.65 sp2.52
% s-character | 22.59 24.69 21.30 28.35
pol (Oxn), X%| 68.1 69.3 75.6 80.7
H%| 31.9 30.7 244 19.3
E(n>c*) - 4.0 - 36.6
AEin - 3.1 - 15.8

aThe difference in the XH distance between the monomer and complex.

H-bonding is observed for the cases illustrated in Table 7
(evendespite the fact that the changes in s-character of-tthé N
bonds are larger than those for the-B bonds).

Nevertheless, in an NH...Y system where H and Y are
spatially close but not oriented optimally for the orbital overlap
needed for N-H bond lengthening(Y) — o*(N —H) hyper-
conjugative interaction, improper H-bonding is possible even
for N—H bonds. This is illustrated below using a system reported
by Guo and co-workePg® who found that formation of
intramolecular N-H...O bond in thesyn-conformer of 3-imino-
propen-1-ol leads to decrease in the-N bond length (Table
8). Although the authors attributed this observation to steric
factors? the same balance of hyperconjugation and rehybrid-
ization readily explains this case. Another example of an
improper N-H...Y bond was recently reported by Hobza and
co-workers in NEH...FH systent/

O—H...Y Bonds. A large contrast between A\H...O and
O—H..N H-bonding patterns in 3-imino-propen-1-ol illustrates
the notion that ©-H bonds are less likely to display the blue-
shift than N-H bonds even when geometries result in large
steric interaction. In fact, N...O distance in the—8...N
H-bonded complex in Table 8 is even shorter than that in the
corresponding N-H...O complex (2.636 A vs 2.940 A). Classic
H-bonding in the G-H..N system is not surprising because
(OH) orbitals are much stronger hyperconjugative acceptors than
all other X—H bonds discussed in this paper €<C, Si, P, N).

In addition, OH bonds are the most polar and have the lowest
polarizability in these series. As the result, improper ROH...Y

general, the observed geometries result from a tradeoff betweerbonds with participation of alcohols were, to the best of our

X—H...Y H-bonding and several other attractive interactions
(i.e.,n(F) — 0*(S—H) in 19). For many of these systems, there

knowledge, so far not knowfs.
Below we report the first two families of H-bonded-®i...Y

are several complexes with similar binding energies. Becausecomplexes which were directly predicted by our model. Blue-
detailed study of all of these complexes would require a separateshifted O-H complexes are rare becausg§OH) are among
paper and, to keep the discussion simple, we have consideredhe strongest sigma acceptors. However, when Y is a very weak

only a single energy minimum for such systems in this
paper.

N—H...Y Bonds.N—H...Y H-bonds are interesting because
nitrogen is more electronegative than carbon afitN —H)
orbitals are better acceptors that{C—H) orbitals. In accord
with this notion, the role of N-H bond lengthening hypercon-

jugative interactions increases and only classic red-shifted

hyperconjugative donor and the energy of hyperconjuga(y
— 0*(O—H) interaction is below the -35 kcal/mol threshold,

(46) Note that Schlegel and co-workers also reported a similar example in ref
8

(47) Hobza, PInt. J. Quantum Chen2002 90, 1071.

(48) Note that OH stretching frequencies of ©Hons can exhibit blue shift
upon complexation with metal ions. See Hermansson].kKChem. Phys.
1991, 95, 3578 and references therein for a thorough discussion.
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Table 9. NBO Analysis of Complexes of Alcohols (ROH, where R = Me, CH,0H, t-Bu, NH,CH3) with Neon and their Interaction Energies
at the MP2/6-31+G* Level

el
e
. . >
parameter' | MeOH ‘f: 2| CH-- ,f; +-BuOH % H,N-
(OH) | (22 e CH,OH
(21) (23) (24)
O-H, A 09718 | 0.9714 |0.9732 | 0.9728 0.9758 | 0.9751 0.9739 | 0.9732
A - -0.0004 | 0.0000 | -0.0004 0.0000 | -0.0007 0.0000 | -0.0007
H...Ne, A - 25614 | - 2.6396 - 2.5605 - 2.5376
90 -0.818 [-0.819 |-0816 |-0.817 -0.824 | -0.825 -0.817 | -0.818
qu 0.494  |0.493 0492  [0.493 0490 [ 0.491 0.493 [ 0.494
qor - 0.0006 | - 0.0007 . 0.0008 . 0.0007
n(Gon) 1.9928 | 1.9927 |[1.9918 [ 1.9918 1.9909 | 1.9909 1.9906 | 1.9906
n(G*qr) 0.0048 | 0.0054 | 0.0062 | 0.0066 0.0056 | 0.0064 0.0038 | 0.0045
n(Lpye) - 2.0000 |- 2.0000 - 2.0000 - 2.0000
n(Lpne) - 19993 |- 1.9992 - 1.9992 - 1.9992
spn_(OH) sp3.62 sp3.59 sp3.55 sp.3.53 sp3.69 sp3.65 sp3.70 sp3.66
% s-character | 21.56 | 21.73 21.88 [ 22.00 2126 | 2144 21.21 21.41
pol, 0% |748 |[7487 |7478 | 7481 74.66 | 74.72 74.71 74.78
(Ooy) H% |25.18 [25.13 [2522 [25.19 2534 | 25.28 2529 | 25.22
E(n—>0*) - 0.55 - 0.30 - 0.60 - 0.66
AEin’ - 0.41 - 0.57 - 0.52 - 0.38
AE(ZPE)® | - 0.23 - 0.34 - 0.30 - 0.22
AE;(BSSE)* | - -0.02 - -0.06 - 0.02 - -0.03

aThe interaction energies of the complexe3he energies after zero-point correctiéimhe BSSE-corrected energiésThe difference in the ©H
distance between the monomer and complex.

Table 10. NBO Analysis on the Complexes of ROH (R = Me, CH,0H, t-Bu, NH,CH,) with CF,4 and Their Interaction Energies (kcal /mol) at
the MP2/6-31+G* Level

2 -4 o

parameter” MeOH 'z *'é CH»- "'E o *"f +BuOH | | f;: ";J H.N- -b; “‘f
: (OH), b CH,OH
(25) (26)
(27) (28)

0-H, A 0.9718 | 0.9714 0.9732 | 0.9728 0.9758 | 0.9747 0.9739 | 0.9748
Ar? - -0.0004 0.0000 | -0.0004 0.0000 | -0.0011 0.0000 | 0.0009
H...F, A - 2.3511 - 2.3892 - 23617 - 2.3915
o -0.818 -0.821 -0.816 -0.819 -0.824 -0.827 -0.817 -0.847
qu 0.494 0.497 0.492 0.495 0.490 0.494 0.493 0.495
gcr - 0.0006 - 0.0014 - 0.0020 - 0.0008
n(Gon) 1.9928 1.9927 1.9918 1.9918 1.9909 1.9908 1.9906 1.9905
n(G*oF) 0.0048 | 0.0061 0.0062 | 0.0075 0.0056 0.0069 0.0038 | 0.0059
n(Lpg) - 1.9879 - 1.9879 - 1.9879 - 1.9879
N(LPr)comple - 1.9872 - 1.9870 - 1.9869 - 1.9873
spn_(OH) sp3.62 5p3.53 sp3.55 sp.3.48 sp3.69 sp3.59 sp3.70 5p3.52
% s-character | 21.56 22.02 21.88 22.26 21.26 21.73 21.21 22.09
pol, 0% | 74.82 75.00 74.78 74.96 74.66 74.87 74.71 75.01
(Goy)  H% | 25.18 25.00 25.22 25.04 25.34 25.13 25.29 24.99
E(n—>¢*) - 1.27 - 0.87 - 1.36 - 1.09
AE;,* - 1.42 - 2.84 - 1.68 - 6.44
AE;,(ZPE)" - 1.23 - 245 - 1.49 - 5.82
AE(BSSE)" | - 0.19 - 0.78 - 0.31 - 5.24

aThe interaction energies of the complexeFhe energies calculated after zero-point correctiofhe BSSE-corrected energi€sThe difference in the
O—H distance between the monomer and complex.

O—H...Y systems display all characteristic features of improper 10 should be taken with caution. In any case, the complexes
H-bonding. NBO analyses of two families of such complexes with tetrafluoromethane are stronger and should be observable-
(X = Ne and Ckg) are given in Table 9 and Table 10, experimentally, especially in those cases when several inter-
respectively. Although the complexes with Ne exhibit direc- molecular contacts are present.

tionality characteristic for classic H-bonds and their binding 4. Relation to Other Models of Improper H-Bonding and
energies before the BSSE correction are very close in their General Consequences of Hyperconjugation/Rehybridization
magnitude to the magnitude ofY) — ¢*(O—H) hyperconju- Model. Although the rehybridization model fits well into the
gative interactions, their binding energies are very small framework of classic structural organic chemistry, it is important
especially after the counterpoise correction. Note, however, thatt0 define its relationship to other models developed in the
the counterpoise correction for BSSE_ S(_)metimes makes the(49) Xantheas, S. S.; Burnham, C. J.; Harrison, R. &hem. Phy2002 116
resultslessaccuraté® and absolute energies in Table 9 and Table 1493.
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literature. Encouragingly, this model is consistent with both but should be applicable to other noncovalent compféxas
schools of thought concerned with the nature of H-bonding. well to an understanding of intramolecular stereoelectronic
First, it is consistent with observations of structural reorganiza- effects on molecular geomet?y.

tion in remote parts of the H-bond donor noticed by Hobza and
co-workerg with the only difference that there is no need to
invoke the “two-step mechanism” (electron density transfer from  Improper H-bonding is not a surprising aberration but rather
a lone pair to “the remote part of the proton donor, causing it a logical consequence of one of the most general rules of
to structurally relax” as a first step, followed by shortening of structural organic chemistry known as Bent's rule, which
the C-H bond as a second steff)At the same time, our model  predicts an increase in s-character inB{ bonds upon X-H...Y
consistent with the unified picture of proper and improper H-bond formation because H becomes more electropositive
H-bonding outlined in the Introduction and complements it by during this process. The observed structural reorganization of
providing the mechanism for the improper H-bonding. Because X—H bonds in the process of both “proper” and “improper”
rehybridization is associated with repolarization, our model H-bonding results from a balance of hyperconjugative bond
overlaps nicely with more quantitative repolarization model of weakening and rehybridization promoted bond strengthening.
vibrational frequency shifts in weak molecular complexes These two effects are general for alltypes of H-bonds and, thus,

Conclusion

developed by Dykstra and co-work&and with the observa-
tions of Dannenberg and co-workérdifferences in behavior

of O—H and C-H bonds in external electric field discussed by
Qian and Krimm also are consistent with our modéfloreover,

our model points out to the regions where the differences
disappear and even-&H bonds can participate in the formation
of improper H-bonds.

there is no fundamental difference between classic and improper
H-bonding.

Improper H-bonding is likely to be observed only when the
X—H bond elongating hyperconjugativg(Y) — o*(X —H)
interaction is relatively weak (NBO energy for this interaction
is less than 3 kcal/mol). Improper H-bonds have so far been
observed more generally for-H bonds because-€H bonds

The importance of this simple model increases when one are weakero-acceptors than ©H or N—H bonds. Recent

realizes that improper H-bonds are likely to be involved in many
phenomena in biological chemistry, molecular recognition and
materials science. For example, weak€-bonds are increas-

findings of improper behavior of other weakacceptors such
as StH, P—H indicates the general importance of this
phenomenon. Moreover, under circumstances when hypercon-

ingly recognized as an important force in molecular recogni- jugation in X—H...Y systems is weak, improper H-bonding is

tion 5152 protein structure and functidi,>3 design of environ-
mentally friendly processé4 crystal engineerirl§ among many

possible for N-H and even for ©-H bonds.
For improper H-bonding to occur, the molecular structure

other fields. For a long time, the very existence of these weak should allow significant rehybridization of the-XH bond upon
H-bonds was debated because no “characteristic” red shift information of the complex. If molecular structure inhibits

IR stretching frequency was observed (“no red shifd
hydrogen bond”). In contrast with this early notion, the discovery

rehybridization, only the classic red-shift H-bonding will be
observed even for XH bonds with relatively weak hypercon-

of improper H-bonding proved that many stabilizing contacts jugative g-acceptor ability.

do not lead to the red shift and an overhaul of general paradigms
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