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Increased F-[Rg-H]+ resonance contribution provides an efficient mechanism for the Rg-H bond
repolarization in the hypervalent 3c,4e-F-Rg-H‚‚‚Y complexes, where Rg is a rare gas atom. This effect
which parallels the effect of rehybridization in classic 2c,2e chemical bonds, decreases the population of the
σ*(Rg-H) orbitals and increases the covalent Rg-H bond order leading to Rg-H bond contraction. The
origin of this electronic reorganization can be ascribed to competition of two hyperconjugative donors for the
sameσ*(Rg-H) acceptor. As donor Y approaches the H atom of an FRgH moiety, the n(Y)f σ*(H-Rg)
interaction becomes stronger, whereas the n(F)f σ*(Rg-H) interaction becomes weaker in an asynchronous
process. For weaker donors Y and longer Y‚‚‚H distances, breaking of the Rg-F covalent bond proceeds
faster than formation of the H-Y bond. As a result, both theσ*(Rg-H) population and the Rg-H distance
decrease thus accounting for the blue-shift in such H-bonded complexes. However, when Y is a moderately
strong donor and/or whenσ*(Rg-H) is a very strong acceptor, a further decrease in Y‚‚‚H distance leads to
the formation of a sigma bond with the incoming donor (Y) in an SN2-like process with concomitant elimination
of the fluoride moiety. As a result, the F-Rg-H‚‚‚Y systems are transformed into dissociated F-‚‚‚Rg‚‚‚[HY] +

complexes, and a large Rg-H elongation and red shift are observed.

Introduction

The unusual phenomenon of “blue-shifted” or “improper”
X-H‚‚‚Y hydrogen bonding1 which is accompanied by X-H
bond contraction and a blue shift of the X-H IR stretching
frequency continues to receive significant experimental2-4 and
theoretical5,6 attention. Recently, we showed that the direction
of the X-H bond structural reorganization is determined by
the balance of two opposing effects: X-H bond lengthening
due to hyperconjugative n(Y)f σ*(X -H) interaction and X-H
bond shortening due to the increase in hydrogen electropositivity
and polarization of X-H bonds.7 Under favorable conditions
when the n(Y)f σ*(X -H) hyperconjugative interaction is
weak and the X-hybrid orbital in the X-H bond is capable of
sufficient changes in polarization and hybridization, this col-
lection of effects leads to the X-H bond contraction and to the
blue-shift of the X-H stretching frequency.

Even though the increase in X-H bond polarization is a key
factor in the process of H-bond formation, it can lead to X-H
bond contraction only when a suitable avenue for the structural
reorganization is available. In the case of normal 2c,2e bonds,
such an avenue is provided by rehybridization8 as a direct
consequence of Bent’s rule.9 The rehybridization model provided
explanations for a number of puzzling experimental and
theoretical findings and led to the computational discovery of
new types of blue-shifted H-bonds including the first blue-shifted
RO-H‚‚‚Y H complexes.

However, the bond rehybridization concept is not applicable
to atoms that lack the valence p-shell vacancies needed for
effective hybrid formation, notably closed-shell rare gas (Rg)
atoms. As a result, one cannot use the rehybridization model
for analysis of H bonding in a recently discovered new class of
hypervalent complexes of HArF and HKrF molecules, which
are found to be blue-shifted.10,11 Computational evidence
suggests that the same is true for H-bonded FRgH complexes
with Rg ) He, where the closed-shell (1s)2 character is even
more inimical to hybridization.12 Summarizing available ex-
perimental and theoretical observations, Lignell et al. arrived
at the remarkable conclusion that “for these rare gas containing
compounds the blue shift of the H-Rg stretching vibration is
a normal effect”.13

The unusual H-bonding properties of these compounds
presumably reflect the unusual features of 3c-4e bonding in
hypervalent molecules which has fascinated chemists for a long
time.14-17 Since the number of bonds at the central atoms
apparently exceeds that allowed by the octet rule,18 the involve-
ment of d orbitals was initially considered to be of primary
importance19 but was shown subsequently to be limited to
providing adequate polarization functions rather than being “true
participants in hybridization”.20 Usually, hypervalent bonding
is described by the molecular orbital (MO) model of Rundle21

and Pimentel22-24 (Figure 1) or 3-center-4-electron (3c-4e) bonds
of valence bond (VB) theory which treats such compounds as
resulting from a superposition of resonance structures each of
which does not violate the octet rule. For example, XeF2 is
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described through a resonance of two partially ionic VB
structures (I) and (II) and a long bond structure, (III) (Figure
1).24-27

In this paper, we will show how the nature of chemical
bonding in hypervalent systems provides a novel mechanism
for electronic and structural reorganization during H-bonding.
We will begin with a discussion of the general factors associated
with a dynamic electronic reorganization in the process of the
F-He-H‚‚‚N2 complex formation, proceed further with analysis
of structural and electronic changes for a larger number of
F-Rg-H‚‚‚Y H-bonded complexes, and conclude with a
comparison of blue-shifted H-bonds in hypervalent systems with
blue-shifted H-bonds in classic 2c,2e systems.

Computational Details and Choice of Method

All computations were performed using the Gaussian 98
program28 at the MP2(FC) and B3LYP levels of theory with
extended basis sets (cc-pVDZ, cc-pVTZ, 6-311++G(d,p),
6-311++G(2d,2p). Zero-point vibrational energy (ZPE) and
counterpoise corrections29 were applied to the interaction
energies. Binding energies of three FRgH‚‚‚N2 complexes were
also evaluated at CCSD(T)/6-311++G(2d,2p) level of theory.
The scan computations were done by freezing the H‚‚‚Y distance
using opt)Modredundant option in Gaussian 98 and optimizing
all other structural parameters. The NBO 4.030 program was
used to analyze electronic changes upon formation of H-bonded
complexes. The NBO analysis transforms the canonical delo-
calized MOs into localized orbitals that “are closely tied to
chemical bonding concepts”. Detailed descriptions of the NBO
calculations are available.31,32 For all NBO computations, the
option “density)MP2” was used to analyze the higher-level

corrections to the HF density. The second order perturbation
energies were obtained directly from the HF wave function.

Results and Discussion

Dynamics of Structural and Electronic Changes in the
Process of F-He-H‚‚‚N2 Complex Formation. In the first
section, we will discuss the electronic and structural reorganiza-
tion that accompanies the formation of H-bonds with FHeH,
the smallest of the FRgH molecules, as an illustrative example.
We will monitor the dynamic electronic reorganization in the
F-He-H moiety upon the collinear approach of a nitrogen
molecule. During this process, the H‚‚‚N distance is scanned
between 4.7 and 1.5 Å while all other variables are optimized.

Structural Changes.The Rg-H bond begins to shorten and
the F-Rg bond starts to elongate as the H-bond acceptor
approaches the hydrogen atom more closely than 3 Å. Although
the F-He distance continues to increase steadily even at shorter
H‚‚‚N distances, the trend for the He-H bond reverses when
the system approaches the equilibrium geometry where the
He-H distance starts toincrease. Interestingly, all of these
changes are qualitativelyanalogousto those observed for the
2c,2e bonds in the CF3H‚‚‚H2O complex (Figure 2). As far as
quantitative differences between the two complexes are con-
cerned, the following two are noteworthy: (a) changes in the
F-He bond length are significantly larger than changes in the
C-F distances and (b) the observed change from blue- to red-
shifted H-bonding occurs at much shorter H‚‚‚Y distances in
the hypervalent system.

This analysis is consistent with earlier observations of
McDowell, who after comparing rare gas H-bonded complexes
with complexes of “normal” molecules with the same acceptor
concluded that hypervalent rare gas molecules are much more
perturbed by the same donor than “normal molecules (e.g.,
HKrCl vs HCl)10a and suggested that the observed blue shift
can be explained through a combination of charge transfer
(hyperconjugation) and electrostatic effects. We will analyze
these effects in detail in the next section.

Electronic Changes. The Balance of n(F)f σ*(He-H)
and n(N) f σ* (H-He) Interactions, “He-Bonding” vs
“H-Bonding”. An insight into the origin of blue-shifted
H-bonding in hypervalent systems is given in Figure 3 which
compares the effect of H‚‚‚N distance changes on the magni-
tudes of n(F)f σ*(He-H) and n(N)f σ*(H-He) interactions.
The first interaction is extremely strong in the isolated FHeH
where it corresponds to one of the major VB structures
contributing to the 3c,4e bond (vide infra) and solely accounts
for the covalent component of He-F bonding. He-H+ is a
strongly bound ion isoelectronic to H2,33,34and one can consider
FHeH as a F-‚‚‚[He-H+] type complex bound through a

Figure 1. MO (a) and VB (b) descriptions of 3c-4e bonding in XeF2.

Figure 2. Correlation of H‚‚‚N distance with F-He and He-H bond lengths in FHeH‚‚‚N2 complex (on the left) and correlation of H‚‚‚O distance
with F-C and C-H bond lengths in F3CH‚‚‚OH2 complex (on the right). The equilibrium distances in the complexes are circled.
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combination of hyperconjugative and ionic interactions which
perfectly fit all of the attributes of strong H-bonding with the
only difference that they involve a helium rather than a hydrogen
atom. In analogy to H-bonding, this phenomenon can be called
“He-bonding”. As the H‚‚‚N distance decreases, the magnitudes
of the n(F) f σ*(He-H) interaction and covalent F-He
bonding decrease, whereas the ionic F-‚‚‚[He-H]+ bond order
increases, features indicating an increase in the F-‚‚‚[He-H]+

character. On the other hand, the n(N)f σ*(H-He) interaction
increases steadily until, at the shorter N‚‚‚H distances, it reaches
the magnitude of a weak covalent bond indicating proton transfer
to the nitrogen molecule. The structure of the F-He-H‚‚‚N2

complex can be best described as a F-‚‚‚He-H+‚‚‚ N2 sandwich
of the positively charged diatomic cation [He-H]+ with two
hyperconjugative donors where the nature of the attractive
interactions between [He-H]+ of the cation with the donors is
very similar at the hydrogen end (classic H-bonding) and at
the helium end (more esoteric “He-bonding”, Figure 4). The
relative magnitudes of n(F)f σ*(He-H) and n(N)f σ*(H-
He) interactions give an indication of the relative weights of
[F-Rg]+H- and [Rg-H]+F- VB structures (the later VB
structure will be transformed into F-‚‚‚Rg‚‚‚[H-Y]+ at the later
stages).

Even though for the extremely strong hyperconjugative
interactions in Table 2 and Figure 3 the second-order perturba-
tion n(Y) f σ*(He-H) energies should be taken only for
qualitative comparisons,35 they still provide an insight into the
nature of electronic changes that accompany H-bond formation.
A decrease in n(F)f σ*(He-H) interaction leads to a decrease
in the σ*(He-H) population, whereas an increase in the n(N)

f σ*(H-He) interaction has the opposite effect. The net change
in the σ*(He-H) population and the ultimate direction of the
Rg-H bond length change depend on the balance of these two
interactions which changed in an antiparallel way. Because at
the longer Y‚‚‚H distances the n(F)f σ*(Rg-H) interaction
weakens faster than n(Y)f σ*(H-Rg) increases in magnitude,
a seemingly paradoxical decrease in the population of theσ*(H-
Rg) orbital is observed initially, an effect which is just the
opposite of that found for both blue and red-shifted H-bonding
involving classic 2c,2e X-H bonds.7

From a slightly different perspective, H-bonding in this
system can be described as a competition of two hyperconju-
gative donors for the sameσ*(He-H) acceptor, a process
analogous to an SN2 reaction where bonding of the central
carbon with an incoming nucleophile results in breaking of the
covalent bond with a leaving group. This analogy is further
enhanced by the analogous nodal structures of an antibonding
σ*(He-H) orbital and a p orbital on the hypervalent central
carbon atom in the TS for an SN2 reaction (Figure 5).

Molecular and Atomic Charges.In full agreement with the
above picture, there is no charge transfer between Y and the
F-Rg-H moiety at the 3-2.2 Å region where the factors
behind the structural reorganization are mostly electrostatic.
However, an increasing amount of electron density is transferred
from N2 to HHeF at the shorter H‚‚‚Y distances as the result of
a hyperconjugative n(N)f σ*(Rg-H) interaction.

Initially, charges at the terminal atoms of the F-He-H
moiety change in opposite directions, the hydrogen atom
becomes more positive while the fluorine atom becomes more
negative (Figure 6). Interestingly, the atomic charge of He barely
changes at this range; the He atom can be considered merely a
transmitting point for the density redistribution between the F
and H atoms. However, at N‚‚‚H distances of 1.8-1.6 Å where
the two curves in Figure 3 intersect and a switch from “He-
bonding” to H-bonding is observed, the situation changes and
the positive charge at the H atom starts to decrease while the
He atom begins to acquire a progressively larger positive charge.

These results are in a good agreement with recent observations
in the literature. For example, Lignell and co-workers found
that the charge of the HKr unit in HKrCl increased in the linear
complex with N2 compared to that in the isolated molecule and
that electrostatic forces provide the most important contribution
in linear HArF‚‚‚N2,13 HKrF‚‚‚N2,13 and HKrCl‚‚‚N2

11,13com-
plexes according to the Morokuma interaction energy decom-
position scheme. Nemukhin et al. reported that the partial charge
of the Xe-H moiety increases as the Xe-H bond shortens in
HXeOH-(H2O) complexes.36 McDowell has shown that the H
atom becomes more positive, whereas the Rg and F atoms
become more negative in the process of H-bond formation in
FRgH‚‚‚Y complexes,10 an effect which was modeled reasonably
well with point charges.

Bond Polarization and Population of the σ*(He-H)
Orbital. Notwithstanding the above changes in the atomic
charges, the Rg-H bond polarization steadily increases as the
H‚‚‚N distance decreases below 3 Å, a trend analogous to that
observed for 2c,2e bonds such as C-H bond in CF3H‚‚‚OH2

complex (Figure 7).
Another interesting trend is observed for the population of

the σ*(He-H) orbital which decreases initially but starts to
increase when the N‚‚‚H distances fall below 1.7 Å. This initial
decrease in theσ*(He-H) population is the first significant
difference from the behavior observed for 2c,2e X-H bonds
(compare it with the changes in the population ofσ*(C-H)

Figure 3. Correlations of H‚‚‚N bond length in FHeH‚‚‚N2 complex
with energies of the nf σ* hyperconjugative interactions at the MP2/
6-311++G(2d,2p) level (n(F)f σ*(He-H) interaction, diamonds, n(N)
f σ*(H-He) interaction, circles).

Figure 4. Transition from “He-bonding” to H-bonding in the process
of FHeH‚‚‚Y complex formation.
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orbital in CF3H‚‚‚OH2 complex in Figure 8). This difference
between the two types of blue-shifted H-bonded systems is
noteworthy because in both cases an increasing amount of
electron density is transferred to the H-bond donor from the
H-bond acceptor Y as it approaches the hydrogen atom.

Remarkably, the trends given in Figures 6 and 8 change their
direction at the same critical region of 1.7-1.8 Å where the
curves for the energies of n(F)f σ*(He-H) and n(N) f
σ*(H-He) interactions in Figure 3 intersect. Clearly, the
decrease in theσ*(He-H) population results from the faster
decrease in the magnitude of n(F)f σ*(He-H) interaction as
a result of competing n(N)f σ*(H-He) interaction. Unlike in

the case of H-bonding in classic 2c,2e X-H-bonds, increased
n(Y) f σ*(X -H) hyperconjugationcontributes(albeit in an
indirect way) to the blue shift in “hypervalent” H-bonds!

Structural Changes Associated with H-Bond Formation
in Other F-Rg-H‚‚‚Y Systems.Most of the trends discussed
in the previous sections are also observed for other H-bonded
F-Rg-H‚‚‚Y complexes. Calculated geometries of isolated
F-Rg-H molecules and respective F-Rg-H‚‚‚Y compounds,
where Y) N2, CO, OC, P2, NH3, and water, are given in Table
1. Some of the complexes with P2 were recently reported to be
red-shifted,10f whereas the complexes with water and ammonia
have not been reported before. The first three complexes are

TABLE 1: Structural Parameters Associated with the Formation of H-Bonded Complexes of Rare-Gas Compounds (FRgH, Rg
) He, Ar, and Kr) with OC, CO, N 2, P2, H2O, NH3 at the MP2 Level with 6-311++G(d,p) and 6-311++G(2d,2p) Basis Setsa

a See the Supporting Information for the DFT and other MP2 results.
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isoelectronic but differ significantly in charge distribution of
the Y moiety (note, for example, the opposite dipole moments
of CO and OC) as well as in donor ability of its lone pair
participating in the n(Y) f σ*(H-Rg) hyperconjugative

interaction. These differences are reflected in the observed
structural effects.

Although the structures of free hypervalent F-Rg-H mol-
ecules are quite sensitive to the level of theory,37 formation of
H-bonds in these systems always leads to elongation of the
F-Rg bonds. In contrast, the Rg-H bonds may be either
contracted or elongated depending on the nature of the H-bond
acceptor Y and the level of theory used for the computation.
For the weakest hyperconjugative donor, the oxygen lone pair
of carbon monoxide, significant Rg-H bond contraction is
observed in all cases. In the intermediate case (Y) N2), a much
smaller Rg-H bond contraction is found for Rg) He. In the
case of the carbon lone pair of CO (the strongest donor), a
significant Rg-H bondelongationis found in F-He-H‚‚‚CO
complex,38 whereas the complexes with Rg) Ar and Kr remain
blue-shifted. The H‚‚‚Y distances also vary significantly de-
pending on the nature of X and the quality of the basis set (from
1.2 to 2.2 Å for FHeH). In general, shorter H‚‚‚Y distances
correspond to a larger Rg-F bond elongation.

The role of the acceptor ability ofσ*(Rg-H) orbitals in
H-bonding is further illustrated by comparing FRgH‚‚‚OH2

complexes. The oxygen lone pair serves as a relatively strong
hyperconjugative donor in the n(O)f σ*(H-Rg) interaction

TABLE 2: NBO Analysis of the H-Bonded Complexes of Rare-Gas FRgH Compounds (Rg) He, Ar, and Kr) Including NBO
Charges (i.e., at F, Rg, and H), Polarization of Rg-H Bond, Population of σ*(Rg-H), the Energies of n(F)f σ*(X -H) and
n(Y) f σ*(X -H) Interactions, and Total Binding Energies of the Complexes at the MP2 Level with 6-311++G(d,p) and
6-311++G(2d,2p) Basis Setsa

FRgH‚‚‚Y MP2/BS BS
qF,
a.u.

qRg,
a.u.

qH,
a.u.

Pol (Rg-H),
% at Rg

Popσ*
(Rg-H)

Enfσ* ,

kcal/molb
E′nfσ*,

kcal/molc
Eint (ZPE),
kcal/mold

Rg ) He 6-311++G(d,p) -0.6472 0.3289 0.3182 81.58 0.1971 81.59 -
Y ) none 6-311++G(2d,2p) -0.6842 0.3353 0.3489 81.05 0.1747 73.58 - -
Rg ) He 6-311++G(d,p) -0.7211 0.3340 0.3815 80.56 0.1579 54.59 2.63 1.0 [1.0]
Y ) OC 6-311++G(2d,2p) -0.7896 0.3360 0.4351 81.95 0.1544 48.85 9.74 1.3 [1.4]
Rg ) He 6-311++G(d,p)e -0.9720 0.1393 0.2999 - - - - 16.5[15.1]
Y ) CO 6-311++G(2d,2p)e -0.9639 0.1545 0.3010 - - - - 15.0 [13.4]
Rg ) He 6-311++G(d,p) -0.9041 0.2933 0.4534 83.17 0.1870 23.89 86.28 4.5 [4.3]
Y ) N2 6-311++G(2d,2p) -0.8784 0.3103 0.4587 83.07 0.1552 26.65 70.20 4.9 [4.8]
Rg ) He 6-311++G(d,p)e -0.8663 0.2396 0.3047 - - - - 5.8 [5.3]
Y ) P2 6-311++G(2d,2p) -0.8422 0.2778 0.3686 83.83 0.2639 25.84 96.73 5.5 [5.3]
Rg ) He 6-311++G(d,p)e -0.9799 0.1335 0.5304 - - - - 37.2 [35.0]
Y ) OH2 6-311++G(2d,2p) -0.9754 0.1389 0.5259 - - - - 33.6 [31.7]
Rg ) Ar 6-311++G(d,p) -0.7738 0.5530 0.2208 68.65 0.1093 32.42 - -
Y ) none 6-311++G(2d,2p) -0.7614 0.5358 0.2257 68.12 0.1088 38.08 - -
Rg ) Ar 6-311++G(d,p) -0.8128 0.5586 0.2514 69.41 0.0933 30.54 1.49 0.8 [0.9]
Y ) OC 6-311++G(2d,2p) -0.7909 0.5371 0.2507 69.09 0.0969 33.55 1.68 0.8 [1.0]
Rg ) Ar 6-311++G(d,p) -0.8808 0.5087 0.2618 71.73 0.1575 19.62 51.03 4.5 [4.7]
Y ) CO 6-311++G(2d,2p) -0.8414 0.4927 0.2644 71.18 0.1439 24.82 37.90 4.4 [4.2]
Rg ) Ar 6-311++G(d,p) -0.8360 0.5485 0.2691 69.94 0.0942 26.14 6.38 2.5 [2.4]
Y ) N2 6-311++G(2d,2p) -0.8059 0.5259 0.2642 69.56 0.0989 31.28 6.32 1.9 [2.0]
Rg ) Ar 6-311++G(d,p) -0.8291 0.5249 0.2408 70.72 0.1361 26.41 19.09 3.1 [2.9]
Y ) P2 6-311++G(2d,2p) -0.8014 0.5046 0.2390 70.35 0.1378 30.34 18.52 2.8 [2.6]
Rg ) Kr 6-311++G(d,p) -0.7514 0.6506 0.1008 60.99 0.1439 48.64 - -
Y ) none 6-311++G(2d,2p) -0.7591 0.6516 0.1075 61.02 0.1222 48.62 - -
Rg ) Ar 6-311++G(d,p)e -0.9747 0.2923 0.4231 - - - - 18.6 [17.1]
Y ) OH2 6-311++G(2d,2p) -0.9646 0.2676 0.4330 - - - - 15.5 [14.3]
Rg ) Kr 6-311++G(d,p) -0.7648 0.6505 0.1138 61.76 0.1192 46.75 0.54 0.6 [0.5]
Y ) OC 6-311++G(2d,2p) -0.7732 0.6514 0.1202 61.79 0.1134 45.41 0.82 0.9 [0.6]
Rg ) Kr 6-311++G(d,p) -0.7815 0.6321 0.1317 62.35 0.1253 43.92 6.02 2.2 [1.9]
Y ) CO 6-311++G(2d,2p) -0.7935 0.6276 0.1378 62.71 0.1242 41.30 9.94 2.4 [2.2]
Rg ) Kr 6-311++G(d,p) -0.7719 0.6432 0.1239 61.83 0.1190 45.58 1.86 1.3 [1.3]
Y ) N2 6-311++G(2d,2p) -0.7786 0.6440 0.1284 61.92 0.1142 44.50 2.22 1.3 [1.4]
Rg ) Kr 6-311++G(d,p) -0.7664 0.6393 0.1152 61.94 0.1275 46.16 3.26 1.7 [1.5]
Y ) P2 6-311++G(2d,2p) -0.7554 0.6368 0.1175 62.11 0.1280 44.40 5.95 1.8 [1.6]
Rg ) Kr 6-311++G(d,p) -0.8490 0.5905 0.2076 66.67 0.1147 28.37 27.52 7.4 [7.6]
Y ) OH2 6-311++G(2d,2p) -0.8461 0.5935 0.2017 66.39 0.1121 28.69 26.79 7.0 [7.1]
Rg ) Kr 6-311++G(d,p)e -0.9825 0.1484 0.4035 - - - - 31.1[29.7]
Y ) NH3 6-311++G(2d,2p) -0.9758 0.1542 0.3973 - - - - 29.3 [27.5]

a See the Supporting Information for the analogous DFT data, MP2 results with different basis sets and for uncorrected interaction energies.
b E[n(F) f σ*(Rg-H)]. c E[n(Y) f σ*(Rg-H)]. d The values in square brackets are the interaction energies after BSSE correction.e Bond
polarizations, orbital populations, and orbital interaction energies are unavailable due to the change in the dominant NBO structure.

Figure 5. Analogy of F-‚‚‚He‚‚‚H-Y+ fragmentation of FHeH‚‚‚Y
complexes with an SN2 reaction.

4724 J. Phys. Chem. A, Vol. 108, No. 21, 2004 Alabugin et al.



which leads to the H-Rg bond elongation in Rg) He and Ar
complexes. Still, in the case of the weaker acceptor,σ*(Kr -
H) orbital, Rg-H bond contraction and blue shift are observed.
An ever stronger donor, the nitrogen lone pair of ammonia, is
needed to provide “deprotonation” of FKrH with concomitant
Kr-H bond elongation. These effects illustrate how the nature
of H-bonding in these systems (red- vs blue-shift) depends on
a rather complicated interplay of the electronic factors.

Electronic Changes Associated with H-Bond Formation
in F-Rg-H‚‚‚Y Systems.Independent of the initial atomic
charges and polarization,39 H-bond formation increases Rg-H
bond polarization and positive charge on H atoms, changes
which are analogous those observed during H-bond formation
involving 2e-2c bonds. These effects are significant; for
example, the positive charges on He and H atoms are almost
equal in the isolated FHeH molecule, whereas the H atom has
50% more of the positive charge in the FHeH‚‚‚N2 complex.

The above data further illustrate that the original premise of
our repolarization/rehybridization model of blue-shifted H-
bonding is fully applicable to hypervalent systems and that
repolarization continues to serve as the key factor in the
electronic readjustments during the process of blue-shifted
H-bond formation. In classicσ(X-H) bonds, repolarization is

translated into structural changes through rehybridization whereas
in the intrinsically highly polarizable but inimical to rehybrid-
ization 3c,4e X-H bonds the structural reorganization is
achieved through rebalancing the contributions from individual
VB structures corresponding to the competing nf σ*(Rg-H)
interactions.

Although the initial charge distribution is different in the three
FRgH molecules in Table 2,40 all Rg-H bonds are still polarized
toward the rare gas atom. Due to the strong polarization of
σ*(Rg-H) orbitals toward H, the hydrogen ends of these orbitals
are stronger hyperconjugative acceptors than their rare gas
termini. The most highly polarized He-H bond (>80% at He)
is the strongest hyperconjugative acceptor among the Rg-H
bonds, FHeH is the strongest Bro¨nsted acid among the three
FRgH compounds and, thus, it is more likely to permanently
transfer a proton to the lone pair of H-bond acceptor Y (vide
infra). In accord with this notion, a very short N-H distance
(∼1.2 Å) is found for the F-He-H‚‚‚CO complex whereas the
He-H distance isincreasedand ared-shiftedH-bond is formed.
In this case, the n(C)f σ*(He-H) interaction is evidently so
large that the proton formally shifts to the F-‚‚‚He‚‚‚[HCO+]
structure, breaking (and red-shifting) the formal He-H bond.
These dramatic electronic rearrangements suggest that FHe-

Figure 6. Correlations of H‚‚‚N bond length in FHeH‚‚‚N2 complex with the charges at H, F, and He as well as with the magnitude of net charge
transfer from N2 to H-He-F moiety at the MP2/6-311++G(2d,2p) level.

Figure 7. Correlations of H‚‚‚Y distance in FHeH‚‚‚N2 and F3C-H‚‚‚OH2 complexes with the corresponding polarizations of He-H (MP2/6-
311++G(2d,2p) level) and C-H bonds.7
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H‚‚‚Y is a highly unstable system, with hair-trigger sensitivity
to small variations in the Lewis base strength of the incoming
ligand Y.41 This notion is further supported by the smaller
magnitude of the blue shift in the F-He-H‚‚‚N2 complex
compared with the analogous complexes of HArF and HKrF.

Finally, an interesting feature of the F-He-H‚‚‚OC and
F-Ar-H‚‚‚OC complexes is thatboth hydrogen and rare gas
atoms become more electropositive and that the change in
polarization of the respective Rg-H bond is smaller than in
other complexes. This is not surprising because the lone pair
of the formally sp-hybridized oxygen atom is an unusually poor
electron donor. This is confirmed by the rather low energies of
hypervalent n(O)f σ*(He-H) interactions, more than an order
of magnitude lower than in the case of n(C)f σ*(He-H)
interaction in F-He-H‚‚‚CO complex. Differences in the orbital
overlaps given in Figure 9 further illustrate how the competition

of two hyperconjugative donors for aσ*(Rg-H) acceptor leads
to a transition of “He-bonding” to H-bonding depending on the
nature of the donor and the acceptor. Again, FRgH‚‚‚OC
complexes are somewhat unusual.

Most importantly, all major effects reported in the previous
section are still present in the systems discussed in the present
section, as the H-bonds are formed, H becomes more electro-
positive, fluorine becomes more negative,σ(Rg-H) becomes
more polarized, the n(F)f σ*(Rg-H) interaction gets weaker,
and the covalent F-Rg bond order decreases. In addition, in
those cases when blue-shifted H-bonds are formed, the popula-
tion of theσ*(Rg-H) orbital decreases and the covalent H-Rg
bond order increases.

Binding Energies.Although the balance between the domi-
nant hyperconjugative interactions is important for understanding
structural and electronic changes associated with formation of

Figure 8. Correlations of the H‚‚‚Y distance with the populations ofσ*(X -H) and n(Y) orbitals in F-He-H‚‚‚N2 (MP2/6-311++G(2d,2p) level)
and F3C-H‚‚‚OH2

7 complexes.

Figure 9. NBO plots for two hyperconjugative interactions such as n(F)f σ*(Rg-H) in the monomer as well as in the complex and n(Y)f
s*(Rg-H) in the complex along with the overlap elements Sij (a.u.) for the corresponding interactions (MP2/6-311++G(d,p) level) (Fock matrix
elements and energies of the corresponding interactions are given in the Supporting Information).
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weakly bound (and blue-shifted) complexes, the n(Y)f σ*(H-
Rg) charge transfer plays a dominant role in determining the
binding energies of the strongly bound red-shifted complexes
(Figure 10). Figure 11 further illustrates how the relative binding
energies are determined by the interplay of two factors: the
acceptor ability ofσ*(H-Rg) orbitals (He>Ar>Kr) and the
donor ability of lone pairs of Y (CO>P2>N2>OC). As the
magnitude of the n(Y)f σ*(H-Rg) interaction increases, the
binding energy increases, at first slowly but more rapidly
accompanied by a more pronounced structural and electronic
reorganization as the hyperconjugative n(Y)f σ*(H-Rg)
energies become larger.42

Natural Resonance Theory (NRT) Analysis of Hyperva-
lency and Electronic Structures of F-Rg-H‚‚‚Y Complexes.
It has been suggested that chemical bonding in XRgH com-
pounds can to a first approximation be treated as an X- [RgH]+

ion pair within the frame of simple ionic model43 and further
refined in VB terms “as a resonance hybrid between several
possible structures from which the most important is HRg+X-“.43

In particular, Lignell and co-workers noted that complexation
of the HRgF molecules with N2 leads to increased charge
separation of the [HRg]+X- type and “as a result, the HRg
moiety structurally approaches the [HRg]+cation”. McDowell
provided further support for this notion10a but also reported an
example of a red-shifted FRgH‚‚‚Y, Y ) P2 complex.10

Three structures are of primary importance for hypervalent
binding in the FHeH moiety: F- [Rg-H]+, nucleophilic F-

attack on Rg-H+ ion, (I); [F-Rg]+H-, nucleophilic H- attack
on Rg-F+ ion, (II); and F-[Rg]H+, ionic F(-)‚‚[He]‚‚H(+)
sandwich with ionic F(-)‚‚‚H(+) long bond (III) (compare with
Figure 1).44 All structures include aspects of ionic and covalent
interactions, but only structure I has covalent Rg-H character

and, thus, is the most important for studying the Rg-H‚‚‚Y
blue-shifting phenomenon. Note, however, that resonance
structure III may gain importance for stronger donors and lead
to complete proton transfer to the donor with concomitant
liberation of Rg atom and fluoride anion.

As a result, the hypervalency presents these complexes with
an entirely new “mechanism” to strongly enhance the n(Y)f
σ*(He-H) interaction without benefit of rehybridization. It is
apparent that although the first (fluoridic) resonance structure
can H-bond appreciably the second (hydridic) form presents only
a nonbonded H(-) Lewis base to the incoming Y that offers
no possibility for the characteristic n(Y)f σ*(He-H) interac-
tion. Formation of the FHeH‚‚‚Y H-bond must therefore be
accompanied by a strong increase in the weighting of the
fluoridic resonance structure, with a corresponding increase in
the He-H bond order and resultant He-H shortening and blue-
shifting.

The changes in the relative weights of the dominant VB
configurations lead to increased charge separation of the
[HRg]+X- type as “the HRg moiety structurally approaches the
[HRg]+cation”13 and provide an efficient mechanism for the
structural changes which is not readily available in classic 2e,2c
bonds but serves the same purpose as rehybridization in the
classic systems: formation of X-H‚‚‚Y H-bonds increases
effective electropositivity of hydrogen and leads to additional
polarization of X-H bonds.

To illustrate this mechanism in more detail, let us analyze
the changes during H-bond formation in the FHeH‚‚‚N2 complex
using the NRT analysis which provides a more detailed
description on the nature of binding in hypervalent FRgH
compounds including the relative weights of important VB
structures.45

In agreement with the above model, the covalent FHe bond
order vanishes, whereas the ionic FHe bond order reaches unity
as the FHeH‚‚‚N2 complex is formed. Changes in the HeH bond
order display a more complicated pattern due to the interplay
of several effects and the contributions of different VB structures
of varying weights. At H‚‚‚N distances of 2-2.5 Ang, the
covalent H-He bond order increases compared to that in the
isolated FHeH indicating the “blue-shifted region”, but at the
“red-shifted” region corresponding to the shorter H‚‚‚N dis-
tances, the H-He bond order progressively decreases.

The role of covalent He-H bond order in determining the
He-H bond length is illustrated by Figure 13. In the blue-shifted
complexes, the covalent He-H bond order is slightly larger than
in the bare FHeH molecule, but in the red-shifted FHeH‚‚‚CO
complex, the covalent He-H bond order is dramatically
decreased.46

Conclusion

Repolarization of X-H bonds during the process of X-H‚
‚‚Y H-bond formation can lead to X-H bond shortening and
the blue shift of the corresponding IR stretching frequency via
two mechanisms: (a) rehybridization in the case of classic 2c,2e
bonds and (b) rebalancing of relative contributions of different
VB structures in the case of hypervalent 3c,4e bonds. The
second mechanism increases the weight of the F- [Rg-H]+

resonance and decreases the weight of the [F-Rg]+ H-

resonance leading to an increased [Rg-H] cation character of
the Rg-H moiety. The F-Rg-H‚‚‚Y complexes can be best
described as a F-‚‚‚Rg-H+‚‚‚Y sandwich of a positively
charged diatomic cation [He-H]+ with two hyperconjugative
donors, whereas the process of H-bond formation presents a
compromise between the loss of the n(F)f σ*(Rg-H)

Figure 10. Correlation of the amount of electronic charge transferred
from Y to F-Rg-H moiety with the binding energies of the FRgH‚
‚‚Y complexes.

Figure 11. Trends in relative binding energies in the FRgH‚‚‚Y
complexes.
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interaction (with concomitantincrease in Rg-H covalent
bonding and blue-shift of Rg-H stretching frequency) and gain
in the n(N)f σ*(H-Rg) interaction and covalent Y-H bonding
(with concomitantdecreasein Rg-H covalent bonding and the
red-shift of Rg-H stretching frequency).
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case for a further study.

(39) Not surprisingly, formation of this complex is also accompanied
by the most dramatic elongation of the Rg-F bond.

(40) Again, size of the basis set plays an important role: H becomes
significantly more positive, and F is much more negative when a more
extended basis set is used (Table 2 and the Supporting Information). The
basis set effects are especially important for FHeH‚‚‚Y systems. Treatment
of the systems FRgH‚‚‚Y complexes as [Rg-H]+ moiety sandwiched
between F- and N2 donors (Figure 9) can rationalize these effects. For
example, there is a large difference between structures of F-He-H‚‚‚N2
at MP2/6-311++G** (Table 2) and MP2/cc-pVTZ (Supporting Information)
levels. At the first level, the He-H bond contraction is very small but He-F
bond elongation is large, where the situation is just the opposite at the second
level of theory. In accord with these structural changes, the balance between
n(F) f σ*(He-H) and n(N)f σ*(H-He) interactions is changed for the
two basis sets. Whereas at the MP2/6-311++G** level, the n(N)f σ*(H-
He) interaction is dominant, and just the opposite is true at the MP2/cc-
pVTZ level where n(F)f σ*(He-H) interaction is larger in magnitude.
Remarkably, even despite these extreme differences in the electronic
structures, the binding energy changes only from 5.2 to 2.5 kcal/mol for
the two basis sets indicating a rather soft binding potential. Such intrinsic
flexibility of these highly polarizable hypervalent assemblies is consistent
with the remarkable ease of their electronic reorganization.
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(41) The relative NBO charges at Rg and H (qRg/qH) are 0.34/0.35
(Rg)He); 0.54/0.23 (Ar) and 0.65/0.10 (Kr).

(42) Such instability with respect to typical coordinating ligands no doubt
affects the possibility of observing FHeH in common matrix conditions;
for example, the dimerization interaction FHeH‚‚‚FHeH may trigger
spontaneous proton transfer and decomposition.

(43) Because the MP2 method is known to overestimate binding
energies, we performed single-point computations of binding energies in
three FRgH‚‚‚N2 complexes at CCSD(T)/6-311++G(2d, 2p)//MP26-
311++G(2d, 2p) level of theory. The results were as follows (the MP2
data are given in parentheses in kcal/mol): F-He-H‚‚‚N2, 4.6 (5.2);
F-He-H‚‚‚N2, 2.0 (2.6); F-He-H‚‚‚N2, 1.5 (1.8). These results illustrate
that MP2 is adequate for the semiquantitative discussion in this paper which
primarily focuses on the electronic structure of the complexes instead of
the binding energies.

(44) Pettersson, M.; Lundell, J.; Ra¨sänen, M.Eur. J. Inorg. Chem.1999,
729. See also: Last, I.; George, T. F.J. Chem. Phys.1988, 89, 3071. Johns,
J. W. C.J. Mol. Spectrosc.1984, 106, 124. Warner, H. E.; Connor, W. T.;
Woods, R. C.J. Chem. Phys.1984, 81, 5413. Peterson, K. A.; Petrmichl,
R. H.; McClain, R. L.; Woods, R. C.J. Chem. Phys.1991, 95, 2352.1982,
21, 4064. Klein, R.; Rosmus, P.Z. Naturforsch.1984, 39a, 349.

(45) Interestingly, structure III, which corresponds to the n(He) formal
lone pair, “encapsulated” by surrounding F(-) and H(+) ionic fragments
sometimes is the leading NBO/NRT structure (for example, isolated FHeH
species at the MP2/cc-pVDZ and B3LYP/BS (BS: 6-311++G**, cc-pVDZ,
cc-pVTZ) levels). This structure has out-of-phase h(F)-h(H) character
because any in-phase covalency, ofσ(F-H) type, of these fragments would
be strongly destabilized by unfavorable overlap (steric interactions) with
the central n(He). So the lesser evil appears to be to use the out-of-phase
σ*(F-H) combination that puts a node through n(He), thus avoiding this
destabilization. Although it is unusual to seeσ*(F-H) as the lower-energy
occupied NBO, this is a consequence of the intruder He atom that occupies
the usual bonding overlap region. In any event, this n(He)-σ*(HF) resonance
structure contributes no He-H bond order.

(46) Glendening, E. D.; Weinhold, F.J. Comput. Chem.1998, 19, 593.
Glendening, E. D.; Weinhold, F.J. Comput. Chem.1998, 19, 610.
Glendening, E. D.; Badenhoop, J. K.; Weinhold, F.J. Comput. Chem.1998,
19, 628.

(47) Problems with NRT analysis convergence of FRgH‚‚‚Y complexes
for Rg ) Ar, Kr, and Xe were observed in accord with the multiconfigu-
rational electronic wave function of these molecules. These analyses will
be reported in the due course.

4730 J. Phys. Chem. A, Vol. 108, No. 21, 2004 Alabugin et al.


