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Ab initio molecular orbital calculations have been employed to investigate the interactions between a set of
basic substrates (B) with H+ and HF, and the interaction between acids of varying strength (AH+) with two
bases, vinylamine and furan. The preferred site for protonation of the substrates appears to be determined
primarily by the ability of the protonated species (BH+) to delocalize the acquired positive charge. On the
other hand, localization of a pair of electrons at a proton-acceptor site of B tends to be more important in
determining the preferred site for hydrogen bonding with HF. The behavior of acids stronger than HF lies
between these extremes. Consistent with a previously proposed Hammond postulate for complexes, when a
substrate (B) interacts with a range of acids (AH+), proton transfer is generally found to occur when the
proton affinity of A is significantly less than that of B. When the proton affinity of A is greater than that of
B, a hydrogen-bonded complex is generally formed without proton transfer. Strongest binding (relative to the
lowest energy components) occurs when the proton affinities of A and B are comparable. Proton transfer
from AH+ is found to take place in some cases when this would not be predicted on the basis of protonation
energies alone, because of specific interactions in the resulting complexes.

Introduction

Hydrogen bonding and protonation are processes that are
ubiquitous and of utmost importance in chemical and biological
systems. As a result, these reactions have been extensively
investigated experimentally and theoretically.1 Hydrogen bond-
ing and protonation are related phenomena that can both be
viewed as acid-base interactions, with hydrogen bonding being
a relatively weak interaction, while protonation is very strong.
Linear correlations have been observed between proton affinities
and hydrogen-bond enthalpies for a set of closely related bases.2

Moreover, several authors have compared the basicity scales
obtained in solution for Brønsted basicity and hydrogen-bonding
basicity.2 Legon investigated hydrogen bonding and protonation
in a series of complexes formed between hydrogen halides and
aliphatic amines. On the basis of his microwave spectroscopic
data, several criteria for determining when hydrogen-bond
formation leads to proton transfer have been proposed.3,4 Low-
temperature matrix isolation spectroscopy has also been used
to examine the process of proton transfer in hydrogen-bonded
complexes.5 Depending on the complex, the extent of proton
transfer can be influenced by the nature of the matrix material.6

Limbach and co-workers have used temperature effects to induce
proton transfer in hydrogen-bonded complexes, and have related
the degree of proton transfer to changes in NMR spin-spin
coupling constants involving the hydrogen-bonded atoms.7 Their
observations were subsequently supported by ab initio studies
of changes in coupling constants as a function of proton position
and hydrogen-bond type.8 Other theoretical studies of hydrogen

bonding and proton transfer have also been reported.9 Recently,
theoretical studies have predicted that hydrogen bonding by
enzymes can facilitate the radical rearrangement step in
coenzyme B12-mediated reactions through a partial-proton-
transfer mechanism,10 and this has been supported experimen-
tally.11 Finally, on the basis of structure correlations from X-ray
crystallographic data, Bu¨rgi and Dunitz proposed that hydrogen-
bond formation in general could be regarded as the incipient
stage of the proton-transfer process.12 All of these observations
suggest that protonation data should be useful for predicting
the conditions under which hydrogen-bond formation leads to
proton transfer. However, this may not always be the case.

What happens when a Brønsted acid A-H+ encounters a
Brønsted base B? The long-range interaction between the two
moieties is attractive, so that as they approach, a hydrogen-
bonded complex A-H+‚‚‚B is formed. In some cases, proton
transfer can occur, resulting in an alternative hydrogen-bonded
complex A‚‚‚+H-B. According to the Hammond postulate for
complexes, when two sets of reactants (X-Y + Z) or (X +
Y-Z) interact to form a common stable complex (X‚‚‚Y‚‚‚Z),
the complex will generally resemble the set of reactants that
has the lower energy.13 If this postulate is applied to the
interaction between A-H+ and B, an A-H+‚‚‚B hydrogen-
bonded complex should be observed if the proton affinity of A
is greater than that of B (Figure 1a). On the other hand, proton
transfer to form the hydrogen-bonded complex A‚‚‚+H-B
would be expected if the proton affinity of A is less than that
of B (Figure 1c). In this situation, the energy for the complex-
ation reaction A-H+ + B f A‚‚‚+H-B (E1) is determined
primarily by the difference in the proton affinities of A and B
(∆PA). In this case, it would be more appropriate to calculate
the hydrogen-bond energy with respect to A plus+H-B (E2)
rather than with respect to A-H+ + B (E1). In this paper, we
shall refer to E2 as the retro-binding energy. If A and B have
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similar proton affinities (Figure 1b), the details of the interaction
that occurs can be significantly influenced by specific charac-
teristics of the possible products. Nevertheless, a strong
hydrogen bond would be expected. In other words,E1 would
be similar in magnitude toE2 and both are likely to be
substantially larger than the binding energies relative to the
lowest energy components in parts a and c of Figure 1 where
∆PA is much larger.

Several important problems and questions are associated with
the very general and simplistic picture given above. Do Brønsted
basicities and hydrogen-bond complexation energies always
correlate? If not, under what circumstances are they different?
If a molecule has multiple protonation sites, does the preferred
site of protonation always coincide with the preferred site for
hydrogen bonding? If not, then what factors favor protonation
at one site and hydrogen bonding at another? How are the
answers to these questions related to the acidity and/or the nature
of the hydrogen-bond donor, and the basicity and/or the nature
of the hydrogen-bond acceptor? Are there other factors that
should be considered when attempting to answer these ques-
tions?

The aim of the present study is to address the questions raised
above by examining in detail relationships between hydrogen
bonding and protonation. To do this, high-level ab initio
molecular orbital calculations have been carried out on a variety
of complexes in which protonation and/or hydrogen bonding
occur. The acidities of the donor species in these complexes
span a range of more than 1000 kJ mol-1; the basicities of the
acceptors span a similar range. The acceptor moieties include
species that have lone pairs of electrons and/orπ-electron
systems as potential basic sites.14

Computational Details

Standard ab initio molecular orbital calculations15 were carried
out with the GAUSSIAN 0316 program. Geometries of mono-
mers and complexes were obtained at the MP2/6-31+G(d,p)
level of theory. Vibrational frequencies were computed to
establish that all structures correspond to local minima on their
potential surfaces. Improved energies for complex formation
were obtained at MP2/aug′-cc-pVTZ. A counterpoise correction
to account for possible basis set superposition error (BSSE) was
not employed since it is still an open question whether this will
necessarily lead to better binding energies at this level of
theory.17 Geometrical parameters and reaction energies in the
text refer to values calculated at these levels of theory.

To assess the performance of the method used, proton
affinities of the substrates (B) and of the conjugate bases of the
acids (A) were computed and compared with experimental
proton affinities at 298.15 K and 1 atm. For these comparisons,

computed proton affinities (-∆H298.15for the reaction B+ H+

f BH+) were obtained by adding zero-point vibrational and
thermal corrections to the MP2/aug′-cc-pVTZ electronic ener-
gies. The zero-point energies were obtained from MP2/6-31+G-
(d,p) frequencies scaled by 0.9608, and the thermal vibrational
energies were computed from the same frequencies scaled by
1.0084.18

Comparisons of computed reaction energies involving the
various acids and bases included in this study are based on
reaction energies calculated without zero-point and thermal
corrections. Protonation energy is defined as the electronic
energy change for the reaction X+ H+ f X-H+, where X
represents the substrate. Similarly, the complexation/binding
energy is defined as the electronic energy change for the reaction
X + Y f X‚‚‚Y, where X and Y are components of the complex
X‚‚‚Y. Since all of these reactions are exothermic, the signs of
the reaction energies are negative. However, for ease of
discussion, the absolute values of these energies will be
compared. This means that for the reaction X+ H+ f XH+, X
is more basic when the reaction energy has a greater negative
value, or a greater absolute value.

Substrate Protonation and Hydrogen-Bond Formation
with HF

In the initial phase of this study, 12 bases (A-L in Figure 2)
were selected as substrates, and the structures and binding
energies of the complexes formed by these bases with H+ and
HF were computed. All of the substrates possessπ-electrons
that can potentially act as proton and/or hydrogen-bond acceptor
sites. Some of the substrates also contain electronegative
elements (N and O) that have isolated and/or delocalized lone-
pairs of electrons.

A. Protonation. The calculated protonation energies ofA-L
are summarized in Table 1, together with calculated and
experimental proton affinities. The calculated proton affinities
provide reasonable estimates of the experimental values,
although a relatively large error is found for pyrrole (G).
Nevertheless, the computed PAs reproduce the order of the
experimental values. In Table 1 the molecules are arranged in
descending order of protonation energy, that is, in order of
decreasing basicity. Cyclopropenyl anion (A) has by far the
highest protonation energy due to its negative charge, and it is
therefore the strongest base. Cyclobutadiene (B) is the strongest
neutral base. Interestingly, 1,3-butadiene (K ), which prefers to
be protonated at C1, has a much smaller protonation energy
thanB, its cyclic analogue. Theπ-electrons ofK are delocalized,
as reflected in the short C2-C3 single-bond length of 1.458 Å
(Figure 3), as compared with a typical C-C single bond (e.g.,
1.531 Å in ethane). On the other hand, theπ-electrons ofB are
not significantly delocalized, as indicated by the C2-C3 bond
length of 1.566 Å, which is even slightly longer than that of a
typical C-C single bond. The long C2-C3 bond is reflective
of the antiaromaticity ofB. When protonated, however, bothB
andK give allyl cation systems that are stabilized by delocal-
ization of the positive charge (Figure 3). Consequently,B gains

Figure 1. Hydrogen-bonded complex formed from A-H+ plus B: (a)
the proton affinity of A is much greater than that of B, (b) A and B
have similar proton affinities, and (c) the proton affinity of B is much
greater than that of A.

Figure 2. Substrates for protonation and hydrogen bonding with HF.
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extra stability upon protonation, and is a much stronger base
than K , which does not enjoy the same advantage upon
protonation.

Formamidine (C) can be protonated at either N3 or N1, with
protonation at N3 preferred by 26.9 kJ mol-1. Protonation at
N3 (Figure 4a) occurs at the in-plane nitrogen lone-pair. The
resulting amidinium cation is planar, with the positive charge
stabilized by delocalization over the two nitrogen atoms that
are equivalent in the cation (Figure 4). On the other hand,
protonation at N1 (Figure 4b) leads to a formally localized
positive charge at N1. Molecules analogous toC, namely
formamide (H) and formic acid (L ), show similar behavior
toward protonation. Both preferentially protonate at an in-plane
lone-pair on the carbonyl oxygen O3 rather than at N1 or O1.
The differences between the protonation energies at sites 3 and
1 for H andL are 70.1 and 82.8 kJ mol-1, respectively.

The protonation energies ofC, H, andL decrease in the order
C > H > L , consistent with N being a better proton acceptor
than O. The protonation orderC > H > L is also consistent
with the relative stabilization energies of X-CH-Y+ carbo-
cations by adjacent NH2 and OH groups, NH2 being a better
π-donor than OH. This makes NH2CHNH2

+ relatively favored
over NH2CHOH+, which in turn is favored over HOCHOH+.

1H-Azirine (D), and its acyclic analogue vinylamine (E), can
protonate at the nitrogen or at a carbon (C3 in the case ofE),
with carbon being the preferred protonation site. The differences
between the nitrogen and carbon protonation energies forD and
E are 11.5 and 56.8 kJ mol-1, respectively. The preference for

carbon protonation arises from the stability gained from
delocalization of the positive charge, similar to that illustrated
for N3-protonated formamidine in Figure 4.

Azete (F) can be protonated at three sites, N1, C2, or C3.
The protonation energies at N1 and C3 are comparable, with
C3 slightly preferred by 1.3 kJ mol-1. C2 protonation leads to
a cation that is approximately 21 kJ mol-1 less stable. Azete
(F) is structurally similar to cyclobutadiene (B) and is also
antiaromatic. The preference for C3 protonation may be
attributed to the better delocalization of the positive charge in
the cation when protonation occurs at this site.

Protonation of 1H-pyrrole (G) can occur at N1, C2, or C3,
with the protonation energies decreasing in the order C2> C3
> N1. C2 protonation is favored over C3 by 20.7 kJ mol-1,
while C3 protonation is favored over N1 by 53.5 kJ mol-1.
Protonation at N1 is least favorable because it results in a
formally localized charge at N1, whereas protonation at either
C2 or C3 leads to charge delocalization. The preference for
protonation at C2 over C3 can be rationalized in terms of the
resonance structures shown in Figure 5. The C2-protonated
product has three resonance structures (a), (b), and (c). The C3-
protonated product has only two, (d) and (e), which are similar
to (b) and (c) of the C2-protonated cation. Thus, charge
delocalization considerations suggest that the C3 cation is the
most stable species.

Furan (J) exhibits behavior toward protonation similar to that
of its nitrogen analogue pyrrole (G). Thus,J can protonate at
O1, C2, or C3, with the relative stabilities of the protonated
species decreasing in the order C2> C3 > O1. C2 protonation
is 50.2 kJ mol-1 more favorable than C3 protonation, whereas
protonation at C3 is more favorable than O1 by 64.3 kJ mol-1.
The order C2> C3 > O1 can be explained by using the same
arguments as were applied to pyrrole. Protonation at C2 leads
to a more delocalized charge than protonation at C3, and
protonation at O1 gives a formally localized charge at that atom.

Protonation of malonaldehyde (I ) can occur at C3 and O5,
with O5 preferred by 40 kJ mol-1. The preference for O5
protonation is supported by the resonance structures depicted
in Figure 6. The positive charge on the O5-protonated species
is highly delocalized over two C atoms and two O atoms,
whereas the positive charge on the C3-protonated product is
only delocalized over one C atom and one O atom. Thus, the
greater delocalization of charge favors O5 as the more basic
site.

TABLE 1: MP2/Aug ′-cc-pVTZ//MP2/6-31+G(d,p)
Protonation Energies and Computed and Experimental
Proton Affinities (kJ mol -1)a,b

atom where protonation occursc

substrate 1 2 3 5 PAcalc
d PAexpt

e

A -1783.3g 1748.9
Bi -976.5 943.6
Cf -843.9 -970.8g 940.4
D -951.5g -963.0 929.8
Ef -884.9 -941.7 911.8 898.9
F -898.1 -877.0 -899.4 870.6
Gg -797.7g -871.9 -851.2 843.6 875.4
H f -783.6 -853.7 824.0 822.2
I -795.0 -835.3 806.2
Jg -702.2 -816.7 -766.5 789.4 803.4
K h -801.6 775.7 783.4
L -677.6 -760.4 732.7 742.0

a For substrates with more than one site of protonation, the
protonation energy of the most basic site is shown in italics.b The
substrates and protonated species haveCs symmetry unless otherwise
noted.c See Figure 2 for numbering of atoms.d Calculated proton
affinities are-∆H298.15values based on the protonation energy at the
preferred protonation site.e Experimental proton affinities obtained from
the NIST Chemistry WebBook.19 f C1. g C2V. h C2h. i D2h.

Figure 3. Calculated C-C bond lengths (Å) in (a) cyclobutadiene
(B) and (b) 1,3-butadiene (K) and (c, d) delocalization of positive charge
in the corresponding protonated forms.

Figure 4. Protonation of formamidine (C) at (a) N3, where the positive
charge is delocalized, and (b) at N1, where the charge is localized at
N1.

Figure 5. Resonance structures for protonation of 1H-pyrrole (G) at
C2 (structures a-c),and at C3 (structures d and e).

Figure 6. Resonance structures for protonation of malonaldehyde (I )
at (a) O5 and (b) C3.

Determinating the Preferred Site of H-Bonding J. Phys. Chem. A, Vol. 109, No. 24, 20055511



B. Hydrogen Bonding with HF. The calculated binding
energies of complexes formed by the basesA-L with HF are
listed in Table 2. When HF interacts with the cyclopropenyl
anion (A) at C1, proton transfer occurs. The reaction is highly
exothermic (by-251.1 kJ mol-1), and the complex formed has
F- bonded to cyclopropene. A secondπ-complex in which HF
is hydrogen bonded toA at the center of the C2dC3 bond has
also been located on the potential surface. This complex lies
184.6 kJ mol-1 higher in energy than the complex formed at
C1. For the other two hydrocarbon basesB and K , only one
hydrogen-bonded complex with HF is found, corresponding to
interaction through theπ system of the C1dC2 double bond.

Formamidine (C) forms hydrogen-bonded complexes with
HF at N1 and N3, with N3-complexation being preferred by
33.5 kJ mol-1. The significant preference for hydrogen bonding
at N3 may be attributed to two factors. First, the lone pair of
electrons is localized on N3 in the symmetry plane, whereas
the N1 lone pair is somewhat delocalized into theπ system.
The concentrated electron density at N3 favors the formation
of an F-H‚‚‚N3 hydrogen bond. The second factor that favors
hydrogen bonding at N3 is the formation of a bridging hydrogen-
bonded structure in which the HF molecule also acts as a proton
acceptor from an N1-H bond, forming a second, distorted N1-
H‚‚‚F hydrogen bond. The two complexes are displayed in
Figure 7.

The two molecules structurally related to formamidine (C),
namely, formamide (H) and formic acid (L ), form hydrogen-
bonded complexes with HF that are structurally similar to those
formed with formamidine. Hydrogen bonding with HF as the
proton donor occurs preferentially at the in-plane lone-pair of
electrons of the carbonyl oxygens, and the resulting complexes

have bridging structures in which N1-H or O1-H are proton
donors for a second distorted hydrogen bond with HF. Hydrogen
bonding at O3 is favored over N1 inH by 33.5 kJ mol-1, and
over O1 inL by 23.4 kJ mol-1.

Two complexes of 1H-azirine (D) with HF were found on
the potential surface, one at N1 and the other at the C2dC3
double bond. The complex at N1 is favored by 43.9 kJ mol-1.
Similarly, vinylamine (E), the acyclic analogue ofD, forms
hydrogen-bonded complexes with HF at N1 and at the C2dC3
double bond. The N1-complex is preferred over theπ-complex
of vinylamine by 12.4 kJ mol-1, even though the lone-pair on
N1 is delocalized to some extent into theπ system. Nevertheless,
a nearly linear F-H‚‚‚N1 hydrogen bond is formed, as shown
in Figure 8. In addition, HF forms aπ hydrogen bond at C2d
C3, with the FH molecule pointing toward C3. These complexes
illustrate that, in general, hydrogen bonding of HF is more
favorable when the electron density at a proton-acceptor site is
localized at an atom such as C-, N, or O rather than located in
a π-electron system.

Azete (F) forms hydrogen bonds with HF at N1 and C3, with
N1 being the preferred site by 44.6 kJ mol-1. A hydrogen-
bonded complex of pyrrole (G) with HF was found only at C3.
The absence of a complex through N1 is presumably due to
the extensive delocalization of the N1 lone-pair of electrons
over the diene system (Figure 9), thereby decreasing the basicity
at N1. Thatπ-complexation occurs at C3 can be explained in
terms of resonance structures (b) and (c), which provide the
strongest electrostatic interaction with HF by maximizing charge
separation within the molecule. In contrast to pyrrole, furan (J)
forms two hydrogen-bonded complexes with HF, one through
a lone pair at O1, and the other through theπ system at C3.
Hydrogen bonding at O1 is favored over C3 by 5.3 kJ mol-1,
most probably because of the greater electron density at this
heteroatom.

Malonaldehyde (I ) forms hydrogen-bonded complexes with
HF at O1, C3, and O5. The relative stabilities of the complexes
decrease in the order O5> O1 > C3. The O5 complex is 10.9
kJ mol-1 more stable than the O1 complex, while O1 is 14.7
kJ mol-1 more stable than C3. The same arguments used to
explain the ordering for formamidine (C) and vinylamine (E)
can be applied to malonaldehyde.

C. Protonation versus Hydrogen Bonding.A comparison
of results in Tables 1 and 2 reveals that cyclopropenyl anion
(A), cyclobutadiene (B), formamidine (C), formamide (H),
malonaldehyde (I ), 1,3-butadiene (K ), and formic acid (L )
preferentially protonate and form hydrogen-bonded complexes

TABLE 2: MP2/aug ′-cc-pVTZ//MP2/6-31+G(d,p) Binding
Energies with HF (kJ mol-1)a,b

atom where interaction with HF occursc

substrate 1 2 3 5

A -251.1d -66.5d

B -22.9d

C -33.9 -67.4
D -60.6d -16.7d

E -43.2 -30.8
F -49.6d -5.0d

G -28.8
H -21.6 -55.1d

I -28.2 -13.5 -39.1d

J -25.9e -20.6
K -20.9
L -21.7 -45.1d

a For substrates with more than one site of binding, the most negative
binding energy is shown in italics.b The hydrogen-bonded complexes
haveC1 symmetry unless otherwise noted.c In this table, hydrogen-
bond formation is listed as occurring at a particular C atom, but in
some cases, bonding occurs at a CdC bond, as noted in the text. See
Figure 1 for numbering of atoms.d Cs. e C2V.

Figure 7. Hydrogen-bonded complexes of formamidine (C) with HF:
(a) the preferred complex at N3 and (b) the higher energy complex at
N1.

Figure 8. The hydrogen-bonded complexes of vinylamine (E) with
HF: (a) the preferred complex at N1 and (b) the higher energy
π-complex at C2dC3.

Figure 9. Resonance structures for 1H-pyrrole (G).
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with HF at the same basic site. In contrast, the preferred sites
for protonation and hydrogen bonding with HF are different
for 1H-azirine (D), vinylamine (E), azete (F), pyrrole (G), and
furan (J). The preferred site for protonation of a substrate is
determined by the stability of the resulting cation, which depends
strongly on the ability of that structure to delocalize the acquired
positive charge. On the other hand, the preferred site for
hydrogen bonding is influenced more by electrostatic inter-
actions and bond formation through an electron pair, and
corresponds generally to the site with the more localized
negative charge. When these characteristics are found at different
sites, then hydrogen bonding and protonation may occur at
different sites in a molecule. In what follows we will further
investigate this difference.

The protonation energy of any given molecule (B) is a well-
defined thermodynamic quantity that depends solely on the
nature of the base. Similarly, the energy of hydrogen-bond
formation is well-defined, but it depends not only on the basicity
of the substrate (B), but also on the proton-donating ability of
the donor moiety (AH+). Since it has been shown above that
for some molecules the site of protonation is different from that
of hydrogen bonding with HF, it should be expected that a
change in the acidity of the donor may change the preferred
interaction site with a base and the reaction that occurs. To
investigate this possibility, vinylamine (E) and furan (J) have
been chosen as the substrates on which to examine reactions
with acids of various strengths. The choice of these two
substrates is based on the fact that in both these cases the
preferred sites for protonation and for hydrogen bonding with
HF are different. In addition, since the protonation energies of
these molecules are also significantly different, it may be
anticipated that they will show different behavior toward the
same set of acids. The set of acids chosen to investigate
protonation or hydrogen bonding with vinylamine (E) and furan
(J) are listed in Table 3 as (A-Hn+). Their conjugate bases
(A(n-1)+) are also listed, together with their computed and
experimental proton affinities. With one exception, the calcu-
lated proton affinities underestimate the experimental values,
as has been observed previously for MP2 calculations with
reasonably large basis sets.20 However, the agreement between
computed and experimental proton affinities is reasonable, and

the use of MP2/aug′-cc-pVTZ energies should not lead to
significant errors in a qualitative analysis of the computed
results.

The hydrogen-bond donors that are listed in Table 3 are
arranged in ascending order of proton affinities of the conjugate
bases, i.e., descending order of acidities. The strongest (gas-
phase) acids are listed at the top of the table, beginning with
H2F+; the weakest acid is HF at the bottom. It is of interest to
examine whether this order is maintained in the hydrogen-bond
energies of the acids when they interact with vinylamine or
furan.

Reactions of Vinylamine with Acids

The reaction energies for complexes formed between the
various acids and vinylamine are reported in Table 4. In some
cases, complexation leads to proton transfer to vinylamine, so
binding energies relative to protonated vinylamine plus the
conjugate base (E2 in Figure 1) are also given in bold. As noted
before, these energies are designated as retro-binding energies.
The energy of protonation of vinylamine by H+ is also included
for comparison. In general, the binding energy (E1) becomes
smaller with decreasing acidity of the proton donors, whereas
the retro-binding energy (E2) becomes larger. This is consistent
with the Hammond postulate for complexes (Figure 1).

A. Strong Acids: H2F+ to LiClH +. Reaction of vinylamine
(C) with the strongest acids as hydrogen-bond donors leads to
proton transfer at N1 and at C3, as anticipated (cf. Figure 1c).
This is exemplified by the optimized structures of the complexes
formed with H2F+, shown in Figure 10. Proton transfer to N1
results in a complex stabilized by an N1-H‚‚‚F hydrogen bond.
Interestingly, C3-protonation with H2F+ is followed by a
migration of HF to N1, again with the formation of an N1-
H‚‚‚F hydrogen bond.

The complexes formed between vinylamine and the remaining
strong acids (AH+) exhibit similar behavior, that is, proton
transfer to N1 or C3 occurs with subsequent formation of an
N1-H‚‚‚X hydrogen bond. C3 protonation is favored over N1

TABLE 3: MP2/aug ′-cc-pVTZ//MP2/6-31+G(d,p)
Protonation Energiesa and Computeda and Experimentalb
Proton Affinities (kJ mol -1) of the Conjugate Bases A(n-1)+

A-Hn+ A(n-1)+ Eprot PAcalc PAexpt PAcalc - PAexpt

HF-H+ HF -503.3 483.4 484.0 -0.6
HCl-H+ HCl -571.2 553.4 556.9 -3.5
HBr-H+ HBr -596.0 580.6 584.2 -3.6
H2O-H+ H2O -711.5 683.5 691.0 -7.5
HCN-H+ HCN -727.0 703.1 712.9 -9.8
HNC-H+ HNC -801.4 777.7 772.3 5.4
LiCl-H+ LiCl -832.7 818.0 827.0 -9.0
H3N-H+ NH3 -881.5 848.6 853.6 -5.0
MeH2N-H+ NH2Me -928.4 895.5 899.0 -3.5
LiCN-H+ LiCN -949.6 926.4
Me2HN-H+ NHMe2 -961.9 928.2 929.5 -1.3
Me3N-H+ NMe3 -978.3 944.1 948.9 -4.8
NaCN-H+ NaCN -997.9 974.6
LiNC-H+ LiNC -1018.7 996.0
Br-H Br- -1362.1 1350.1 1353.5 -3.4
Cl-H Cl- -1401.1 1387.0 1395.0 -8.0
CN-H CN- (N) -1411.8 1388.8
NC-H CN- (C) -1486.2 1463.3 1468.2 -4.9
F-H F- -1560.9 1540.9 1554.0 -13.1

a Proton affinities are-∆H298.15 values.b Obtained from NIST
Chemistry WebBook.19

TABLE 4: MP2/aug ′-cc-pVTZ//MP2/6-31+G(d,p) Binding
Energiesa of Hydrogen-Bond Donors (A-Hn+) to Vinylamine
(kJ mol-1)b

site of binding

A-Hn+ N1 C3

H+ -884.9c -941.7c

HF-H+ -428.9 (-47.3) -483.7 (-45.3)c

HCl-H+ -347.5 (-33.8) -401.5 (-30.9)
HBr-H+ -325.6 (-36.6) -379.6 (-33.9)
H2O-H+ -252.7 (-79.2) -305.6 (-75.3)c

HCN-H+ -243.6 (-85.8) -294.5 (-79.8)c

HNC-H+ -173.1 (-89.7) -223.3 (-83.0)c

LiCl-H+ -187.3 (-135.1) -235.9 (-126.9)c

H3N-H+ -103.3 (-99.9)
MeH2N-H+ -93.0 (-136.5)
LiCN-H+ -114.3 (-179.1) -71.9 (-79.8)
Me2HN-H+ -87.1 (-164.1) -77.6 (-97.7)
Me3N-H+ -83.6 (-177.0) -76.3 (-112.9)
NaCN-H+ -90.9 (-203.9) -63.4 (-119.5)
LiNC-H+ -63.6 (-197.3) -53.9 (-130.9)
Br-H -31.7 (-508.9) -25.9 (-446.3)
Cl-H -31.6 (-547.8) -24.8 (-484.2)
CN-H -40.5 (-567.3) -31.0 (-501.1)
NC-H -23.3 (-624.6) -19.5 (-564.0)
F-H -43.2 (-719.2) -30.8 (-650.0)
a Binding energies in regular font are relative to vinylamine plus

A-Hn+, those in bold are relative to protonated vinylamine at the
corresponding atom plus A(n-1)+. b The complexes haveC1 symmetry
unless otherwise noted.c Cs.
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protonation, consistent with the greater proton affinity of C3
when H+ is the protonating agent. Relative to vinylamine plus
the protonating acids, reaction energies corresponding to proton
transfer to C3 are greater than those for proton transfer to N1
by 54.8 (H2F+), 54.0 (H2Cl+), 54.0 (H2Br+), 52.9 (H3O+), 50.9
(HCN-H+), 50.2 (HNC-H+), and 48.6 (LiClH+) kJ mol-1.
These numbers reflect the differences in energy between the
C-protonated and N-protonated species, moderated by the
differential strength of the N1-H‚‚‚X hydrogen bonds in the
resultant N1 and C3 complexes (cf. Figure 10). The similarity
in these values is striking and indicates that the differences in
the hydrogen-bond strengths do not vary significantly as X is
varied. Similar observations may be made for the retro-binding
energies, which provide a direct measure of the binding energies
associated with N1-H‚‚‚X hydrogen bonding.

Consistent with Figure 1, the reaction energies associated with
protonation and subsequent hydrogen-bond formation with
vinylamine decrease with the acidity of the protonating acid,
with the single exception being the reversal of stabilities of
complexes formed when LiClH+ and HNC-H+ are the proto-
nating acids. LiClH+ is the least acidic among the strong acids
based on the protonation energy of its conjugate base, but its
reaction energy with vinylamine is somewhat greater than that
of the stronger acid HNC-H+. Some insight into this reversal
can be gained by considering the retro-binding energies reported
in Table 4. Although the retro-binding energies of the complexes
with strong acids generally increase with increasing basicity of
the conjugate base, the retro-binding energies for LiClH+ are
significantly greater than retro-binding energies for HCN-H+.
This may be attributed to the formation of a very strong N1-
H‚‚‚Cl hydrogen bond due to the large negative charge on Cl,
and a favorable head-to-tail alignment of the dipole moment of
LiCl with the N1-H bond dipole, particularly in the complex
protonated at N1. Finally, it is noteworthy that for each
protonating acid, the retro-binding energies for N1 protonation
are greater than those for C3 protonation. This indicates that
the N1-H‚‚‚Y hydrogen bond is stronger when N1 is proto-
nated, perhaps reflecting the more localized nature of the charge
in this case.

B. Weak Acids: NH4
+ to HF. The strongest of the weak

acids are NH4+ and NH3Me+. Only a single complex, corre-
sponding to proton transfer to N1, exists when these acids
interact with vinylamine. These hydrogen-bond donors are small
ions in which two N-H bonds provide a pathway for the
conversion of a C3-complex to an N1-complex, as illustrated
in Figure 11.

Interaction of vinylamine with the remaining weak acids listed
in Table 4 leads to hydrogen-bonded complexes in which the
acid is the proton donor to the lone pair at N1 or to C3 through
theπ system. Except for LiCNH+ and NaCNH+, the structures
of the complexes are similar to the complexes of HF with
vinylamine illustrated in Figure 8, with no proton transfer taking
place. N1 is the preferred interaction site by 42.4 (LiCNH+),

9.5 (NH2Me2
+), 7.3 (NHMe3

+), 27.5 (NaCNH+), 9.7 (LiNCH+),
5.8 (HBr), 6.8 (HCl), 9.5 (HNC), 3.8 (HCN), and 12.4 (HF) kJ
mol-1. Thus, the differences in the interaction energies at N1
and C3 are about 10 kJ mol-1 or less, except for complexes
formed with LiCNH+ and NaCNH+.

Proton transfer occurs to N1 of vinylamine when LiCNH+

and NaCNH+ are the acids, even though the protonation energies
of the conjugate bases of these acids (LiCN,-949.6 kJ mol-1;
NaCN,-997.9 kJ mol-1) are greater than that of vinylamine at
N1 (-884.9 kJ mol-1). That is, full proton transfer at N1 by
LiCNH+ and NaCNH+ is unfavorable by 64.7 and 113.0 kJ
mol-1, respectively, on the basis of protonation energies. This
implies that the N1-H‚‚‚N hydrogen-bond energies for the
complexes with N1-H as the proton donor and LiCN and NaCN
as the proton acceptors must more than compensate for the
differences between the protonation energies of the bases and
vinylamine at N1 in order that the proton transfer be favored.
That such is the case can be seen from the retro-binding energies
given in Table 4, which are-179.1 and-203.9 kJ mol-1. The
large retro-binding energies are linked to the large dipole
moments of LiCN and NaCN, calculated to be 3.70 and 4.42
D, respectively, at the MP2/aug′-cc-pVTZ level. In the com-
plexes with N1-H as the proton donor and LiCN or NaCN as
proton acceptors, there is a strong electrostatic interaction
resulting from a favorable head-to-tail alignment of the N1-H
bond dipole with the dipole moments of these acceptors. Proton
transfer does not occur at C3 because the resulting C3-H‚‚‚N
hydrogen bonds that would be formed with LiCN and NaCN
are much weaker, and do not compensate for the difference in
protonation energies, even though the C3 protonation energy
of vinylamine (-941.7 kJ mol-1) is similar to the protonation
energy of LiCN (-949.6 kJ). The structures of the two
complexes formed between LiCNH+ and vinylamine are
depicted in Figure 12. It is interesting to note that LiNC has an
almost identical dipole moment to LiCN. However, its much
larger protonation energy (-1018.7 kJ mol-1) proves to be too

Figure 10. Complexes resulting from the reaction of vinylamine with
H2F+: (a) protonation at N1 and (b) protonation at C3 followed by
migration of HF to form a complex at N1.

Figure 11. Selected structures observed during optimization of a C3-
complex of vinylamine with NH3Me+. The additional N1-H bonds
provide a pathway for the conversion of the C3-complex to an N1-
complex.

Figure 12. Complexes of vinylamine with LiCNH+ (a) at N1 with
proton transfer and (b) at C3 with no proton transfer.

5514 J. Phys. Chem. A, Vol. 109, No. 24, 2005 Chan et al.



great an obstacle to overcome, and this prevents LiNCH+ from
transferring a proton to N1 of vinylamine.

In general, complexation energies for both N1 and C3
interaction sites decrease with decreasing acidity, as is clear
from Figure 1 in going from (c) to (b) to (a). There are a small
number of exceptions due to particular interactions, as pointed
out above. In addition, hydrogen-bond energies with the proton
donors HCN (N1 and C3) and HF (N1 and C3) also show
binding energies that are greater than would be expected on
the basis of acidity alone, i.e., there are small differences
between the acidity order and the order of proton-donating
ability for hydrogen-bond formation.

Reactions of Acids with Furan

The binding energies and retro-binding energies of complexes
formed by the set of acids at O1, C2, and C3 of furan are
presented in Table 5. As is observed for the interaction of acids
with vinylamine, and in accordance with Figure 1, the binding
energies generally become smaller with decreasing acidity of
the protonating acid. As noted above in the discussion of
hydrogen bonding with vinylamine, acids that are stronger than
NH4

+ (H2F+ to LiClH+ in Table 4) transfer a proton to
vinylamine. Since furan is a weaker base than vinylamine, it
should be anticipated that the crossover for proton transfer takes
place at a higher point on the acidity scale.

A. Strong Acids: H2F+, H2Cl+, and H2Br+. There are only
three acids, namely, H2F+, H2Cl+, and H2Br+, that transfer a
proton to furan (J) at all protonation sites. For these acids, the
binding energies decrease in the order C2> C3 > O1, which
is the same order observed for protonation by H+. When proton
transfer occurs to C2 or C3, the conjugate base of the protonating
acid forms a complex with protonated furan in which the
halogen atom is located somewhere above the ring, with the H
atom of the HX molecule pointing away from the ring. When
proton transfer occurs from H2X+ to O1, then an O1-H‚‚‚X
hydrogen bond is formed. The three types of complexes formed
with H2F+ are illustrated in Figure 13.

The O1-protonated complexes have greater retro-binding
energies (-58.2 to -67.2 kJ mol-1) than either of the
π-complexes, suggesting that protonated O1 is a strong proton

donor for the formation of a linear O1-H‚‚‚X hydrogen bond.
The retro-binding energies of complexes formed at C2 and C3
range from-22.0 to -37.0 kJ mol-1. For a given acid, the
differences in retro-binding energies between the C2- and C3-
protonated complexes are small (<5.1 kJ mol-1).

B. Moderately Strong Acids: H3O+ and HCN-H+. The
complexes formed between furan and H3O+ or HCN-H+ are
not always those expected on the basis of the protonation
energies of furan (-816.9, -766.5, and-702.2 kJ mol-1,
respectively, at C2, C3, and O1) and the conjugate bases H2O
(-711.3 kJ mol-1) and HCN (-727.2 kJ mol-1). Thus, it might
have been expected that both acids should transfer a proton to
furan at C2 and C3, but not at O1. However, only when these
two acids interact with furan at C2 are the expected proton-
transferred complexes observed, and these complexes have the
largest binding energies. The C2-protonated complex with H2O
is structurally similar to the complexes formed at C2 by the
strong acids. The complex formed with HCN-H+ is stabilized
by an essentially linear C2-H‚‚‚N hydrogen bond. In contrast,
neither H3O+ nor HCN-H+ transfer a proton to furan at C3.
Rather, the resulting complexes have these two acids as proton
donors to furan through theπ-system at C3. The complexes
with H3O+ and HCN-H+ are shown in Figure 14.

When H3O+ and HCN-H+ interact with furan at O1,
complexes with proton-shared hydrogen bonds are formed. In
the case of H3O+, a nearly symmetric proton-shared O1‚‚‚H‚‚
‚O hydrogen bond is formed, with O1‚‚‚H and H‚‚‚O distances
of 1.176 and 1.213 Å, respectively. With HCN-H+, a proton-
shared hydrogen bond is again formed, with O1‚‚‚H and H‚‚‚N
distances of 1.135 and 1.332 Å, respectively. The structures of
these complexes are also included in Figure 14. When furan
interacts with these two acids, the order of interaction energies
differs from that for the protonation energies, decreasing in the
order C2> O1 > C3.

The retro-binding energies for the C2-complexes with H3O+

and HCN-H+ are -51.0 and-51.3 kJ mol-1, respectively,
significantly greater than those of the C2-complexes with the
strong acids. Even more dramatic are the retro-binding energies
of the complexes formed at O1, which are-132.2 and-134.4
kJ mol-1 when the acids are H3O+ and HCN-H+, respectively.
The large retro-binding energies of the O1-complexes may be

TABLE 5: MP2/aug ′-cc-pVTZ//MP2/6-31+G(d,p) Binding
Energiesa for Complexes Formed between the
Hydrogen-Bond Donors (A-Hn+) and Furan (kJ mol-1)b

site of binding

H-An+ O1 C2 C3

H+ -702.2c -816.7 -766.5c

HF-H+ -266.1 (-67.2)c -349.2 (-35.8)c -300.2 (-37.0)
HCl-H+ -189.2 (-58.2)c -270.7 (-25.2) -222.2 (-26.8)
HBr-H+ -170.1 (-63.9)c -247.8 (-27.1) -192.5 (-22.0)
H2O-H+ -122.9 (-132.2) -156.2 (-51.0) -106.9 (-51.8)
HCN-H+ -109.6 (-134.4)c -141.0 (-51.3) -96.2 (-56.6)
HNC-H+ -68.6 (-167.9)c -85.3 (-120.1)
H3N-H+ -65.1 (-244.5)c -71.3 (-186.3)
LiCN-H+ -59.0 (-306.4)c -56.1 (-239.2)
NaCN-H+ -52.4 (-348.1)c -49.9 (-281.2)
LiNC-H+ -38.4 (-354.9)c -46.8 (-299.0)
Br-H -18.1 (-678.0)d -21.3 (-616.8)
Cl-H -18.1 (-717.0)d -19.3 (-653.9)
CN-H -26.0 (-735.6)c -25.4 (-670.7)
NC-H -14.9 (-798.9)c -19.3 (-739.0)
F-H -25.9 (-884.6)d -20.6 (-814.9)

a Binding energies in regular font are relative to furan plus A-Hn+,
those in bold are relative to protonated furan at the corresponding atom
plus A(n-1)+. b The complexes haveC1 symmetry unless otherwise noted.
c Cs. d C2V.

Figure 13. Complexes resulting from the reaction of furan with
H2F+: (a) protonation at O1, with the formation of an O-H‚‚‚F
hydrogen bond, (b) protonation at C2, and (c) protonation at C3.
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attributed to the similarity of the protonation energies of H2O,
HCN, and furan at O1, and hence the formation of very strong
cationic O1‚‚‚H‚‚‚O and O1‚‚‚H‚‚‚N proton-shared hydrogen
bonds in the complexes, reflective of the situation in Figure
1b.

C. Weak Acids: HNC-H+ to HF. The weak acids do not
transfer or share a proton with furan but form hydrogen bonds
with theπ-system at C3 or with the ring oxygen. The structures
of the complexes formed between furan and LiCNH+ are
illustrated in Figure 15 as representative examples. It is
interesting to note that when the hydrogen bond is formed at
O1, most complexes do not haveC2V symmetry since the proton-
donor molecule does not lie in the symmetry plane of the furan
ring. Only when the hydrogen halides HF, HCl, and HBr are
the proton donors do the resulting complexes haveC2V sym-
metry.

The weak acids can be subdivided into cationic and neutral
proton donors for hydrogen bonding. The complexes with
cations as proton donors are more stable than those with neutral
donors. Cationic complexes have binding energies that range
from -38.4 to-68.8 kJ mol-1 for complexes formed at O1,
and from-46.8 to-85.3 kJ mol-1 for the C3-complexes. The
neutral complexes formed at O1 have binding energies ranging
from -14.9 to-25.9 kJ mol-1, while those of the C3-complexes
vary from -19.3 to-25.4 kJ mol-1. In general, the binding

energies of complexes at O1 and C3 decrease as the protonation
energies of the conjugate bases of the acids increase. The
exceptions are the complexes with HNC and HF, which have
binding energies slightly greater than anticipated.

The energy differences between the O1- and C3-complexes
formed with the weak acids vary from 2.5 kJ mol-1 for NaCNH+

to 16.7 kJ mol-1 mol-1 for HNC-H+. Whether the O1- or the
C3-complex is more stable depends on the proton donor. When
the donor is NH4+, HCl or HBr, or a C-H donor (HNC-H+

and LiNCH+), the complex formed through theπ-system is
more stable. On the other hand, the O1-complex is more stable
when the proton donor is HF or an N-H donor (LiCNH+ and
NaCNH+). The complexes with NH4+ are an exception to this
latter generalization since the unique structure of the C3
π-complex with two N-H‚‚‚π hydrogen bonds gives it added
stability. This complex is shown in Figure 16.

Conclusions

Ab initio molecular orbital calculations have been employed
to investigate the relationship between the very important
processes of protonation and hydrogen bonding. In the first part
of this study, interactions between a set of bases with H+ and
HF were investigated. The second part involved a study of the
complexes formed when acids of varying strengths interact with
two of the bases, vinylamine and furan. These interactions all
lead to protonation and/or hydrogen bonding. From this
investigation, the following important points have emerged.

(1) Cyclopropenyl anion (A), cyclobutadiene (B), formami-
dine (C), formamide (H), malonaldehyde (I ), 1,3-butadiene (K ),
and formic acid (L ) preferentially protonate and form complexes
with HF at the same basic site within the molecule, whereas
the preferred sites for protonation and hydrogen bonding with
HF are different for 1H-azirine (D), vinylamine (E), azete (F),
pyrrole (G), and furan (J).

(2) The preferred site for protonation of the substrates listed
above appears to be determined primarily by the ability of the
protonated species to delocalize the acquired positive charge.
On the other hand, localization of a pair of electrons at a proton-

Figure 14. Complexes resulting from the reaction of furan with H3O+

(a) at O1, (b) at C2, and (c) at C3, and with HCN-H+ (d) at O1, (e)
at C2, and (f) at C3.

Figure 15. Hydrogen-bonded complexes of furan with LiCNH+: (a)
at O1 and (b) at C3.

Figure 16. Complex between furan and NH4
+ through theπ-system,

two hydrogen bonds being formed at C3 and at O1 through two
N-H‚‚‚π bonds.
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acceptor site in the basic substrate tends to be more important
in determining the preferred site for hydrogen bonding with HF.

(3) Consistent with a previously proposed Hammond postulate
for complexes, when a substrate (B) interacts with acids (HA+),
proton transfer occurs when the proton affinity of A is
significantly less than that of the substrate, to produce the
complex A‚‚‚+H-B. When the proton affinity of A is greater
than that of B, a hydrogen-bonded complex (A-H+‚‚‚B) is
generally formed without proton transfer. When A and B have
similar proton affinities, then whether proton transfer occurs,
and what type of complex is formed, depends on the relative
proton affinities and on the strengths of the resulting hydrogen
bonds that stabilize the complex.

(4) For vinylamine, proton transfer occurs in some cases when
this would not be predicted on the basis of protonation energies
alone, as a consequence of specific interactions in the resulting
complexes.

(5) For furan, when the protonation energies of the conjugate
bases of the acids approach those of furan, proton transfer occurs
at C2 as expected, but it does not occur at C3 even when the
protonation energy of furan at this site is somewhat greater than
that of the conjugate bases of the acids. Interaction at O1 leads
to partial proton transfer, and the formation of hydrogen-bonded
complexes stabilized by strong proton-shared hydrogen bonds.
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