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The design of new powerful neutral superacids is of great importance in organic chemistry. It is shown by using
a reliable theoretical model that cyano derivatives of fulvene provide very good candidates for potent organic
superacids. The origin of the high acidity is identified as the aromatization of the five-membered ring upon
deprotonation. Their acidity is enhanced by the Lewis acid-base interaction between a -CH,~CH,-CH,-BX,
chain and the anionic O~ center in the corresponding conjugate bases. X stands here for F, Cl and Br atoms.
There are good reasons to believe that the proposed neutral organic superacids are amenable to laboratory

preparation.

Introduction

The generation of anions under mild reaction conditions is of
great importance, because they can participate in a number of
interesting and useful chemical transformations. Conse-
quently, the design of neutral organic superacids, which easily
give up a proton, is vital from both scientific and practical
points-of-view. For instance, weakly coordinating anions are
important in olefin polymerization' and seem to be an essential
ingredient in new lithium battery technology.> Important con-
tributions to tailoring new superacids were made by Koppel
et al.® by using two scenarios. In the first, they exploited the
intrinsic acidity of characteristic sites (CH, NH, OH, SH)
and its amplification by some carefully chosen substituents
leading to favorable field/inductive and m-electron resonance
effects, which is combined with a high polarizability of the
substituents applied. The second strategy is based on the
Yagupolskii concept of electronic superacceptor substituent(s)*
exemplified, for instance, by =NSO,CF3, which by replacing
an oxygen doubly bonded to S, P and I atoms gives very strong
superacids in the gas phase®™ and acetonitrile.® The reason
behind this is that one or more highly dipolar superacceptor
groups and some strongly polarizable substituents form an
extended conjugated system in the corresponding conjugate
bases.

Our point of departure is similar and yet distinctly different.
It is given by triadic formula analysis,” which has shown that
the higher ionization potential of an anionic conjugate base,
calculated in Koopmans’ frozen electron density + clamped
nuclei approximation, results in stronger acidity. Obviously,
very large IPX°°P jonization potentials are found in systems
that undergo strong anionic resonance or aromatic stabiliza-
tion upon deprotonation in accordance with chemical intui-
tion. Therefore, a potentially useful strategy in constructing
strong neutral organic superacids is to find systems that would
exhibit pronounced anionic aromatization in the correspond-
ing conjugate base forms. The second condition to be fulfilled
is that they are prone to chemical synthesis. We feel that both
prerequisites are satisfied by some judiciously selected fulvenes
discussed here.
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Theoretical procedures

A theoretical model offering a very good compromise between
accuracy and practicality (feasibility) is BSLYP/6-311+G**//
B3LYP/6-31G*, which provides acidity values in good agree-
ment with experiment and more accurate G2 [or G2(MP2)]
methods.®!° The gas phase acidity, defined as the deprotona-
tion enthalpy (AH,q) of the reaction

AH(g) — A™(g) + H' (g) (1)
is calculated as:
Aflacid = AEacid + A(PV) (2)

where AE,.q4 is the change in the total energy, which includes
the zero point energy and the finite temperature (298.15 K)
corrections, whilst A(p V) stands for the pressure-volume work
term. All calculations were performed by the GAUSSIAN 98
suite of programs.'!

Results and discussion
Acidity

The chemistry of fulvenes is well-known.'>!'* The systems
explored are depicted in Fig. 1, which illustrates a very large
number of possible prototropic tautomers. Their relative total
enthalpies obtained at the B3LYP/6-31G* level are given in
Table 1. The most stable tautomer for compounds n = 1-4 is
O(n)y, where the hydrogen atom is shifted from the hydroxy
group to the five-membered ring, thus forming a C(sp°) center
at the ortho position. For systems n = 5, 6 and 7 the most
stable tautomer involves the OH group, which at the same time
is the most acidic site (vide infra). Finally, the molecule inclu-
ding the BBr; group yields O(8),;¢ as the most stable structure.
It is important to realize that the differences in total mole-
cular enthalpies between the most stable and other tautomers
for each family of compounds are large with one notable
exception: the difference between O(7)y; and O(7)o is only
0.8 kcal mol™'. This implies that we have to consider only
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Fig. 1 Proton tautomerism in substituted fulvenes.

the deprotonation of the most stable tautomers and treat
O(7)y; and O(7)y0 as a special case. It is important to point
out that the substituents R; and R, were chosen as the most
favourable ones after extensive calculations on other fulvenes
involving a large variety of substituent groups. Molecules invol-
ving the hydrogen atom (R;, R, = H) serve as a reference.

Let us discuss the results obtained for acids O(n), for
n =14 and m = 1-6 first. It is interesting to observe that
the proton that jumps from the hydroxy group to the C(2)
position of the five-membered ring is the most acidic one.
The reason is that the corresponding anions are the same,
regardless of whether the cleaved proton comes from the
hydroxy group or the C(sp®) center at position 2 within the
ring. It follows as a corollary that the difference in acidity
between O(n),; and O(n),s (n = 1-4) is given by the difference
in the total energies of the initial acids (Table 1). It is also
remarkable that all prototropic tautomers involving the ring
C(sp®) centers are less acidic than the parent molecules con-
taining the OH group. Hence prototropic tautomerism
diminishes acidity, but some of the examined systems still exhi-
bit highly pronounced acidity as the forthcoming considera-
tions will conclusively show.

The parent fulvene O(1); is not a very acidic compound
(AH,q = 326.3 kcal mol™!). Its acidity is enhanced by the

Table 1 Relative total molecular enthalpies of fulvene tautomers
obtained at the B3LYP/6-31G* level of theory (in kcal mol™!).
Negative values indicate more stable tautomers. Relative enthalpies
of the most stable tautomers are denoted with boldface numbers.”

Tautomer n=1 n=2 n=3 n=4 n= n=6 n=7 n=28
On)y 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
O®n)y -20 —-40 -97 -107 132 106 10.3 11.6
O(n)s -92 —141 =213 =227 165 143 12.3 11.9
O(n)u -86 —11.7 —18.0 —19.3 13.1 12.5 8.9 8.7
O(n)s —-6.9 —-104 —-17.1 —-184 15.1 13.9 132 13.0
O(n) —11.2 —-155 -22.7 -24.0 114 104 6.9 6.7
O(n)i7 — — — — 160 146 135 134
O(n)s — — — — 114 98 57 5.6
O(n) — — — — 143 122 102 9.8
O()u1o — — — — 7.5 6.5 08 —-53

¢ Total molecular enthalpies of compounds O(n); for n = 1-8 are
—307.30368, —649.22461, —1369.89750, 5592.90918, —676.27396,
—1018.19463, —1738.86698, —5961.87974, respectively (in au).

anionic corona effect in full analogy with the corresponding
phenomenon observed earlier in some superbases upon proto-
nation.'* Whereas in the protonated forms of superbases the
aminopropyl chain forms a pseudo-aromatic six-membered
ring moiety with the protonated atom by formation of a
relatively strong intramolecular hydrogen bond, anions of
compounds O(2);;, OQB3);; and O(4),, form a pseudo-six-
membered ring with the propyl-BX, (X = F, CI, Br) chain
via interaction between the Lewis acid fragment (BX,) and
the Lewis base center (O~ anion). This kind of stabilization
of the resulting conjugate bases increases acidity by some 32
kcal mol ™! along the series. It should be mentioned that these
gas phase results might be somewhat modified in highly polar
solvents like water. For example, a small H,O molecule could
be interpolated between the BX; group and OH (or O ™) center.
However, a relatively small influence is expected in aprotic sol-
vents of moderate polarity like DMSO. Hence, all conclusions
should hold in principle for solutions such as DMSO and
acetonitrile.

Similar behavior is found in the corresponding most stable
tautomers O(n), (n = 1, 2, 3, 4), which are more stable in their
neutral forms than the parent compounds (Table 1) and conse-
quently are less acidic. The four-fold substitution of the parent
fulvene five-membered ring by the CN group has a dramatic
influence on the acidity (Table 2), which is substantially inc-
reased in systems O(n)y (n =5, 6, 7). Apparently, the elec-
tron-withdrawing CN groups, in combination with the anionic

Table 2 Acidity of fulvene derivatives calculated at the B3LYP/6-
311+G**//B3LYP/6-31G* level. All values are in kcal mol™".

Most stable

System R, R, tautomer Acidity
H H O(1) 333.6
H C;HqBF, O2) 3124
Ry _OH H C;3H¢BCl, O3)6 306.6
H C;3H¢BBr, O(4) 304.6
R R CN H O(5)u 277.4
! 1 CN C;3H¢BF, 0O(6) 271.4
CN C;H¢BCl, O(7)y 266.1
Ri Ry CN C3H,BCl, O(Nuo 264.1
CN C}H(,*BBI‘Z 0(8)11 263.1
CN C3H67BBI'2 O(S)tlo 265.2
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corona effect, lead to neutral organic superacids exhibiting
unprecedented strengths as evidenced by the very low deproto-
nation enthalpies of 277.4 and 265.2 kcal mol™! for O(5); and
O(8)y1 , respectively. It is noteworthy that in compounds O(n),;
(n = 5, 6, 7) the hydroxy proton is the most acidic one. This is
not the case for the propyldibromoborane chain compound,
for which two tautomers O(8); and O(8),;¢ show similar acid-
ities. The former possesses a hydroxy group, whereas the latter
involves a carbonyl group and an imino group attached to the
five-membered ring. The corresponding AH,.q values for
0O(8),; and O(8)pare 263.1 and 265.2 kcal mol !, respectively.
Since the difference is only 2.1 kcal mol ™!, which is slightly
below the estimated error of our theoretical procedure, it is jus-
tified to ignore this distinction. Similarly, the propyldichloro-
borane side chain leads also to two tautomers, O(7);; and
O(7)110, With corresponding acidities of 266.1 and 264.1 kcal
mol ™!, respectively. It follows as a corollary that O(5).,
O(6)i1, O(N)e1 5 O(T)i10, OB)yy and O(8)yyo represent powerful
neutral organic superacids.

Structural parameters

The question arises why the cyano derivatives of fulvene are so
strongly acidic? The answer is given by the fact that the five-
membered ring is aromatized upon deprotonation, which is
assisted by CN groups. This is illustrated by comparison of
the bond distances and Léwdin n-bond orders,'® as calculated
by the HF/6-31G*//B3LYP/6-31G* method, in O(l),s and
O(5)yand their conjugate bases O(1),~ and O(5);, which
are selected as paradigmatic cases (Fig. 2). Inspection of the
data displayed in Fig. 2 shows that the cyclopentadiene ring
in O(1), is transformed into a delocalized cyclopentadienyl
anion moiety. However, there is a significant asymmetry in
the C-C bonds, two of them being more localized than the
remaining three C-C bonds. This is reflected in their bond
distances and the corresponding Lowdin m-bond orders. The
latter assume two characteristic values, 0.74 and 0.52, in the
five-membered ring of the anion. It is also noteworthy that
the exo-C—C bond carrying the carbonyl group is shorter in
the O(l), anion, possessing an increased m-bond order
relative to the neutral parent compound (0.50 vs. 0.34).
Undoubtedly, there is an appreciable amount of anionic
resonance effect triggered by deprotonation. The resonance
effect is increased to a large extent in the O(5),; anion, where
it is evident that deprotonation leads to almost perfect

O( 1) neutral

(0.33) 1.417, 1.424 1.418 (0.32)
% (0.56) N3
91 1168/

©
l.l“ (0.91)
)

O(5),; neutral 0O(5),; anion

Fig. 2 Selected bond distances (in A) and Lowdin np bond orders
(given within parentheses) calculated by the B3LYP/6-31G* and
HF/6-31G*//B3LYP/6-31G* methods, respectively, in the character-
istic compounds O(1)s and O(5),; (neutral and anionic forms).
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equalization of the bond lengths in the five-membered ring
accompanied by very similar m-bond orders, which vary
between 0.56 and 0.59.

It is interesting to observe that the change in the m-bond
orders in O(5),;~ along the C-C=N fragments are very small
and yet they have far-reaching consequences in enhancing
acidity. The n-bond order of the n-bond perpendicular to the
molecular plane of the cyano group is diminished by 0.01,
whilst that in the C-C single bond emanating from the five-
membered ring and carrying the cyano group has m-bond
orders increased on average by 0.02 upon deprotonation. This
is indicative of the anionic resonance effect, which places some
n-electron density on the peripheral nitrogen atoms, thus dis-
tributing the negative charge over the whole molecule. The
equality of the m-bond orders over the five-membered ring
shows that the resonance structure involving the C-O~ single
bond is just as important. The charge redistribution in the
initial acids and their conjugate bases is illustrated by Fig. 3,
where selected Lowdin atomic charges are given. In the
O(1) anion the carbon atoms of the ring increase their elec-
tron density, assuming an almost even distribution of charge.
It is remarkable that the deprotonated carbon atom has a les-
ser electron density than at the C(sp®) center in O(1)s . In addi-
tion, the charge density on the oxygen atom of the carbonyl
group increases by —0.15 e. A somewhat different situation
occurs upon deprotonation of O(5);; . The carbonyl oxygen
retains its electron density upon proton release. It turns out
that the largest portion of the electron density in anion
O(5); is distributed over the nitrogen atoms in the cyano
groups, whereas the negative charge of the carbons in the
five-membered ring increases in the absolute sense, albeit to
a very small extent. It follows that there is not a single anionic
center but rather a distribution of the density of the unpaired
electron over the peripheral parts of the O(5),; anion.

As a final point we would like to discuss the pyramidaliza-
tion of the BX, group. For this purpose a suitable definition
of the pyramidalization is necessary. It is given by:'®

DP(%) = [360 - 23: oci} /0.9 (3)
i=1

where DP stands for the degree of pyramidalization and the
summation is over the bond angles «; of the pyramidal boron
atom. The calculated degree of pyramidalization is given in
Table 3. Perusal of the data reveals that, as a rule, pyrami-
dalization is considerably increased in anions. Simultaneously

O(5),; neutral

O(5)q" anion

Fig. 3 Selected Lowdin atomic charges in the characteristic
compounds O(1) and O(5); (neutral and anionic forms).
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Table 3 Interatomic B---O distances and DPs in neutral acids and
their conjugate bases.

Degree of pyramidalization

B---O bond length/A of BX, group (%)

Neutral Anion Neutral Anion
O2)6 1.669 1.542 16.7 27.3
OQ3)e 1.566 1.476 22.7 33.1
O(4)6 1.546 1.462 24.4 35.0
O(6)u 2.906 1.667 0.0 18.0
O(7)u 2.993 1.543 0.2 25.9
O(8)¢10 1.519 1.524 24.4 27.6

the B---O distances are decreased in the anionic species in an
apparent tendancy to increase the Lewis acid-base interaction.
The decrease in the B---O distance is particularly dramatic in
the O(6),; and O(7); systems, being 1.24 and 1.45 A, respec-
tively. Pyramidalization of the B atom in the O(2), and
O(6);;” anions taken as illustrative examples (Fig. 4) is a
consequence of a transfer of electron density from the oxygen
lone pair to the boron sp’ hybrid orbital. It is clear that the sp®
hybrid orbital is not only energetically more favourable in
accommodating the electron density than a pure p-orbital,
but it increases in addition the overlap between the B(sp’)
and O(sp3)1p hybrids (the subscript Ip denotes a lone pair).

Concluding remarks

To summarize, the cyano derivatives of fulvene are excellent
candidates for potent organic superacids, which might play

0O(6),; neutral

O(6),; anion

Fig. 4 Orientation of the BF, group in some characteristic fulvene
superacids and their conjugate bases.
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an important role in acid-base chemistry. Their acidity is
further amplified by the propyldihalideborane side chain,
which forms a pseudo-six-membered ring with the oxygen
anion via a Lewis acid-base interaction. It is noteworthy that
the length of the propyl group is optimal. The ethyl and buthyl
fragments substituted by BF,, BCl, and BBr; groups lead to
compounds exhibiting weaker acidity. In spite of this, they
can be useful too in providing rungs on the acidity ladder once
they are prepared. We believe that the compounds discussed
here are amenable to laboratory preparations, since some
similar systems have already been synthesized.!”
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