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Abstract—The effect of nitro and cyano substituents on the acidity of methane is disected into intrinsic and solvation

components with the CNDO/2 molecular orbital method.

The thermodynamic acidity of a C-H boud in methane is
substantially enhanced by replacement of the other H
atoms by nitro groups. The increase in acidity, as
measured by pK values in various solvent systems, is not
proportional to the number of nitro groups present, a
dampening effect being observed upon substitution.
Cyano substituents also increase the acidity of methane,
but do so in a roughly proportional manner. As a con-
sequence of these facts, even though nitromethane is
more acidic in water than methylnitrile by 14pK units,
nitroform is less acidic than cyanoform by some SpK
units.' This has been attributed to the fact that while
cyanoform anion is in the crystalline state planar or very
nearly planar,” the NO, groups of nitroform anion do not
share a common plane.>* It has been suggested that the
nitro groups of some dinitromethyl anions do not share a
common plane.’

It is of interest however to assess the relative im-
portance of intrinsic effects within both hydrocarbons
and anions as well as of solvation effects. To this pur-
pose, a melecular orbital study of the acidity of nitro and
cyano methanes both in the gas phase and in aqueous
solution has been undertaken.

Methods and models

We have employed in these studies the CNDO/2
method® with geometry optimization’ since it has been
applied with success to carbanions.®® In addition, in the
case of nitromethanes the CNDO/2 method has been
shown'® to compare favourably with the more sophisti-
cated ab initio method employing an STO-3G basis set."!
We have assumed these correlations to apply as well as
to cyanomethanes.

Solvation has been studied by considering super-
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Fig. 1. Models of solvation of (a) a planar carbanionic center, (b)
a pyramidal carbanionic centes, (c) & nitro substitueat, and (c) a
cyano substituent.

molecules composed of an organic moiety and a varying
number of H,O molecules H-bonded to it at suitable
places.*'>" The results may be directly compared with
experiment since the compounds considered are acidic
enough to be studied in aqueous solutions.

The models used for solvated species are depicted in
Fig. 1 and are similar to those used in previous work on
acidities of substituted methanes.® The solvation energy
of species X, E,, is given by eqn (4) of the following
thermodynamic cycle:

X(®) + nH,0(8)— X-nH,0(8) E, )
X-nH O(g) —X-nH,0(aq) E; b))
nH;0(aq) — nH,0(g) E, 6]

X(g) + nH;0(aq) — X-nH,0(8Q)E, =E, + E,+E;, (4)

The energy difference E, is directly obtained with the
MO method and E, may be identified with the experi-
mentally available heat of evaporation of H,0
(10.5 kcal/mol)."* B, is difficult to assess but is in prin-
ciple of opposite sign and same order of magnitude of E,
since it involves mainly solvation of H,O molecules.
Since E,» E,, we have taken E,=E,.
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Fig. 2. Calculated acidities in the gas phase and in aqueous

solution. The trinagle represests the values of CH,;CHO, taken
from Ref. 8.
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RESULTS AND DESCUSSION

The reliability of the data calculated may be assessed
by comparison with experimental acidity values. In the
absence of sufficient gas phase measurements the values
calculated for isolated species may be compared with pK
values determined in DMSO solutions. These latter have
been shown to refer to ionized carbanions' and they
parallel in some instances gas phase measurements
within families of related compounds.'® The values cal-
culated for solvated species may be compared directly
with pK values determined in aqueous solution. The data
in Table 1 show that for each series the calculated
acidities parallel the experimental ones.

Gas phase acidities have been compared with solution
acidities.®* In some cases linear correlations are found
within a series of similar acids,”™
inversion of acidity orders are encountered.Z**** Figure
2 compares acidity values calculated for isolated species
and for solvated ones. The result is a shallow curvet
whose slope decreases with increasing acidity. This be-
haviour reflects the fact that when the charge in the
anions is intrinsically better stabilized by additional sub-
stituents, the benefits of solvation in them decrease and
become closer to the values in the parent hydrocarbons.
As a corollary, solvation effects tend to compress the
acidity scale at the higher end of it, the well-known
levelling effect of polar solvents.

tWithin a narrow range, this curve may be approximated by a
straight line.®
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Fig. 3. Charges and solvation energies at different ceaters.

Solvation energies are larger for anions than for
hydrocarbons (Table 2) and are found to correlate with
the charge on the atom being solvated (Fig. 3). It is
interesting to note that the points in Fig. 3 fall on three
different lines which correspond to the three different
atoms being solvated. For a given charge, solvation
follows the order C> N> 0. This order is also found in
the gas phase baslcmes of compounds possessing these
atoms as basic centers.”’

Table 1. Calculated and experimental acidities of nitro and cyano methanes

Compound  E(gasphase)t  pK(DMSO) E(H, 04  pK(H0)
Ch, 649.58 - 558.2¢ -
CH,NO, 5474 16954, 17.2 480.5 10.249
CH;(NO,), 4198 7141t 4185 35788
CH(NO,), 0 ~1.0%4 365.2 0.17
CH,CN $90.2 3y 511.9 25
CH,{(CN), 563.3 ny 495.0 A
CH(CN), 5448 - 4808 -

tE(R")-E(RH), in kcal/mol.
$ER"-aH,0)-E(RH-[ - 2]H,0)-2E(H,0), in kcal/mol. See text for details.

{Ref. 8.

Ref. 17.
fRef. 18.

ttExtrapolated from the value for 1,1-dinitroethane based on the effect of methyl

substitution upon nitromethane.'’

$$This value was determined in Ref. 17 as <-1.0. However, judging from the
differences in pK values in DMSO and in DMFA reported'” it can safely be assumed

to lie close to -1.0.

§8Ref. 19,

fRef. 20.

®Ref. 21.

Table 2. Solvation datat
Hydrocarbon Anion

Substituents At substituent? At substituent$ At central carbon
NO, 169 “us 393
(NO), 1.7 342 U3
(NOy) 156 318 173
CN 118 353 548
(CN), 119 263 394
(CN), 108 20 304

+In kcal/mol.

$Values “per substituent”.
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As the number of substituents in the anions increases
the solvation energy per substituent becomes smaller and
also solvation at the substitutent becomes pro-
gressively more important relative to solvation at the
carbanionic center. These are consequences of the flux
of charge away from the central C atom towards the
substituents as these latter increase in number. The large
contribution of solvation at the central C atom still
present in the trisubstitited methanes reflects the larger
contribution of fleld (or inductive) over resonance effects
in nitro and cyano groups. ™%

.The data on the effect of successive substitution on
methane has been collected in Table 3. Several trends
may .be noted.

Deviations from additivity are present in the energies
of hydrocarbons. These effects have been noted in
cyanomethanes and have been rationalized by com-
parison of the hyperconjugative interaction of a C-H
relative to a C-CN bond with the = system of other
cyano groups in the molecules.’’** The non additive
effects in nitromethanes may be rationalized in the same
way since nitro groups have qualitatively similar o and #
electron withdrawing properties than cyano groups.

Deviations in anions are more pronounced due to the
larger interaction between the substituents. They may be
rationalized in terms of 0-O repulsions between neigh-
bouring nitro groups. Thus, the Coulomb interactions
between the closest O atoms on adjacent nitro groups
(taken as point charges of the magnitude given by the
CNDOJ2 calculation) accounts for more than half the
deviation from additivityt and also correlates with it
satisfactorily (Fig. 4). At zero Coulomb interaction (i.e.
only one nitro group present), the deviation from ad-
ditivity extrapolates to a number not far from zero, in
consistency with the assumptions of the model.

Solvent effects on the hydrocarbons are almost ad-
ditive, presumably because the substituents are to a large
extent independent (see above however) and form H-
bonds of similar strengths with solvent. This is not the
case in anions where strong and varying » interactions
prevall Overall, solvation effects are roughly half as
important as intrinsic effects on accounting for non-
additive behaviour of acidities (columns 3G and %S).

The last column in Table 3 shows that the sum of

1This proportion becomes greater than one half if due con-
sdennonnnvenlothefmtheONOmdesuleuhwdwnh
CNDOJ2 are smaller than experimental ones.'® This effect arises
from the inability of CNDO/2 to properly account for non
bonded lone pair/lone pair and lone pair/=-bond interactions. >
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Fig. 4. Test of the mode! for deviations from additivity in nitro
compounds.

intrinsic and solvent effects on non-additive behaviour of
acidities is substantially larger for nitro than for cyano
compounds, in agreement with experimental data.

CNDO/2 calculations have been shown to account for
the non-additive behaviour of acidities of nitromethanes
and for the additive behaviour of acidities of cyanome-
thanes. In the former case, non-additivity may be attri-
buted to an extent of about two thirds to intrinsic effects
and one third to solvation effects; deviations are more
marked in the anions where O-O repulsions between
adjacent nitro groups play a dominant role in the
isolated species. In the latter case, intrinsic and solvation
effects are comparatively small and also more marked in
the anions.
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