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Some Applications of MO Methods to the Chemistry of Exoplosives VI.

—Estimation of Reactivities for Aromatic Nitration from STO-3G Calculations.
A Comment on Reactive Species of Nitrobenzene in Concentrated

Sulfuric Acid—

Takayuki ANDOH*, Takehiro MATSUNAGA****, Mitsuru ARAI***,
Masamitsu TAMURA** and Tadao YOSHIDA **

Partial rate factors (p. r. f.’s) at meta and para positions for the nitration of
mono-substituted benzenes have been correlated successfully with their proton affinities (4E)
and the total charge densities of the methyl group substituted on their positions (g, )
calculated by the ab initio molecular orbital method at the minimal basis set STO-3G level.

An attempt to elucidate a lower reactivity than predicted from the Hammett relationship for
the nitration of nitrobenzene in concentrated sulfuric acid has been done on the basis of a linear
relationship between log (p. r.{.) and AE or Agyy,. From the calculations of relative reactivities
and positional selectivities for various complexes of nitrobenzene with chemical species ex-
isting in concentrated sulfuric acid, it is suggested that the lower reactivity is due to the involve-
ment of its hydrogen-bonded complexes such as PhANO,-H.SO,. This is a viable explanation
for the lower reactivity of nitrobenzen in the nitration in concentrated sulfuric acid.

Introduction ‘
Relative reactivities for electrophilic aromatic nitra-
tion are well known to be satisfactorily correlated
with the empirical ¢ constants originally proposed by
Brown and Okamoto’. However, a deviation from
the linear relationship was observed in the nitration of
nitrobenzene in concentrated sulfuric acid with nitric
acid?. Its lower reactivity was suggested to be due
to the involvment of its hydrogen-bonded complex
with the solvent molecule?’. Our previous finding that
the Hammett relationship holds for the nitration of
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nitrobenzene in nitromethane with nitronium hex-
afluorophosphate®, where free nitrobenzene is
thought to be involved in the nitration, would also sup-
port the above suggestion, but there has been no clear
explanation for it. In addition, our previous attempt®
to interpret its lower reactivity in terms of the involve-
ment of its hydrogen-bonded complexes by using the
CNDO/2 semi-empirical MO calculations seemed to
be insufficient to confirm it in view of the accuracy of
the semi-empirical MO method used, although it
might support the idea.

On the other hand, some recent attempts to inter-
pret reactivities in quantitative terms for the
isodesmic process have been done successfully by ab
initio MO calculations of proton affinities® and charge
densities® at the minimal basis set STO-3G level®.

We found that the relative reactivities for the elec-.
trophilic aromatic nitration of mono-substituted
benzenes can be correlated with their proton affinities
and the total charge densities of the methyl group
substituted at their nitration positions. Also, the
lower reactivity for the nitration of nitrobenzene in
concentrated sulfuric acid may be due to the involve-
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ment of its hydrogen-bonded complexes with
chemical species existing in concentrated sulfuric
acid.

Procedure

First, we attempted to correlate the reactivities at
meta and para positions for the nitration of mono-
substituted benzenes with the difference in proton
affinities(AE ) for an isodesmic proton transfer
equilibrivm (eq. (1)) and with the difference in the
charge densities of the methyl group substituted at
their nitration positions (4¢,s., eq. (2)).
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Later we confirmed that the partial rate factors (p.
r. f. ’s) for the nitration of mono-substituted benzenes
can be correlated linearly with the two reactivity in-
dices described previously. We used these indices to
estimate the reactivities for the nitration of hydrogen
-bonded complexes of nitrobenzene with chemical
species existing in concentrated sulfuric acid”.

Calculation

The ab initio MO calculations with the minimal
basis set at STO-3G level were conducted on a
HITAC M-280H computer in the Computer Centre,
at the University of Tokyo, using versions of GAUS-
SIAN 70® and GSCF 2% computer programs.

The geometries for mono-substituted benzenes
were determined by using the bond lengths and angles
of the standard models proposed by Pople and Go-
rdon'®, The structure of the Wheland complex
(o—complex) for benzene attacked by an electrophilic
proton is shown in Fig. 1. All the structures of hydro-
gen—bonded complexes of nitrobenzene, shown in
Fig. 2, were determined!? by optimizing the length of
the O-H bond formed from an oxygen atom of the
nitro group in nitrobenzene and a hydrogen atom in
the chemical species existing in concentrated sulfuric
acid, so as to minimize the CNDO/2 electron energie
52) of the hydrogen-bonded complexes.

Results and Discussion
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Fig. 1 Bond length, bond angles and torsion angles
for the ¢-complex of benzene

Reactivity Indices

Figure 3 shows plots of log (p. r. {.)'? against AE
calculated from eq. (1). From Fig. 3 we can obtain a
linear relationship between log (p.r.f.) and AE, as
shown in eq. (3).

log(p. r.£.)=(2.88%0.29) x 10—'AE

=(0.22+0.17) (3)

( coefficient of correlation, r=0. 96, number of
data, n=10)

Our previous experience!? showed that the relative
reactivities for electrophilic aromatic nitration can be
correlated better with the charge densities of the
methyl group attached to the attacked carbon atom
rather than with the charge densities of the attacked
carbon atom itself. Then we attempted to evaluate 4
gu, as a reactivity index.

Figure 4 shows plots of log (p.r.f.) against Aq,,, .
We obtained a good relationship between log (p. r. f.)
and A4qy, for the nitration of mono—substituted
benzenes at their meta and para positions, except for
chlorobenzene at its para-position.

log(p. r. £.) = (3. 22 £0. 25) x 10%Ag»s,

+(0.2110.17) “@
(r=0.98, n=8)

The result may come from the characteristic proper-
ties of the ab inito MO calculation at STO-3G level,
although it cannot be explained clearly at the plesent
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Fig. 2 Structures of hydrogen-bonded complexes of nitrobenzene determined, optimizing the
CNDO/2 electron energies of the length of the O-H bond formed from an oxygen atom of the
nitro group in nitrobenzene and a hydrogen atom in the chemical species existing in concen-
trated sulfuric acid

time. useful reactivity indices to estimate log (p.r.f.) for
Figures 3 and 4 show that both AE and Agy, canbe  the nitration of mono-substituted benzenes. In addi
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Fig. 3 Relationship between log (p. r. f.) for the
nitration and 4E

tion, we have attempted to estimate the isomer pro-
portions for the nitration of mono-substituted
benzenes from AE or Aq,,, using Brown's “selectivity
factor™ (Sf):
Sf=log((p.r.£.)/(p. 1. f) )
=log (p.r.f.),—log(p. 1. {)pm. (5)
Thus, the Sf values for the nitration of mono-
substituted benzenes can be obtained from egs. (6)
and (7).
Sf=(2.39+0. 22) x10-! (AEP—AE™)
—(0.29+0. 11)
(r=0.99,n=4) =(4.15+0.79) x10?
(Aqu? —Aqp,™) — (0. 050, 20)

(r=0.97, n=4)

O]

@

Table 1 Log (p.r.f.) at meta and
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Fig. 4 Relationship between log (p. r. {f.) for the
nitration and Aqu.

Reactivities and Selectivities for Hydrogen-bonded
Complexes of Nitrobenzene during Nitration in
Sulfuric Acid

As SCF-MO calculation did not converge for most
o-complexes for hydrogen-bonded nitrobenzene, we
could not obtain their AE values. Thus, we used the A
gu. value as a reactivity index to estimate the nitra-
tion of hydrogen-bonded complexes of nitrobenzene
in sulfuric acid.

Table 1 shows log (p. r. f.) for the nitration of
hydrogen-bonded complexes obtained from A4qy,
calculated at the STO-3G level. We obtained a few
significant findings from the results. Namely, the
hydrogen-bonded complexes with such protonated
species as H*, H,0+, H,0*—H,0 do not contribu-

para positions for the hydrogen-

bonded complexes of nitrobenzene (NB) calculated from eq. (4)

m - position p-position
Complex
dq,, log (p.r.L.) 4qy. log (p.r.1.)
NB —0.0185 ~5.11~ —-6.34 —0.0208 —-5.80~ -7.18
NB —HSO; -0.0275 -7.79~ -=9.50 —~0. 0056 —-1.28~ -—1.90
NB—-H;0 -0.0179 —4. 94~ -6.17 —~0.0242 -6.81~ —8.36
NB-2H;0 - 0.0270 —7.64~ -9.33 ~0. 0280 -7.94~ -9.68
NB-H.SO, —0,0331 —9, 45~ —11.44 —0. 0364 —10,43~ —12.59
NB-H;0-H,;S0O, —0.0234 —6.57~ -—8.08 —0.0334 —-9.54~ —11.55
NB-H* —0.0680 —19.82~ —23,56 —0.0782 —22, 85~ =27.10
NB—-H3;O* - 0. 0589 ~17. 11~ —20,40 —0.0689 —20,08~ —23.87
NB—H,0% - 0. 0602 ~17.50~ —~20.85 —0.0705 ~20.56~ —24.42
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Table 2 Selectivity factors for hydrogen-bonded complexes
of nitrobenzene (NB) calculated from eq. (7)
Complex Aq;e—dq:; Sf
NB —0.0023 -1 3_9~—0. 62
NB -HSO7 0, 0219 7.51~ 10.57
NB-H;0O —0, 0063 —3.36~—1.79
NB-2H,;0 —0.0010 —0,74~-0.18
NB—-H,SO, —0, 0033 —1.88~—0.96
NB-H;0-H3S0, —0.0100 —-5.19~-3.21
NB-H* -0.0102 —5,29~-3.28
NB--H;0* ~0.0100 —=5,19~-3.21
NB-H,0,;" —0.0103 ~5,34~—3.31

te greatly to the nitration under the conditions used
because of their very low reactivities. The complex
with HSO, also may not contribute significantly,

notonly because it has too high a reactivity at its .

para-position, but also because, as previously observ-
ed!?, the UV spectrum of the hydrogen-bonded com-
plex of nitrobenzene in concentrated sulfuric acid
showed a red shift, although the UV spectrum of the
complex with HSO,~ should show a blue shift.

From the standpoint of reactivities, we may say that
the complexes with H;0, 2H;0, H,SO, and H,0—H,S
O,, which have somewhat lower reactivities than
nonhydrogen-bonded ones, are primarily involved in
the nitration of nitrobenzene in concentrated sulfuric
acid. The CNDO/2 semi-empirical method could also
give us a similar conclusion as the ab initio method, in
spite of its limitations.

On the other hand, as shown in Table 2, each
hydrogen-bonded complex can have a different
isomer proportion, namely, a different selectivity fac-
tor for the nitration. Qur previous observation® show-
ed that the selectivity factor for the nitration of
nitrobenzene in 85-98. Swt. % sulfuric acid does not
vary with the concentration of sulfuric aicd.

Moreover, as shown in Table 2, nitrobenzene and its
hydrogen-bonded complex with a sulfuric acid
molecule can show similar selectivity factors, —0.
62~—1.39 and —0.96~—1.88, respectively, to
the observed factor, —1.49, for the nitration of
nitrobenzene in concentrated sulfuric acid. This sug-
gests that only one hydrogen-bonded complex may be
involved in the nitration under the above conditions.

Thus, the hydrogen-bonded complex of nitro
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benzene with a sulfuric acid molecule-is thought to be
primarily involved in the nitration of nitrobenzene in
85-98. 5wt. I sulfuric acid.

Conclusion

The present results provide important evidence that
we can obtain p. r. f.'s for the nitration of
mono-substituted benzenes from the ab initio MO
calculations at the minimal basis set STO-3G level,
and also that the lower reactivity for the nitration of
nitrobenzene in concentrated sulfuric acid is primarily
due to the involvment of its hydrogen-bonded com-
plex with a sulfuric acid molecule.
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