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Proton affinities of fluoro derivatives of benzene, toluene,
and m-xylene from ab initio MP2 calculations
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The proton aftinity (PA) encrgics of tluoro derivatives of benzene. toluene. and m-xviene
were obtamed trom ab initio MP2-FCy6-31G* calculations and compared with cxperimental
results. Protonated torms of the motecutes. resulting from ditterent wavs of proton addition.
were studied. Relative concentrittions of isomeric arenontunt tons were caleulated and com-
pared with the results of NAMR studies on arcnoniunt ions in solutions
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Investigation of the tundamental thermodynamic
propertics of protonated torms of organic compounds is
an impornant phasc of studies on proton transfer between
molecules in the gas phase and in solution. There are
three main methods for determination of the gas-phase
proton atfimity (P4) cnergies. The oldest, and most
fundamental, method involves studies of the tormation
of tons under the action of cither monocencrgetic clec-
tron impact! or photoionization techniques.Z The see-
ond method uses® measurements of the cquilibrium con-
stants for reversible proton transfer between two mol-
ceules BY and B

BiH" + B2 == B2H' + B

The third, purely theorctical, approach is based$3 on
quantum-chemical calculations of the enthalpics of pro-
tonation of the molecules, B + H® = BH*. Currentiy.
the PA cnergics obtained from ab initio calculations are
almost as rcliable as those determined experimentaliy.
The best results arc achicved by using those computa-

tional methods which take into account the encreyv of

clectron corrclation 11 molecular systems (the MP2.
MP4, CCSD(T) methods. erc.) and make usce of rather
large basis sets (the 6-31G*, 6-31++G*, aug-ce-pVDZ,

aug-cc-pVTZ basis sets, erc). Recent comparison of

experimental PA cnergies with those obtained from cal-

culations® at the G2 tevel of theory for a large number of

molecules spanning a wide range of the PA scale (from
H,> to Me,NH) showed that they differed by at most
2.5 keal mol™!.

Benzene derivatives behave? in strong acids as bases.
which can add a proton to give salt-like compounds
A+ HY = AH" + Y~ with arcnonium ions AH™ as the
cationic fragments of the compounds. Previousty, we
have studied the structure of arcnonium ions (Al) and

the encrzetics of their isomeric transformations by semi-
empirical3=" and wp iniio'! quantum-chemicai meth-
ods. For instance. ab initio MP2/6-31G* calculations of
the molecutar structures and encrgies of the Al ot dichlo-
robenzenes for differcnt ways of protonation have been
carricd out. M We tound that the order of proton addition
1o ditferent carbon atoms in dichlorobenzenes is similar
to that predicted by the additivity schemes of substituent
cffects in ortho-. meia-. and para-positions. Proton mi-
sration in these Al is more energctically favorable than
the migration of a Cl atom.

Experimental data on the PA cncrgics of polvlluoro-
benzenes obtained by different authors!? seem to be 1o
some extent non-self-consistent. On the other hand, no
high-level ab initio calculations of fluoro-substituted Al
have been reported as vet. The aim of this work is to
perform ab iniio calculations of the neutral molecules
and Al of benzenc. toluene, m-xvlence, and their fluoro-
substituted derivatives, thus compensating for the fack of
theoretical data.

Calenlation Procedure

The MP2-FC caleutations of the neutral molecules of ben-
zene. toluene, m-xylene, as well as their tluoro-substituted and
protonated forms were carried out using the GAUSSIAN-9N
program package! with the 6-31G* basis set on a CRAY J-90
supercomputer (National Energy Rescarch Supercomputer Cen-
ter. Berkeley, California. USA). Stable configurations on the
potential encrgy surtiice were located by full geometry optimiza-
tion using analytical gradients.

As is known 3 the size of a basis set atfects the accuraey of
caleulations of the 24 encrgies of small molecules in such o wity
that augmentation of the basis set with polarization functions
(passage from the 6-31G* to 6-31G™* basis set) changes the PA
values by 2 10 3 keal mol ™!
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Results and Discussion

We performied calculations for all isomeric structures
of the moleetles of difluorobenzenes and their protonated
forms. Relative stabilitics of neutral diftuorobenzences
decrease as tollows: meta- > para- (0.63 keal mol™) >

Table 1
the molecules (PAy ., and PA, o respectively) and relative
CoOnCENtTAtions of omenc arcnonium ions

Carbocation? P 1”“(,, C ey

keal mol™

P IL\D/)

1-H.Cotly ™ (D 183.6 1800, Joni
IS1.3
L-H-H.CoHs™ (2) 164.9 - 0.0
F-F2-H CoHs™ (3) 1831 — 1.3
t-F.3-H C(,H (4) 1739 - 0.0
I-F4-H.CeH™ () 186.4  IS81.3, 99.3
182.6
1.2-F.4-H.C Hy* (6) 1783 1757, 99.8
1818
13- 2-H .Gy o Y I — 0.3
F.3-Fad-H.C HL Y (8 IS4.6 180.0, 997
1819
1 A4-F, 2-H.C H, - (D 1739 1715, 10 .0
I18§.2
123-F4-H.C ot " (1) 1775 1730 100.0
P23 5-HLC - (1 171.6 — 0.0
1.24-F33-H.C " (12 1744 - il
F24-F3-HL.Cothy 't (13 1784 1745, 99 9
(R
F24-F6-H . Cobm o1 168.5 - 0.0
E35-F2-H.CHy (1) IS5 17840 100
18510
1.2.34-F 5-H.C HL* (16) 1A89 1653, 100.0
181
1245-F3-H.CoHa" (17) 1673 — 100.0
P2345-Fo-H.CH™ (18 1699 164.3. 1000
1799
C.F H (19) 1577 — 100.0
-Me b -H.CgH™ (20 183.3 — 0.0 0.0
E-Me2-HL G (2 ton. | - 240 (250
1-Mce3-H.CoH:™ (22 I86.3 — 0.0 (0.
1-Me d-H . CoH7 (23 1911 1877, 7394750
189.8
-Me3-F.2-H.CoHy 24) 1892 - 0.7 0.0
F-Me3-F4-H.C Hy" (25 1907 — LS ULe)
1-Me3-F3-H.C.H, ™ (26) 179.2 — 0.0 £0.0)
t-Me 3-F6-H.CH,™ 127 191.% 87.7 i88.3)
1.3-Mc. 2-H.C H‘ (28 196 1) — 3.3
1.3-Mead-H.CoHy ™ (29) 972 - 94.7
1.3-Me~ 3-HLCoH ™ (30 1592 — 0.0
F3-Mes5-F2-H.CoH7 (30 1977 - 90.2 (83.5)
[ 3-Mea 3-Fa-H.C H:™ (32) 196.2 -~ 98 (104

“ Formed upon proton addition to molecule.

AThe fisst value in the column was taken from Ref. 12 and the
second value was taken trom the database of the gas-phase
proton affinities of molecutes.?3

“Relative concentration of isomeric 1on: experimentid values
obtained from the results of NMR studies29-22 gpe given in
parentheses.

Caleulated and expenmental proton attinity energies of

ortho-isomer (4,14 keal mol™ !y, The relative encrgies are
given in parcntheses. The mera-isomer was tound to be
the most stable. The cealculated data on the relative
stabilities of these molecules are in good agreement with
the experimental values of the relative energies (0.60 and
3.6% keal mot H). 14

The PA energics were caleulated as differences be-
tween the calculated total encrgies of neutral molecules
and the corresponding protonated forms (Table 1), Com-
parison of calculated and experimental P4 encrgics
(PAeor and PA . respectively) for a set of molecules
(Fig. 1) shows that curve / corresponding 1o the PA .,
values passes —4 keal mol™! above curve 2 for PA,
Qualitatively, both curves have a similar shape.

Assuming that different isomeric arenonium ions are
in thermodynamic equilibrium, we can determing therr
ratio in the gas phase. To this end. the Boltzmann
distribution for the relative concentrations of isomers,
C,. should be used:

Cp = expl=AG RTINS nexpl=aG2 /LR T, h
,
where AGP= AHP — TAS?. Here, AGP. Al and ASP
are the changes in the Gibbs frec encrgy, enthalpy. and
entropy. respectivelyt & is the number of the position for
protonation; Jis the running number of the incquivalent
position for protonation; and » is the number of sym-
metric, encractically equivalent positions tor protonation
of a molecule. According to the published data.13=1% the
protonation ¢ntropics of aromatic hydrocarbons and their
denvatives depend only shightly on their structure and
basicity. Our MP2/6-31G* calculations of the thermo-
dynamic funcuons for the isomeric archonium ions of
fluorobenzene showed that the changes in the entropy
contributions on going from onc isomer to another are
less than 3% and do not alter the order of changes in the

PAkeal mol!
190 F 3

183

180+ 5 \

175t \
T

F63F

N

160) 1 s 1 L L 5 1 a1 1 : 5
I 5 6 8 9 10 13 15 16 18 23
© Carbocation
Fig. 1. Comparison of calendated (/) and experimental (2 P
energics. The numbering of carbocations corresponds to that
given in Table |
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stability of the arenonium ions. Therefore, the ratio of

isomeric forms of arcnonium ions is mainly determined
by the enthalpy difference. f.e.. by the relationship

Cy = expl=alEHRIN T n expl=2AH /(RT)|. (2
The concentrations of 1someric arenonium ions calcu-
lated using expression (2) and the expenmental valucs
obtaincd from the NMR spectra of the corresponding
arenonium ions in soiution20—=22 are listed in Table 1.

Summing up. in this work we caleulated the PA
energies for a number of fluoro derivatives of benzene,
tolucne, and m-xyviene for different tvpes of proton
addition. The relative concentrations of arcnonium ions
of all compounds were also determined.

This work was supported by the US. Depammment of

Encrgy under Contract DE-ACO06-76RLO 1830 with
Battelie Memorial Institute, which operates the Pacific
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