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The Gas Phase Acidity of Oligofluorobenzenes and Oligochlorobenzenes:
About the Additivity or Non-Additivity of Substituent Effects

Isabella Hyla-Kryspin,*! Stefan Grimme,*'*! Heinz H. Biiker,""! Nico M. M. Nibbering,*"!
Fabrice Cottet,'! and Manfred Schlosser*!*!

Abstract: The deprotonation energies
of benzene, fluorobenzene, all di-, tri-,
and tetrafluorobenzenes, pentafluoro-
benzene, chlorobenzene, all di-, tri-,
and tetrachlorobenzenes, and penta-
chlorobenzene have been calculated at
various levels of second-order Mgller—
Plesset and density functional theory.
Taking the previously determined ex-
perimental data as a benchmark, good
agreement was achieved in the chloro
series even with moderate computa-

meaningful numbers in the fluoro
series. Apparently, most extensive elec-
tron correlation is required to avoid ar-
tifacts caused by the proximity of non-
bonding lone pairs at the carbanionic
center and at the fluorine atoms. When
two or more fluorine substituents were
introduced in the same aromatic ring,
their individual effects (as defined by
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position-dependent acidity increments)
proved to be perfectly additive in the
entire series. In contrast, the acidifying
effect of chloro substituents was found
to level off when the number of such
halogens increases. Additivity or non-
additivity of element effects cannot be
ascertained after having merely com-
pared the acidity of mono- and disub-
stituted substrates, but only after
having moved to higher degrees of sub-
stitution.

tional effort, whereas more extended
basis sets have to be used to obtain

stituent effects

Introduction

Chemists tend to parametrize the reactivity of a family of
substrates by taking that of the parent compound as the ref-
erence and to correct it by considering any substituent effect
as a perturbation. This approach will fail if two or more sub-
stituents intervene simultaneously unless each of them de-
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ploys its action completely uninfluenced by the others. The
present work was undertaken to probe the additivity or non-
additivity of halogen substituents on the proton affinity of
the phenyl anion, a mechanistic key reference.
Organometallic deprotonation and subsequent electro-
philic trapping is a powerful method for the derivatization
and, in particular, functionalization of arenes and heterocy-
cles."™ Although the crucial hydrogen/metal permutation
(“metalation”) step normally occurs irreversibly (“under ki-
netic control”), the knowledge of substituent effects on the
equilibrium (“thermodynamically controlled”) acidity is of
practical use as it helps to find adequate reaction conditions
and to rationalize regioselectivity. Moreover, acidity in gen-
eral and in the arene series in particular is of fundamental
importance as a stringent test of whatever theoretical model
by juxtaposing its predictions and the experimental reality.
Fluorine is the smallest metalation-promoting substituent.
We have determined the gas-phase acidity of fluorobenzene,
of all three difluorobenzenes, trifluorobenzenes, and tetra-
fluorobenzenes and of pentafluorobenzene relative to the
parent compound benzene using a Fourier transform ion cy-
clotron resonance spectrometer.”! Subsequently we extend-
ed this study to mono-, di-, tri-, tetra-, and pentachloroben-
zenes.’! However, the experimental gas-phase methods!
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suffer from shortcomings. On one hand, they are not very
accurate, standard deviations of up to 2 or 3, even 4 kcal-
mol~! being not uncommon.™” On the other hand, the acid/
base equilibration between two neutral species and the re-
spective anions allows one to directly monitor just the least
basic of several species, for example ortho-fluorobenzenide
upon deprotonation of fluorobenzene or 2,3,6-trifluoroben-
zenide from 1,2,4-trifluorobenzene. To assess the meta and
para isomers® one has to rely on the silane-cleavage techni-
quel or another kinetic method which may not always be
free of artifacts. Under such circumstances quantum-chemi-
cal calculations may provide a more complete picture and,
possibly, be more accurate.

Results

When applying the same MP2/6-311+G* method which
had proven appropriate in the chlorobenzene series® to
mono-, di-, tri-, tetra-, and pentafluorobenzenes, the coinci-
dence with the experimental data was found to be poor. Al-
though the numbers mirrored the correct trend, the compu-
tation overestimated the experimental acidity differences by
about 30% as a comparison between the fluorobenzene/
pentafluorobenzene acidity spans of 40.3 versus 30.4 kcal -
mol ! reveals (Table 1). Apparently, the proximity of all the
nonbonding (“lone pair”) electrons at the carbanionic
center and at the fluorine atoms causes complications. An
accurate account for basis set deficiencies and for electron-

Table 1. Deprotonation enthalpies [in kcalmol™'] of benzene and its mono-, di-, tri-, tetra-, and pentafluoro-
substituted congeners at various ab initio levels in the framework of the MP2 theory or the B3LYP density

correlation effects should help to overcome them. The re-
placement of the 6-311+ G* basis set by the cc-pVTZ and
finally the aug-cc-pVTZ basis sets as well as the use of the
density functional B3LYP method!"” and the recently devel-
oped SCS-MP2 approach!'*" indeed improved the results
considerably. The mean absolute errors diminished from 6.5
over 4.9 and 2.0 to 1.5 and 0.8 kcalmol ™" (Table 1).

These results underscore the necessity of employing ex-
tended basis sets placing diffuse functions on all atoms (e.g.,
aug-cc-pVTZ versus cc-pVTZ) for the calculation of the de-
protonation energies with high accuracy. Allowing for polar-
ization and diffuse functions only on selected atoms as in
the initial MP2/6-311+ G*//RHF/6-311+ G* treatment pro-
duces an unbalanced energetic description, especially for
anions bearing several fluorine atoms. As the computational
deviations increase with the number of halogen substituents
such a basis set is obviously not saturated enough. Presuma-
bly the imperfections are due to an inadequate description
of the fluorine lone pairs. The new SCS-MP2 method!™"! un-
equivocally improves the results as compared to the stan-
dard MP2 reference (Table 1). The use of B3LYP rather
than Hartree-Fock geometries, in particular in combination
with the aug-cc-pVTZ basis proved to be a decisive step to-
wards the calculation of gas-phase deprotonation energies
with high accuracy (Table 1). Thus, the B3LYP method has
once more been confirmed to be a viable alternative to the
computationally more costly perturbation theory treatments.

We have revisited the chlorobenzene series and have re-
calculated the deprotonation enthalpies using the extended
basis sets. The fit with the ex-
perimental data ameliorated
again, the smallest mean abso-

functional and, where applicable, in comparison with experimental gas-phase data. lute errors being 1.5 and
-1
Benzenide MP2/  B3LYP/  MP2/ MP2// Scs// B3LYP/  Exptl. 1.6 kcalmol™ (Table 2).

RHF! B3LYPM B3LYP! B3LYPM B3LYP B3LYP! The deprotonation enthalpies
unsubstituted 399.0 405.4 403.9 397.6 400.2 400.1 4017 in the chloro series calculated
2-F 385.9 392.9 391.5 384.9 387.9 3874 3872 with the SCS-MP2 method are
3-F 389.6 398.8 397.9 391.7 394.0 393.6 - systematically larger than the
4-F 391.1 401.0 399.5 3932 395.7 395.8 - results obtained with the MP2
23F, 375.6 385.9 3853 3786 381.5 380.3 378.1
24-F, 3772 388.5 387.0 3805 383.4 383.1 _  and B3LYP methods (Table 2).
2,5-F, 375.9 386.7 385.9 3793 382.0 381.3 380.5 This is puzzling because to
2,6-F2 370.6 380.3 378.9 371.8 375.2 374.5 374.0 date’ in a great Variety of situa-
34F, 3827 3952 3942 388.0 3903 390.1 - tions, the accuracy of the SCS-
35F, 380.3 3924 392.1 385.9 388.1 3873 - MP2 hod b fall
2,34-F; 368.7 382.0 381.4 3747 377.5 376.6 375.7 2 method has never fa ﬁ?}
23,5-F, 366.5 379.6 379.6 3729 3756 374.1 - behind that of MP2 or DFT.
23,6-F, 361.7 3738 373.1 366.0 369.3 368.1 370.4 At first sight, B3LYP ap-
Sier W50 w0 s xme e s g  Pews tobe indeed more relia-
34,5-F, 374.1 388.8 388.5 3823 384.4 383.7 _  ble than the SCS-MP2 model
234.5F, 360.0 375.7 375.7 369.0 3716 3702 3700 (Table 1 and 2). However, both
2,34,6-F, 354.6 369.6 368.8 361.8 365.0 363.9 363.5  procedures might just mark the
2,3,5,6-F, 352.5 366.8 366.8 359.7 362.9 361.1 361.6 boundaries of a hlgh_fldehty
F; 345.6 362.6 362.5 355.3 3585 356.7 3568 one, the truth lying some-
error'® 6.5 5.7 49 2.0 15 0.8 -

[a] MP2/6-311+ G*//RHF/6-3114+G*. [b] B3LYP/cc-pVTZ//B3LYP/cc-pVTZ. [c] MP2/cc-pVTZ//B3LYP/cc-

pVTZ. [d] MP2/aug-cc-pVTZ//B3LYP/cc-pVTZ.

[e] SCS-MP2/aug-cc-pVTZ//B3LYP/cc-pVTZ.

[f] B3LYP/

aug-cc-p-VTZ//B3LYP/cc-pVTZ. [g] Mean absolute error between calculated and experimental deprotonation

enthalpies.
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where in the middle. According
to the results with the B3LYP
method, chlorobenzene (see
Table 2, above) is more acidic
than fluorobenzene by
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Table 2. Deprotonation enthalpies [in kcalmol™'] of benzene and its
mono-, di-, tri-, tetra- and pentachloro substituted congeners at various
ab initio levels in the framework of the MP2 theory or the B3LYP densi-
ty functional and, where applicable, in comparison with experimental®
gas-phase data.

Benzenide MP2// MP2// SCS// B3LYP/ Exptl.
RHF®  B3LYPP  B3LYP  B3LYPM

unsubsituted  399.0 397.6 400.2 400.1 401.7
2-Cl 385.2 385.6 388.4 385.6 386.6
3-Cl 387.1 389.0 391.6 390.3 -
4-Cl 389.7 390.4 392.9 392.5 -
2,3-Cl, 376.3 379.1 382.0 378.4 377.1
2.4-Cl, 377.0 379.0 381.8 379.1 -
2,5-Cl, 374.6 3775 380.3 3772 377.0
2,6-Cl, 371.9 373.5 376.7 372.3 374.0
3,4-Cl, 380.9 383.8 386.2 385.2 -
3,5-Cl, 376.1 380.8 383.4 380.7 -
2.3,4-Cl, 370.9 374.5 377.2 374.1 374.9
2.3,5-Cl, 366.3 371.1 374.0 370.1 -
2.3,6-Cl, 364.2 367.3 370.5 366.1 370.3
2,4,5-Cl, 369.0 372.5 375.1 372.5 -
2,4,6-Cl, 364.7 367.7 370.8 366.7 369.2
3,4,5-Cl, 372.4 377.4 379.7 378.0 -
2.3,4,5-Cl, 362.9 368.1 370.8 367.2 368.3
2,3,4,6-Cl, 359.2 363.7 366.7 362.2 363.3
2,3,5,6-Cl, 356.5 361.7 364.9 359.9 361.8
Cls 353.4 359.2 362.3 357.1 355.0
errorl® 3.4 1.5 2.9 1.6 -

[a] MP2/6-311+ G*//RHF/6-311+ G*. [b] MP2/aug-cc-pVTZ//B3LYP/cc-
pVTZ. [c] SCS-MP2/aug-cc-pVTZ//B3LYP/cc-pVTZ. [d] B3LYP/aug-cc-
p-VTZ//B3LYP/cc-pVTZ. [e] Mean absolute error between calculated
and experimental deprotonation enthalpies.

1.8 kcalmol ™' but the opposite is true according to the re-
sults obtained with the SCS-MP2 method, for which the
acidity of fluorobenzene tops that of chlorobenzene by
0.5 kcalmol . Experimentally hardly any difference is
found, chlorobenzene having been assessed more acidic by
merely 0.2 or 0.6 kcalmol~*.[+*!

Discussion

The desired degree of accuracy achieved, we found our-
selves in a position to settle the additivity/non-additivity
issue definitively. In particular, we intended to scrutinize the
validity of the Maksié¢ approach™® in this context. This for-
malism extracts atom- or group-specific increments from a
comparison of the computed proton affinities of ortho-,
meta-, and para-substituted phenyl anions with that of the
parent benzenide itself. The next step is to use this set of in-
crements to predict the proton affinities of doubly substitut-
ed phenyl ions and to contrast the results with the values
obtained by direct quantum-chemical calculation. A close
numerical agreement is taken as evidence for the additivity
of the substituent effects under inspection.™!

If we apply these criteria, we have to rule that both halo-
gens, fluorine as well as chlorine, exhibit additivity of their
substituent effects. The increment-derived protonation en-
thalpies deviate from the directly computed ones by
0.4 kcalmol ™ in the fluoro series and by 1.5 kcalmol ™ in
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the chloro series. The already excellent approximation en-
countered with the ensemble of dichlorophenyl anions can
still be reduced to 1.0 kcalmol™ if one eliminates those spe-
cies having the substituent in the critical vicinal positions
(see below).

However, diagnostically significant differences between
increment-based and directly computed protonation enthal-
pies manifest themselves only at higher levels of substitu-
tion. As the difference remains below 1.0 kcalmol™ in the
entire fluoro series (Table 3), it was well justified to call flu-
orine effects additive.l!! In contrast and as suspected previ-
ously,”! the effects exerted by chlorine are progressively at-
tenuated when the number of substituents increases. Where-

Table 3. Proton affinities’® of zero-, mono-, di-, tetra- and pentafluoro
substituted benzenides (phenyl anions) relative to the benzenide parent
ion (AAH, =0.0; AH,=400.1 kcalmol™"): directly computed numbers'
(upper row), increment derived numbers!”) (middle row) and differences
between the two numbers (bottom row).

F
-12.7 6.5 4.3
-12.7 -6.5 -4.3
0.0 0.0 0.0
] <] <] <} <] ]
:" £ ~_F : F | F. : F :
F @ F F |F F
F F
-19.8 -17.0 -18.8 -25.6 -10.0 -12.8
-18.2 -17.0 -19.2 -254 -10.8 -13.0
-0.6 0.0 +0.4 -0.2 +0.8 +0.2
Q <] €] Q <] €]
S S elel 2k Soelel Sk =
@F F‘::F :F F’@ O F/@F
F F £ F
-23.5 -26.0 -32.0 227 -29.8 -16.4
-23.5 -25.7 -31.9 -23.5 -29.7 -17.3
0.0 -0.3 -0.1 +0.8 0.1 +0.9
<] <] <]
AF [P AU F F.‘ : F
FQF FIF F
F F
-29.9 -36.2 -39.0
-30.0 -36.2 -384
+0.1 0.0 -0.6
<]
Fu L F
F F
F
434
427
-0.7

[a] Al numbers in kcalmol™. [b] B3LYP/aug-cc-pVTZ/B3LYP/cc-
pVTZ. [c] Each fluorine atom in ortho, meta, and para to the carbanion
center is assumed to lower the proton affinity by 12.7, 6.5, and
4.3 kcalmol ™!, respectively.
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as the differences between increment-derived and directly
computed basicities are inconspicuously small at the
dichlorobenzenide stage (1.5kcalmol™'; see above), they
soar to 4.6 kcalmol ™ at the trichlorobenzenide level and ex-
plode to 8.6 and 13.2 kcalmol ™! with tetra- and pentachloro-
benzenides, respectively (Table 4).

Table 4. Proton affinities®® of zero-, mono-, di-, tetra-, and pentachloro-
substituted benzenides (phenyl anions) relative to the benzenide parent
ion (AAH,=0.0; AH,=400.1 kcalmol "): directly computed numbers'"!
(upper row), increment derived numbers! (middle row) and differences
between the two numbers (bottom row).

e
0.0
[e] <) Q
Tiet 3
c
cl
-14.5 9.8 -7.6
-14.5 9.8 -7.6
0.0 0.0 0.0
<] <] €] <] <] ]
@ECI ~_Cl /@,m m@m PN /@\
cl : ct ©\u ci cl
Cl cl
-21.7 -21.0 -22.9 -27.8 -14.9 -19.4
-24.3 -22.1 -24.3 -29.0 17.4 -19.6
+2.6 +1.1 +1.4 +1.2 +2.5 +0.2
Q ] <] <] <] <]
~_C ﬁcm\@[cn ~_clcl __¢cl PN
: :c1 Cl o ciict” : : Cl” : ~cl
cl cl cl (o]
-26.0 -30.0 -34.0 -27.6 -33.4 2221
-31.9 -34.1 -38.8 -31.9 -36.6 -27.2
+5.9 +4.1 +4.8 +4.3 +3.2 +5.1
<] ] <]
~_ClICl X cumﬁcn
ci” : :0| : :CI Cl ci
ci cl
-32.9 -37.9 -40.2
-41.7 -46.4 -48.6
+8.8 +8.5 +8.4
<]
Cl_~_Cl
C|: : :<:|
]
-43.0
-56.2
+13.2

[a] Al numbers in kcalmol™'. [b] B3LYP/aug-cc-pVTZ/B3LYP/cc-
pVTZ. [c] Each fluorine atom in ortho, meta, and para to the carbanion
center is assumed to lower the proton affinity by 14.5, 9.8, and
7.6 kcalmol ', respectively.

The most intriguing challenge is of course to find out
what makes fluorine and chlorine substituents behave so dif-
ferently. We will initially put forward a few tentative ideas.
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The most crucial dissimilarity between the two halogens
are obviously the bond lengths. Small substituents such as
fluorine will restrict the aromatic m-cloud to its ordinary
confinements. The electronegative substituent will thus
mainly act on the o-skeleton. Although we fully share O.
Exner’s warning!' about the “through-bond” and “through-
space” vocabulary, we admit to visualize the acidity-en-
hancement caused by fluorine atoms as an inductive, o-
bond-polarizing effect. This effect should be linearly cumu-
lative when two or several substituents are present. In con-
trast, aromatic m-electron density can flow above and below
the long, hence “electronically diluted” carbon—chlorine
bonds toward the halogen. This expansion of the m-cloud
(the spilling over the hexagon boundaries) will increase in
absolute terms with each additional substituent but will get
proportionally more and more attenuated as the carbanionic
center gets progressively depleted of m electrons due to o/m-
coupling.*7

The (formerly) so-called d-orbital resonance,'® a special
case of m- (or n-)polarization, also shows this trend, if
weakly. The progressive replacement of the first, second,
and third hydrogen by chlorine atoms diminishes the gas-
phase basicity of the methyl anion (methanide) by 21, 20,
and 19 kcal mol .17

As briefly mentioned above, the increment-based proton
affinities of the 2,3- and 3,4-dichlorophenyl anion deviate
more markedly (by 2.6 and 2.5 kcalmol ') from the directly
calculated numbers than this is the case with the other four
dichlorobenzenides (average difference of 1.0 kcalmol™).
This suggests a special interaction between the vicinal chlo-
rine atoms. Such an effect is well compatible with our hy-
pothesis of an expansion of electron density from the center
of the arene to the peripheral substituents. Owing to o/m-
coupling,™% the polarity in the CCl axis and, as a corollary,
the CCl dipole moment will be enhanced. This polarization
is impeded from developing fully in the case when two
neighboring chlorine atoms impose a quasi-parallel align-
ment of two adjacent dipoles.

As matters stand at present, it may be premature to think
of generalizations. However, if the bond length to the sub-
stituent is the decisive factor as suggested above, we would
not be surprised to find additivity of individual substituent
effects on the acidity of arenes with all first-row elements
(such as fluorine, oxygen, and saturated carbon), but non-
additivity with all second and higher row elements (such as
chlorine, bromine, and sulfur).

Experimental Section

The deprotonation energies of all oligofluorobenzenes, the key result of a
previous gas-phase study, have already been reported in a short commu-
nication.! Because of their importance in the given context, we specify
below what instrument was used and how the measurements were per-
formed. For further experimental details and formalities, see previous ar-
ticles from these laboratories.>72+2°

Gas-phase acidity measurements: The experiments were performed in a
home-made Fourier transform ion cyclotron resonance (FT-ICR) mass
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spectrometer, equipped with a 1.4 T electromagnet and a cubic inch cell.
Details of the instrument, the experimental procedures, and the error es-
timation have been described previously.”>%2¢!

The proton transfer from H—-Ay, to A and from H-A,; to A A, Was
studied by monitoring the reactions of the mass-selected anions as a func-
tion of the reaction time until the equilibrium was achieved, in general 3
to 4s. Relative acidities [kcalmol™'] were calculated as AAG; =
—RT(InK), where R is the gas constant, 7 the absolute temperature, and
K the proton-transfer equilibrium constant (K=[A A“‘m][H*A,e[]/[A;f][Hf
A,]. The required equilibrium ion-abundance ratios ([Axr)”]/[Aij}f])
were taken directly from the peak intensities in the reaction mixture.

The ratios of the concentration of the neutrals ([H—A,)/[H-A)]) are
equal to the partial pressure ratios, which were calculated from the parti-
al pressures read by the ionization-gauge manometer and corrected for
the ion-gauge sensitivities R* relative to N, (R*=1.00). For all reference
acids employed, with the exception of fluorobenzene and m- and p-fluo-
roaniline, experimental values for R* are available from the literature.””]
The relative sensitivities R* of all other acids followed from the relation-
ship R*=0.36a+0.3.”” The polarizabilities o were calculated® if experi-
mental values® were unavailable.

The relative free energies (AAG;) measured were converted into the free
energies of gas-phase deprotonation (AG;, listed in Table 5) by correlat-

Table 5. Acid/base equilibrations performed between oligofluorobenzene
and reference compounds in the gas phase : deprotonation energies
(AG,) and enthalpies (AH,) [in kcalmol '].

Benzene [H-A) | Reference acid [H—A ] AG, AH,

2 2
parent cmpd - 392.90! 401.7"
F, - 3788l 387.21
1,2-F, - 369.7 378.1
1,3-F, acetonitrile (365.0) 366.414 374,01
1,4-F, methanol (380.5) 372.4l¢) 380.5%
1,2,3-F, propionitrile (367.4) 367.6 375.7
1,2,4-F, 2-butanone (361.4) 362.8 370.4
1,3,5-F; 2-butanone (361.4) 361.6 370.0
1,2,3,4-F, 2-butanone (361.4) 361.9 370.0
1,2,3,5-F, 2-fluoroaniline (355.4) 355.6 363.5
124,5-F, 3-fluoroaniline (354.0) 3535 361.6
F; nitromethane (349.7) 349.2 356.8

[a] In parentheses gas-phase deprotonation data taken from reference
[23]. [b] Reference [29]. [c] Reference [12]. [d] Virtually the same num-
bers are obtained when proprionitrile (367.4%) is employed as the refer-
ence acid. [e] Reference [30].

ing them with the established free deprotonation energies of the refer-
ence acids employed (Table5). The deprotonation enthalpies AH;
(Table 5) were calculated in the usual way! by adding to the free ener-
gies AG; aterm T'x AS; which comprises the effect of the entropy change
due to proton detachment (7.7 kcalmol ') and due to the change in rota-
tional symmetry (calculated as the logarithmic ratio of the symmetry
numbers of external rotations of H-A), and Ay~ multiplied by RT).

Computational work: Initially the geometries of all 19 fluorinated phenyl
anions and the corresponding CH-acids were optimized with the RHF
method by using the 6-311G basis set supplemented with polarization
functions of d-type symmetry®! at the carbanionic center and at each of
the two neighboring carbon centers. To better describe the electron den-
sity distribution of the carbanionic lone pair a diffuse sp-orbital® ! was
included at the carbanionic center. This RHF/6-311+G* method was
also used for the calculation of the zero-point vibrational energies
(ZPVE:s). All optimized structures adopted planar arrangements (C,) and
were located as minima on their potential energy surfaces. The deproto-
nation energies were calculated at the second-order Mgller—Plesset per-
turbation theory level.?! The electronic energies were converted to en-
thalpies at 298 K, where the ZPVEs were multiplied by the scale factor

Chem. Eur. J. 2005, 11, 1251 -1256 www.chemeurj.org
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of 0.89.%) These MP2/6-311 + G*//RHF/6-311+ G* calculations were car-
ried out with the GAMESS program.*!

To establish how the numerical outcome depends on the quantum-chemi-
cal method and basis set employed we continued with geometry optimi-
zation at the B3LYP!"” level using the correlation consistent cc-pVTZ
basis set’™” and we have performed single-point calculations with the
MP2, and SCS-MP2 methods.**!'!l To evaluate the significance of diffuse
functions on all atoms we tested next the aug-cc-pVTZ basis set.””! The
B3LYP, MP2, and SCS-MP2 calculations with the cc-pVTZ and aug-cc-
pVTZ basis sets were carried out with the TURBOMOLE package of
programs.”®! In these MP2 treatments the resolution of the identity tech-
nique (RIMP2)®! was applied and the correlation of the 1s electrons of
carbon and fluorine and the 1s, 2s, and 2p electrons of chlorine was ex-
cluded (frozen core approximation). The corresponding auxiliary basis
sets for the RIMP2 calculations were taken from the TURBOMOLE
basis set library.**“**!l According to prior experience, the errors due to
the RI approximation are less than 0.01 kcalmol™' for energy differences
as considered here. To calculate the corresponding B3LYP, MP2, and
SCS-MP2 deprotonation enthalpies we have used ZPVEs and thermal
corrections from harmonic vibrational analyses carried out at the
B3LYP/cc-pVTZ level with the SNF program. !
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