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Combined Experimental and Theoretical Study of
the Protonation of Polyfluorobenzenes
[C6H6—nFn] (Il = 0_6)

J. E. Szulejko, J. Hrusakt and T. B. McMahon*
Department of Chemistry, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada

In a recent high-pressure mass spectrometric revision to the gas-phase basicity scale (J. E. Szulejko and T. B.
McMahon, J. Am. Chem. Soc. 115, 7839 (1993)), it was observed that the proton affinity for hexafluorobenzene
was 24 kcal mol™* (1 kcal = 4.184 kJ) lower than the accepted National Institute of Science and Technology
(NIST) database value of 177.7 kcal mol™! (S. G. Lias et al., J. Phys. Chem. Ref. Data 17, Suppl. 1 (1988)).
Furthermore, the proton affinities for most other polyfluorobenzenes were also found to differ substantially from
the NIST values. For many of the polyfluorobenzenes large protonation entropy changes were noted, which were
substantially greater than then those expected from rotational symmetry number changes alone. In view of these
observations, MP2/6-31G**//HF[6-31G** ab initio calculations were undertaken to investigate further the proton
affinity and entropy changes with respect to the degree of fluorine substitution. The present proton affinity varia-
tions found for the polyfluorobenzenes (hexaflorobenzene excepted) can be interpreted with the aid of the ab initio
results in terms of a simple additivity scheme. Each fluorine substituent para, meta, ortho or ipso to the ring
protonation site will induce an incremental proton affinity change with respect to benzene of 1.5, —7.0, —1.5 and
—19.0 kcal mol~?, respectively. This additivity scheme can also be used to rationalize the re-evaluated proton
affinities for the polymethylbenzenes and m- and o-fluorotoluenes. The corresponding methyl increments are 7.5,
5.5, 2.5 and 1.0 kcal mol~* for para, meta, ortho and ipso protonation respectively. From the present ab initio
statistical thermodynamic analysis of the various protonation entropy components, it was concluded that the low-
frequency vibrations are almost exclusively responsible for the large excess entropy changes observed experiment-
ally. Ab initio calculated barriers for 1,2 proton shifts in arenium species available in the literature are concluded to
be too large to allow the existence of a so-called dynamic proton. Large excess protonation entropies are noted
from the literature for polymethylbenzenes, naphthalene and 1-methylnaphthalene. © 1997 by John Wiley & Sons,
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INTRODUCTION

The initial impetus for our high-pressure mass spectro-
metric (HPMS) experiments, which led to the recently
published revision to the gas-phase proton affinity
scale,) was to re-examine the basicity scale of
McMahon and Kebarle,? obtained at a single tem-
perature (400 K), over an extended temperature range.>
Such temperature-dependent measurements enable both
the enthalpy and entropy for equilibrium proton trans-
fer to be determined accurately. This is inherently more
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satisfactory than reliance on entropy estimation
assumptions to convert a Gibbs free energy, AGlq,
scale into an absolute proton affinity (PA) scale which is
anchored to a reference base of known absolute proton
affinity. The absolute proton affinity for CO of 141.9
kcal mol~! (1 kcal = 4.184 kJ) obtained from appear-
ance energy measurements and supported by high-level
ab initio calculations was used as the only absolute
proton affinity standard in our work.

In our re-evaluation of the basicity regime from N, to
H,S3, we concluded that it was necessary to revise the
values of the proton affinities for H,O and H,S down-
ward by ~1.5 kcal mol™! from those given in the
National Institute of Science and Technology (NIST)
database.* It was decided, in the light of this observ-
ation, to extend the study to include another absolute
proton affinity standard, propene, as an additional
anchor to confirm the new proton affinities for H,O
and H,S found in that work. Examination of the NIST
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databases*> suggested that hexafluorobenzene would
have been an excellent intermediate base to bridge the
basicity span between H,S and C¢Hy. However, when
equilibrium proton transfer experiments were attempted
between benzene and hexafluorobenzene, little or no
protonated hexafluorobenzene could be observed,
except possibly during the initial 3 keV electron beam
ionization pulse. Three bases of decreasing proton affin-
ity were tried: H,S, CS, and SO, . Only with SO, could
equilibrium proton transfer be observed. This led to the
surprising conclusion that the proton affinity of hexa-
fluorobenzene must be ~24 kcal mol~! lower than the
NIST* entry. In view of this observation, the study was
expanded to ascertain whether the proton affinities for
the other polyfluorobenzenes might also differ substan-
tially from the NIST* values. Subsequently, the
polyfluorobenzenes' proved extremely valuable in
establishing the relative basicities of H,S, C;H, and
CeH, through the use of multiple overlap proton trans-
fer equilibria.

When proton transfer experiments were carried out
between a polyfluorobenzene (in large excess) and a
base of substantially higher basicity, for example
between 1,2,4 trifluorobenzene and benzene, a substan-
tial long-lived molecular cation of the polyfluoroben-
zene was observed. A finite '3C isotope correction due
to the molecular cation therefore had to be subtracted
from the signal occurring at the mass corresponding to
the protonated polyfluorobenzene of interest. As shown,
for example, in Fig. 1, under our HPMS conditions this
13C isotope correction term never became a major
concern. The NIST# proton affinities for the polyfluoro-
benzenes had been based on data derived mainly from
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Figure 1. Normalized time—intensity profiles of ions observed in a
mixture of benzene and 1,24-trifluorobenzene in methane
showing the minor '3C contamination due the radical molecular
cation of 1,24-trifluorobenzene at the mass corresponding to
protonated 1,2,4-trifluorobenzene (A) mj/z 79, protonated
benzene; (B) m/z 132, 1,2,4-12C¢H,F;*"; (C) signal at m/z 133
due to 1,2,4-12C¢"3CH,F,* and (1,2,4-'2CgH,F;)*; (D) pure
(1,2,4-"2C¢gH F;)H*  signal; (E) signal due to the 1,2,4-
12C 13CH,F,*"  component. lon source conditions: total
pressure=7.4 Torr (1 Torr=133.3 Pa), benzene partial
pressure =0.70 mTorr, 1,2,4-trifluorobenzene partial pressure =76
mTorr and temperature =500 K.

© 1997 by John Wiley & Sons, Ltd.

variable-temperature, low-resolution ion cyclotron reso-
nance (ICR) experiments by Hartman and Lias® in
1978. Subsequent reassessment’ of these data has
shown that under the ICR conditions the intensity of
the peak corresponding to the mass of the protonated
polyfluorobenzene of interest was almost entirely com-
posed of 13C carryover from the molecular cation.
Another complication evident from our HPMS work
was the slow proton transfer kinetics, even in the exo-
thermic direction, especially between polyfluoroben-
zenes. For example, proton transfer from
hexafluorobenzene to pentafluorobenzene occurs with a
rate constant of 6.5 x 107'! c¢cm?® s™! at 500 K. This
could then have been another contributing factor affect-
ing the reliability of the ICR data in which only a non-
equilibrium steady state would have been observed on
the ICR time-scale. In view of the relatively slow
kinetics, equilibrium constants for proton transfer
between pairs of polyfluorobenzenes of differing fluorine
content were not measured, as equilibrium could be not
established within our HPMS time-scale (5-25 ms)
before the ion count rate decayed to zero, due to either
diffusional losses or reactive losses with impurities.

A previous HPMS study by Yamdagni and Kebarle®
at 600 K provided data for fluorobenzene, 1,3-difluoro-
benzene and 1,3,5-trifluorobenzene, all having basicities
close to that of benzene. Unfortunately, that study did
not include any other polyfluorobenzenes. On the other
hand, thermochemical data for proton transfer between
benzene and fluorobenzene have been obtained in a
number of laboratories':®8~12 and are generally in
excellent agreement with one another (Table 1). These
data notwithstanding, there is a general paucity of
experimental basicity data for the polyfluorobenzenes.

Hartree-Fock,!3—1¢ MNDO,!7-18 MP2,1%20 AM12!
and G2?? calculations have been reported for many
protomers of toluene,!'° xylenes,'* benzene,!314-1%-22
fluorobenzene,!3-16-1° aniline,?°? pyridine,2°?
phenol,2°® difluorobenzenes,!®2! fluorotoluenes,'® poly-
fluorobenzenes,?!* trifluorobenzenes'”-18-212 and poly-
chlorophenols.?'® The preferred sites for protonation
(ring or fluorine substituent) have also been studied
experimentally in detail by several laboratories either by
examination of the mass spectra?*:?* or by low-energy
collisional activation?>-2% spectra of the protonated
polyfluorobenzenes, produced by Brensted acid proto-
nation reagent ions (HN,*, CO,H*, CH;*, N,OH",

Table 1. Summary of thermochemical data® for
proton transfer between benzene and flu-

orobenzene
AS° AGS,,  AGY,,  Ref. Method
—-0.8 —-2.7 0.0 0.8 6 ICR
-1.3 -3.4 -0.3 0.7 1 HPMS
0.9 8 HPMS
-1.3 -3.5 -0.3 0.8 9 HPMS

-14 -3.6 -0.3 0.8 10 HPMS
-1.2 -3.7 -0.2 1.0 11 HPMS
-14 -3.6 -0.3 0.8 12 HPMS

@ AH° and AG® in kcal mol~", AS®° in cal mol~' K~".
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Table 2. Thermochemical data analysis of molecules studied in the present work

PS® Molecule PA® PA°
4 Toluene 187.7 189.8
4 Fluorobenzene 181.3 182.6
1 Benzene 180.0 181.3
4 1,3-Difluorobenzene 180.0 181.9
2 1,3,5-Trifluorobenzene 178.4 181.0
4 1,2-Difluorobenzene 175.7 181.8
5 1,2,4-Trifluorobenzene 174.7 181.4
4 1,2,3-Trifluorobenzene 173.0
2 1,4-Difluorobenzene 1715 181.2
4 1,2,3,5-Tetrafluorobenzene 170.0 180.6
5 1,2,3,4-Tetrafluorobenzene 165.8 181.1
3 1,2,4,5-Tetrafluorobenzene 161.0 179.7
6 Pentafluorobenzene 164.3 179.9
1 Hexafluorobenzene 153.8 177.7

PA¢ PA® AS:/zb ASZ./J AST5° As:/zh
187.3 3.0 0.0 3.0 0.0
181.6 1.5 0.0 1.5 0.0
179.9 178.8 5.5 3.6 2.0 35
181.0 3.0 14 1.5 1.0
180.0 25 2.2 0.5 1.5
175.0 2.0 14 0.5 1.5
174.7 1.0 0.0 1.0 0.0
174.0 5.0 14 3.6
172.4 6.0 2.8 3.0 1.5

7.5 14 6.0 1.5
168.2 7.0 14 5.6 0.0
164.2 10.0 2.8 7.0 35
166.8 166.01 6.0 0.0 6.0 156
153.8 153.8% 95 5.0 4.5 4.5

2 PS = protonation site; see also Table 6 for proton affinity vs. protonation site by additivity scheme estimation.
P Taken from Ref. 1 except for 1,2,3,5-tetrafluorobenzene from Ref. 35.

°Ref. 4.
40 K PA, Ref. 19.
® G2 or combined G2-HPMS determined PA.

fASZ, ), =RIn(0g/0gy.) due to rotational symmetry (see text).

9Eqgn (10).

"A.S:’,2 is calculated from the LLL 298 K basicity and proton affinity compilation (Ref. 5) as follows: AS3 , =26.0

— (PA — basicity)/0.298 cal mol~" K—".
1298 K G2 result, Ref. 22.

I From combined G2 ab initio calculations on CHj;l, PA =165.2 kcal mol~" (Ref. 33); CS,, PA=163.0 kcal mol~’
(Ref. 32) and HPMS H* exchange between CH;l and CgHF5 (AH° = —1.1 kcal mol~", AS° =-3.8 cal mol~* K~*
(Ref. 31)); or CS, and CgHF5 (AH° = —2.8 kcal mol~", AS° = — 4.6 cal mol~" K=', HPMS study (Ref. 1).

X From combined G2 ab initio calculations on CH,Cl, PA =155.3 kcal mol~"; CH,Br, PA =158.4 kcal mol~*; and
HPMS H* exchange between C4Fs and CH,Cl (AH®=—1.7 kcal mol~"!, AS°=-5.2 cal mol~' K~") or C4F¢ and
CH4Br (AH° = —4.5 kcal mol~", AS° = —3.5 cal mol~" K~") (Ref. 33).

HCO™, C,Hs* and H;0™). Apart from ring or substit-
uent protonation sites, the possibility of a face-centred =
complex isomer of the benzenium ion has been postu-
lated by Mason et al.>” In order to explore the relative
energetics of possible protonation sites in the polyfluo-
robenzenes, an extensive ab initio study of fluoro-
benzene o0-, m- and p-difluorobenzenes and
hexafluorobenzene has also been undertaken. The
results of this combined experimental and ab initio
study are described herein.

EXPERIMENTAL

All experiments were performed on a pulsed ionization
high-pressure mass spectrometer constructed at the
University of Waterloo configured around a VG 70-70
mass spectrometer whose geometry has been reversed to
provide a B-F instrument. The experimental conditions
employed, the apparatus and its capabilities have all
been described in detail previously.”® Polyfluoroben-
zenes and other chemicals were obtained from com-
mercial sources and were used as supplied. Gaseous
mixtures for the proton transfer experiments were pre-
pared as described previously. Occasionally, higher
mass resolution than the normal setting (~500) was
sometimes used (<2000) to remove or separate isobaric
H,C,O background interferences from the sometimes
weak protonated polyfluorobenzene signals of interest.

© 1997 by John Wiley & Sons, Ltd.

AB INITIO CALCULATIONS

Molecular orbital calculations for a number of neutral
and protonated fluorobenzenes were carried out at the
MP2/6-31G**//HF/6-31G** level using the Gaussian
92 program suite.>® The HF/6-31G** calculated vibra-
tional frequencies and zero point energies were scaled>°
by 0.89 in the calculation of gas phase thermochemical
quantities, such as entropies at the HF/6-31G** level
and the 0 K proton affinities from MP2/6-31G** total
energies. The HF/6-31G** level vibrational thermoche-
mical quantities were calculated using the harmonic
approximation in the statistical thermodynamic formu-
lae. Smith and Radom?®! have recently dealt with the
performance of various theoretical methods in calcu-
lating proton affinities and have demonstrated that
proton affinities calculated at the MP2 level with rela-
tively small basis sets can predict accurate proton affin-
ities for many systems.

RESULTS

The gas-phase basicities for most of the protonated
polyfluorobenzenes studied here have been tabulated
previously! and were obtained from the temperature
dependence of proton transfer equilibrium constants for
~ 80 pairs of bases ranging in proton affinity from N,
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Figure 2. Proton transfer kinetics: Arrhenius plots [Eqn (7)] between pairs of bases [B, —»B,, Eqn (5)]. (1) H,S —» C¢Hg:; (2)
1,4-CqH,F, > CgHg ; (3) CgHg — CHCHy; (4) CS,—1,2,3,6-CeH,F,; (5) 1,2,3-CgHgF3 —» CeHg ; (6) CeHgF — CeHgCHy; (7) 1,2,3-
CgH3F3 » CgHg; (8) CS, — 1,2,3-CgH5F5; (9) 1,2-CgH,F, - CgHg s (10) CgFg — CS,; (11) 1,2,4-CgHF; —» CgHg; (12) CgFg —» CF,CN;

(13) CS, — CgHFs.

Table 3. Summary of proton transfer kinetic data

B, B, AH* ®
CeHsF CeHsCHg -3.2
CeHe CeHsCH, -25
1,35-CeHsFs  CeHe -3.4
1,2-CeH,F, CeHe -1.6
1,24-CeHsFs  CeHe -2.3
1,2,3-CeHgFs  CeHe -3.1
1,4-CgH,F, CeHe -3.7
H,S CeHe 0.2
cs, 1,2,3-C4H4Fs -2.9
cs, 1,2,35-CeH,F,  —2.2
cs, CeHFs -3.1
CeFs cs, -20
CeFs CF4CN -73

AS* @

—22.6
-19.6
-27.4
-18.0
-211
—22.3
-21.8
-12.5
-20.5
—20.1
—28.8
-19.5
—34.6

ksoo b k300 b AH* c AS* c AH° d Asc d
7.2x10~" 1.1x10°° -4.7 —26.5 —6.1 1.8
2.2x10°"° 1.8x10° -4.1 -23.4 -8.0 -21
8.4 x107"2 1.4x10°1° -4.9 -31.2 -1.5 2.1
1.9x10-"° 7.0x10-1'° -31 —221 —4.2 31
95x10~" 6.7 x10°1° -4.0 —24.8 -5.2 4.1
8.8x10~"" 1.2x10° -5.0 —26.8 -7.0 -0.3
25x107"° 55x10-° -5.7 —-26.0 —8.6 -1.5
1.56x10-° 1.2x10-° -2.0 -16.5 -10.7 3.0
2.6 x107"° 3.0x10°° -4.8 —24.4 -11.4 -6.5
25 x10°"° 9.8 x10-1° -3.9 —24.0 —8.7¢° —3.6°
2.3x107"2 31 x10"" -45 -32.8 -2.8 -4.6
1.3x10°"° 6.6 x10-1° —-35 —23.5 ~—8.0 ~1.2f
85x107"2 45x%x107° -9.3 —34.0 N.M.® N.M.®

2 Arrhenius plot, In k vs. 1/T [Eqn (7)] (AH* in kcal mol~"'; AS* in cal mol~" K—").

b Extrapolated Arrhenius 300 and 600 K rate constants (in cm3s~1).

© Modified Arrhenius plot, In(k/T?) vs. 1/T [Eqn (8)].

9 Equilibrium data [Eqn (1)] taken from Ref. 1 unless noted otherwise (AH° in kcal mol~' and AS® in cal mol~' K-1).

° This work.
fNot originally included in Ref. 1.

2 Not measurable, equilibrium was not established within the HPMS time-scale.

to tert-butylamine. Equilibrium proton transfer between
two neutral bases, B, and B, [Eqn (1)] was examined
and the corresponding equilibrium constant at each
temperature determined from the ion intensity ratio of

Table 4. Summary of single-temperature proton transfer
kinetic data

B, B, Temperature (°C) k (cm3®s™")
CgHF5 CeHe 191 7.5 x10-"°
CeFe CgHF; 69 42 x10-"
CeFe CgHFg 226 6.7 X102
CeFe Ce¢Hg 255 1.1x10°°
S0, CoFe 175 1.0 x10-1°
SO, CeFe 270 6.5 x10-""
1,4-CgH,F, 1,2,4-CgH;F, 58 1.0x10-12
1,3-C¢H,Cl, Ce¢Hg 97 8.0 x10"3
H,S 1,2,3-CgH;F; 80 1.0x10"°

© 1997 by John Wiley & Sons, Ltd.

the two protonated bases at equilibrium (Ip,y+)/(Ig,u+),
and the partial pressure ratios (Pg,/Pg,) of the two
neutral bases [Eqn (2)] (see Fig. 1 for representative
normalized time intensity profiles).

B,H* + B,=B,H* + B, 1

Keq = (IBZI-H : PBl)/(IB1H+ * PBZ) ()

The variation of In K., vs. reciprocal temperature
(van’t Hoff plot) [Eqn (3)]

InK,, = — AH°/RT + AS°/R 3)

was used to derive the new experimental proton affin-
ities and protonation entropies, AS],,, presented in
Table 2 for the protonated polyfluorobenzenes. Also
shown for comparison are the NIST database*> values.
Carbon monoxide was chosen as the only primary stan-
dard. A 300 K absolute proton affinity of 141.9 kcal
mol~! and a 500 K half-reaction protonation entropy

JOURNAL OF MASS SPECTROMETRY VOL. 32, 494-506 (1997)



498 J. E. SZULEJKO, J. HRUSAK AND T. B. McMAHON

change, AS3,,, of 3.0 cal mol ™" K~ ' have been assigned
to carbon monoxide.! The half-reaction entropy change,
AS3),, for a protonation reaction [Eqn (4)] is defined as
the difference in entropy between the protonated base,
BH™, and the neutral base, B. The entropy of the proto-
nated base can be approximated to that of a known
isoelectronic analog (e.g. H;O" as NH;). If the
entropies of B and the isoelectronic neutral analogue of
BH™" are known from the literature, then an estimate
can be made for AS7,. The temperature of 500 K has
been assigned to the AS],, scale based on the following:
(i) the average temperature of the ~80 van’t Hoff plots
and (ii) the estimated AS{,, [Eqn (4)] for N,, CO, H,0O,
H,S and NH,;. In this way, the estimated AS},, for N,,
CO, H,0, H,S and NH; are most consistent with the
experimental results in the Szulejko-McMahon study.’

ASt{/z = Sgoo(BHJr) - c5>00(B) (4)

Bimolecular proton transfer kinetics for a number of
pairs of \bases [Eqn (5)] were studied as a function of
temperature. The variation of In k vs. 1/T (Arrhenius
plot) for each of the systems studied is shown in Fig. 2.
The pre-exponential temperature term in the transition
state bimolecular rate equation (Eqn (6), standard state
1 atm) has been treated as a pseudo-constant, T,,, the
mid-temperature of the temperature range studied. The
term c is the conversion factor to convert from concen-
trations expressed in atm to molecules cm 3. The Arr-
henius parameters®* [the enthalpy, AH*, and entropy,
AS*, of activation, Eqn (7)] derived from transition state
theory are presented in Table 3, together with the
extrapolated 300 and 600 K rate constants. The mathe-
matically rigorous treatment would be to perform linear
regression on In (k/T?) vs. 1/T [Eqn (8)]. The data thus
derived are also shown in Table 3. Other determi-
nations for other proton transfer kinetic experiments
carried out at a few temperatures are summarized in
Table 4

B,H* + B, »>B,H" + B, G)
k = c(kT/h)exp(AS*/R)exp(—AH*/RT) cm® s !
(k in units of molecules™! cm3 s™! (6)

k = AT? exp(AS*/R)exp(—AH*/RT) cm® s~1 (7)
(k/T?) = A exp(AS*/Riexp(—AH*/RT)  (8)

where ¢ = (224007)/(273L) molecules ! cm3, A=
c(k/hT), L = 6.02 x 10?* molecules.

DISCUSSION

Polyfluorobenzene protonation sites

The ab initio proton affinities at various levels of theory
(Table 5) for possible sites for protonation in
fluorobenzene!*~1%19-212 have predicted the site order
of decreasing proton affinity to be protonation para,
ortho, meta, ipso to the fluorine substituent and on fluo-
rine. At a much lower level of theory, MNDO'” calcu-
lations on all three isomers of trifluorobenzene and
AM121®  calculations on polyfluorobenzenes have
yielded similar conclusions and qualitatively reproduced
relative proton affinities found in the present work. The
MNDO calculations of Hru$ak'” have shown that the
proton affinity is substantially reduced if a carbon atom
that possesses a formal positive charge is ortho to a
carbon bearing a fluorine substituent. The carbon atom
in the highly polar C°*—F°~ bond carries a large
partial positive charge and, being ortho to a formal
positive charge site, is very unfavourable energetically.
Protonation on fluorine is also very unfavourable. A
pair of neighbouring fluorine substituents increase the
proton affinity by ~ 1.0 kcal mol~ 1. With these general
rules in mind, the observed variation of proton affinities
on fluorine content and substitution patterns can now
be fully rationalized in terms of an additivity scheme
(see below) partly based on ab initio calculations and
the experimentally observed proton affinity trends.
Tkaczyk and Harrison?® have studied the low-energy
CID of protonated polyfluorobenzenes as a function of
Bronsted acid protonation chemical ionization reagents
of decreasing acidity, such as CO,D*, CDs;" DCO",
C,D;" and D;O", by monitoring the loss of DF. Deu-
teronation on fluorine can only occur if the proton
affinity of the Bronsted base is lower than that of the
fluorine site. The fluorine is preferentially protonated by
Bronsted acids due to long-range ion—dipole inter-
actions of the highly polar °*C—F°~ bond and the
Bronsted acid. The proton affinity for fluorine proto-
nation would be bracketed by monitoring the
occurrence or non-occurrence of DF loss as a function
of Bronsted acid acidity. However, in that study, no
data for hexafluorobenzene were presented. Under CI
conditions, very little protonated hexafluorobenzene

Table 5. Comparison of fluorobenzene proton affinities (kcal mol ~*) vs. protonation sites

Fluorobenzene protonation site

Method used F ipso
4-31G* 138.5 170.0
MP2/6-31G** P 150.3 160.8
6.6 3.7
MP2(fc)/6-31G**//HF/6-31G* ¢ 160.4

Experimental

2 Electronic PA, Ref. 15.

meta

ortho

para

Comments

1785 1845 186.4
1729 1797 1820
4.1 4.0 25 (300 K AS3,)°
1725 1794 1816
1813 (500 K PA)®
20 (500 K AS3,)®

®This work, 0 K PA, Z,,, scaled by 0.89; see also Ref. 16.

°This work, in units of cal mol=" K=' [Eqn (4)].
40 K PA, Z,, scaled by 0.89, Ref. 19.
°Ref. 1.

© 1997 by John Wiley & Sons, Ltd.

JOURNAL OF MASS SPECTROMETRY, VOL. 32, 494-506 (1997)



PROTONATION OF POLYFLUOROBENZENES 499

Table 6. Additivity estimated and present MP2/6-31G**//HF/6-31G** calculated proton affinities vs. ring protonation sites for

polyfluorobenzenes®
Ring protonation site, C-1 to C-6

F®  Substitution® c-1 c-2 c-3 c-4 c-5 c-6
1 1 161.0 1785 173.0 181.5° — —
1 1 160.8 179.7 1729 182.0 — —
1 1 160.4 1794 1725 181.6 — —
2 1.3 154.0 177.0 — 180.0 166.0
2 1.3 153.1 1783 — 1811 165.8 —
2 1.3 152.8 178.3 — 1811 165.6 —
2 1,2 160.5 — 1725 175.5
2 1,2 159.7 — 1722 1751 — —
2 1,2 162.4 — 172.2 175.0 — —
2 14 1625 171.5 — — — —
2 14 163.5 172.5 — — — —
2 14 163.4 172.4 — — — —
3 135 147.0 178.5 — — — —
3 1,35 145.7 180.0 — — — —
3 124 162.0 1535 171.0 1565 174.0 165.5
3 124 165.6 155.3 171.0 156.6 174.7 165.1
3 123 1525 158.0 — 173.0 1675 —
3 123 155.0 164.0 — 1740 168.6 —
4 1,235 1455 1595 — 171.5 1485 —
4 1,234 154.0 151.0 — — 166.0 —
4 1,234 158.2 156.6 — — 168.2 —
4 1,245 154.0 — 163.0 — — —
5 Pentafluoro 147.0 1525 144.0 — — 164.5
5 Pentafluoro 1525 1604 149.6 — — 166.8
6 Hexafluoro 145.5 — — — — —
6 Hexafluoro 153.9 — — — — —
6 Hexafluoro 153.8 — — — — —

2 Symmetry redundant values are not shown. PA in kcal mol~".
® Number of fluorine atoms.

¢ Fluorine substitution pattern.

9 Protonation on a fluorine substituent.

° Data from Ref. 1.

°Values in bold denote the most favourable protonation sites.

Fd Pa Method used

Additivity scheme, Eqn (9)
0 K MP2/6-31G**, this work
0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19a, 19¢

Additivity scheme, Eqn (9)
0 K MP2/6-31G**, this work
0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19a, 19¢

Additivity scheme, Eqn (9)
0 K MP2/6-31G**, this work
0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19a, 19¢

Additivity scheme, Eqn (9)
0 K MP2/6-31G**, this work
0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19a, 19¢

Additivity scheme, Eqn (9)

0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19b, 19c¢
Additivity scheme, Eqn (9)

0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19b
Additivity scheme, Eqn (9)

0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19b, 19c

Additivity scheme, Eqn (9)

Additivity scheme, Eqn (9)

0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19b, 19¢c
Additivity scheme, Eqn (9)

Additivity scheme, Eqn (9)

0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19b, 19c¢
Additivity scheme, Eqn (9)

0 K MP2/6-31G**, this work

0 K MP2(fc)/6-31G**//HF/6-31G*, Ref. 19b, 19¢c

°
expt

— 181.3
181.3
— 181.3

180.0
— 180.0
— 180.0

175.7
— 175.7
— 175.7

— 17156
— 1716
— 17156

— 178.4
— 178.4
— 1745
— 174.5
— 173.0
— 173.0

— 170.0
— 165.8
— 165.8
— 161.0
— 164.3
— 164.3
— 153.8
1563.8
— 153.8

could have been produced by the H;O* and C,Hs*
reagent ions, even though the Lias et al. basicity scale’
would have suggested otherwise. The present work now
places the proton affinity for hexafluorobenzene below
that of water and ethene, contrary to the Lias et al.’
and NIST* values. A few other studies have been
reported on the Breonsted acid CI mass spectra®®2* of
polyfluorobenzenes in order to gain a qualitative insight
into sites for protonation, e.g. fluorine vs. ring proto-
nation.

A face-protonated n complex of benzene had been
postulated to be the most stable isomer of benzenium in
the gas phase, as inferred from a collision activation
study?” of labelled H,D benzenium as a function of ion
source temperature. Calculations performed at the G2
level>?> on isomeric benzenium species have demon-
strated conclusively that the C,, o-bonded benzenium
species is the global minimum. The C4, © complex of
benzenium, in contrast, was found to be a second-order
saddle point, 47.5 kcal mol ™! higher in energy. Face
protonation of a polyfluorobenzene can therefore be
discounted with a very high level of confidence and cer-
tainty.

© 1997 by John Wiley & Sons, Ltd.

Polyfluorobenzene proton affinity substitution pattern

An additivity scheme can be constructed to predict an
experimental proton affinity to within 1.0 kcal mol !
for most polyfluorobenzenes. The following incremental
parameters (I,x) were defined [for Eqn (9)]: I (1.5 kcal
mol 1), Iz (—1.5 kcal mol™ 1), I, (—7.0 kcal mol™?)
and I (—19.4 kcal mol™!) as the proton affinity
changes relative to benzene for protonation para, ortho,
meta or ipso to a fluorine substituent, respectively. For
two neighbouring fluorine substituents an I, of 1.4 kcal
mol ! in 1,2-difluorobenzene and 1,2 4-trifluorobenzene
is also defined. The experimental values derived for the
five parameters used (Ir, I,r, I, Iip, I,5) Were esti-
mated initially from the ab initio calculations performed
on fluorobenzene and subsequently were adjusted to
give the best fit to the experimental proton affinities
(excluding C¢F¢). The parameter I,z (ipso protonation)
was estimated from the 0 K MP2/6-31G** proton
affinity values. The 0 K MP2/6-31G** values for the
parameters are I,p =21, I,r = —09 and I,z= —72
kcal mol ! (C4F excepted).
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PA =180.0 + pl g + ol ;g + ml g + il; + nlx (9)

where p, m and o are the number of fluorine substituents
para, meta or ortho to the protonation site, respectively,
and i and n =0 except for i = 1 for ipso protonation
and n=1 only for 1,2-difluorobenzene or 1,2,4-tri-
fluorobenzene. (Note: if p, m, o, i and n are set to zero,
Eqn (9) simply yields the proton affinity for benzene.)
The results predicted by additivity are presented in
Table 6 for the most favourable ring protonation site (in
bold) and other ring protonation sites together with the
MP2/6-31G**//HF/6-31G** calculated values. Recent
proton affinity calculations!® at the MP2(fc)6-31G**//
HF6-31G* level on fluorobenzene and all three isomers
of difluorobenzene are in excellent agreement with our
MP2/6-31G**//HF/6-31G** calculated values. It is
readily apparent that the agreement is excellent
throughout except for hexafluorobenzene, for which the
additivity-calculated proton affinity is ~ 10 kcal mol !
lower than either the HPMS experimental or the MP2/
6-31G**//HF/6—31G** results. This may be due to the
fact that the value of the parameter I may differ if the
protonation site is both ipso to one fluorine substituent

and para to another fluorine substituent. It is observed
experimentally that the proton affinity for the polyfluo-
robenzenes generally decreases with increasing fluorine
substitution.

A similar additivity scheme can also be constructed
for the polymethylbenzenes to fit the revaluated proton
affinities®*>7-384% presented in Table 7, with I, = 7.6,
Iyve =53, Inye =21 and Iy, = 1.7 kcal mol™! for
protonation para, ortho, meta or ipso to a methyl sub-
stituent, respectively. This scheme is in good agreement
with the low-level ab initio isodesmic calculations of
Attina et al.'® Recent calculations'® at the MP2(fc)6—
31G**//HF6-31G* level on toluene!®® and xylenes!®®
also support the additivity assignments for the I .,
I e Ione and Iy, parameters. The two separate proton
affinity additivity schemes presented here for the poly-
fluorobenzenes and for the polymethylbenzenes can be
combined to predict the proton affinities for the meta
and ortho fluorotoluenes to within 0.5 kcal mol ™! of the
revised experimental proton affinities,>®*” shown in
Table 7, and are also in good agreement with
calculations!® performed at the MP2(fc)6-31G**//
HF6-31G* level. The proton affinity of p-fluorotoluene

Table 7. HPMS-determined proton affinities and protonation entropies for aromatics®

Reference (R)® Molecule (M) PA (M)°
i-C4Hg m-Xylene 192.2
CH,;CO,C,H; m-Xylene 192.5
(CH;),0 m-Xylene 193.7
(CH,),0 o-Xylene 190.0
(CH;),0 p-Xylene 189.2
c-C3HgCOCH, 1,3,5-Trimethylbenzene 198.7
CH;CO,C,Hg 1,3,5-Trimethylbenzene 198.5
CH,CO,C,Hg 1,2,3,6-Tetramethylbenzene 200.7
CH;CO,C,Hg Pentamethylbenzene 201.9
CH,CO,C,Hg Hexamethylbenzene 2041
CeHgCH, m-Fluorotoluene 187.4
CgHsCH3 m-Chlorotoluene 186.7
CeHsCH, o-Fluorotoluene 184.6
CgHsCH3 o-Chlorotoluene 181.9
CegHeg Fluorobenzene 181.3
Ce¢Heg Fluorobenzene 181.3
CegHeg Fluorobenzene 181.3
Ce¢He Fluorobenzene 181.4
Ce¢Hg Fluorobenzene 181.2
Ce¢Heg Chlorobenzene 181.1
Ce¢Hg Chlorobenzene 180.7
(CH3),CO 1-Methylnapthalene 196.9
(C,Hg),CO 1-Methylnapthalene
(CH3),CO Naphthalene 189.7
(C,Hg),CO Indene 202.6
(C,Hg).CO Styrene 199.7
i-C4Hg Styrene 199.6

2 PA in kcal mol~" and ASj , in cal mol=" K="

PA(M)*  PA(M)*  AS;,"  AS;,° m"
195.9 193.3 7.5 0.0 35
195.9 193.3 7.5 0.0 35
195.9 193.3 5.0 0.0 37, 38
193.3 189.7 9.5 2.0 37,38
192.0 189.1 11.0 1.5 37, 38
200.7 6.5 0.0 35
200.7 6.5 0.0 40

55 40

6.5 40
207.3 85 1.5 40
189.5 188.0 2.0 36, 37
188.9 35 36, 37
187.0 185.1 35 36, 37
184.3 10.0 36, 37
182.6 181.6 2.0 0.0 1
182.6 181.6 2.0 0.0 9
182.6 181.6 2.0 0.0 12
182.6 181.6 2.0 0.0 10
182.6 181.6 1.5 0.0 11
181.7 2.0 1.5 9
181.7 3.0 1.5 10
200.7 6.0 0.0 11

11

194.7 9.5 3.0 11

35 11
202.0 4.0 0.0 11
202.0 4.0 0.0 39

®The proton affinities for the reference bases, R, have been re-evaluated according to the PA scale in Ref. 1.
°PA of M calculated from literature proton transfer thermochemistry between R and M and the re-evaluated data

for R.
9Ref. 4.
°0 KPA, Ref. 19.

’AS‘;/2 for M calculated from literature proton transfer thermochemistry between R and M and the re-evaluated

data for R.
9 Ref. 5.

h Proton transfer thermochemistry literature reference.
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can be estimated by additivity to be 183.2 kcal mol !
with protonation ipso to the methyl group. The 0 K
proton affinity of p-fluorotoluene (protonated ortho to
the fluorine substituent) has been calculated at the
MP2(fc)6-31G**//HF6-31G* level'® to be 182.5 kcal
mol~'. However, no calculated proton affinity was pre-
sented for protonation ipso to methyl in p-
fluorotoluene.'® This quantity is experimentally difficult
or impossible to measure by HPMS.!2

The available experimental and MP2 ab initio
proton affinity increments (I,x) relative to benzene for
substituents (X = F, CH;, OH and NH,) and position
(p = para, ortho, meta and ipso) to the site for proto-
nation are summarized in Table 8. In principle, the
proton affinity for ring protonation on any arbitrary F,
CH;, OH or NH, substituted benzene can be estimated
with reasonable confidence by summing all I x contri-
butions [to Eqn (9)] from the data presented in Table 8.

19,20

Protonation entropy AS7,,

The protonation entropies, ASS,,, for the compounds
studied by Szulejko and McMahon! are presented in
Table 2. Additional data®~'%33=%% from the literature
are presented in Table 7. It is readily apparent that the
protonation entropy, ASj,, for many of the aromatics
is very large and well above that expected from changes
in symmetry numbers alone in the protonation process.
In order to account for this phenomenon, Mason and
co-workers®*®37 had introduced the concept of a
dynamic proton in the protonated base for which the
barrier for proton migration around the benzene ring is
very low. Such a mobile proton was believed to have an
appreciable internal translational entropy as the proton
circulates around the ring. In earlier publications,3%-3”
Mason and co-workers had suggested that ASj,, for
benzene was as large as 12-13 cal mol~! K. Evidence
in support of a dynamic proton conjecture came from
low-level ab initio calculations and super acid solution-
phase NMR studies. The protonation entropy for
benzene was later revised to ~4 cal mol~* K ™! based
on additional experiments!? and thus no unusually

large entropy due to dynamic proton was evident at
least for benzene. The early Mason and co-workers,>%37
AS3,, entropy ladder is therefore questionable in view of
the fact that p-chlorotoluene and p-fluorotoluene were
the only compounds used to connect toluene to benzene
in its construction. In addition, upon protonation, the
p-halotoluenes are believed to isomerize'? to the meta
isomers. Therefore, no true proton transfer equilibrium
data could have been obtained in that work. Mason
and co-workers'? therefore later recanted the dynamic
proton concept.

The AS7, expected from rotational symmetry
changes for benzene upon protonation is Rln6 (3.6 cal
mol ! K™!) compared with a 500 K experimental value
of 5.5 cal mol~* K~!. Almost all of the additional
entropy, ~2.0 cal mol™! K~! can be reasonably
ascribed to a larger number of lower frequency vibra-
tional modes being present in the protonated species
over that of the neutral benzene. Ab initio calculations
on a number of protonated aromatic species have
estimated vibrational frequencies of the order of 200
cm~! for a CH, group wagging motion.'*1%22 Upon
protonation, three additional vibrational modes are
created and may have vibrational frequencies low
enough to contribute significantly to the AS7, found
experimentally. Ab initio vibrational frequencies are not
available in the literature for the more highly substi-
tuted polyfluorobenzenes.

The puckering mode in neutral hexafluorobenzene
(the lowest frequency mode present) has been calculated
to be quite harmonic*"*> up to least 3 kcal mol™*
above the well bottom. The theoretical vibrational
frequencies, scaled by 0.89, are in excellent agreement
with the experimentally determined vibrational
frequencies*3>~*> in the literature for neutral fluoro-
benzenes such as fluorobenzene,*® difluorobenzenes*4
and hexafluorobenzene.*> However, no experimentally
determined vibrational frequencies have been obtained
for the protonated fluorobenzenes. The vibrational
modes can be assumed to be reasonably harmonic for
both the neutral and protonated polyfluorobenzenes.
Torsional modes or internal rotors are absent for both
the neutral and ring protonated bases. In Table 9 are

Table 8. Experimental and MP2 ab initio proton affinity increments 7,x *
(kcal mol %) relative to benzene for substituent type (X) and posi-
tion (p) with respect to the ring protonation site

X— F

p® Expt.© MPp2¢ MP2°
Para 15 2.0 1.5
Ortho -1.5 -1.0 -0.5
Meta -7.0 -7.0 -7.5
Ipso -9.5 -19.5 -23.0

@ To the nearest 0.5 kcal mol~".

CH, OH NH,
Expt!  MP2° MP29 MP2"

7.5 7.5 15.5 225
5.5 6.0 13.0 18.0
25 3.0 0.0 —-2.5
1.0 0.0 -18.0 -17.0

b Substituent position relative to the ring protonation site.

° Based on analysis of data presented in Table 2.

9 Present MP2/6-31G**//HF/6-31G** calculations on fluorobenzene and p-,
m- and o-difluorobenzenes (hexafluorobenzene excepted).

°MP2(fc)/6-311 + G**//HF/6-31G* calculations on toluene and o-, m- and

p-fluorotoluenes; Ref. 19.

fBased on the re-evaluated experimental HPMS data presented in Table 7.
9MP2(fc)/6-311 + G**//HF/6-31G* calculations on phenol only; Ref. 20b.

hMP2(fc)/6-311 + G**//HF/6-31G*
methylaniline; Ref. 20a.

calculations on

aniline and 4-
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Table 9. Comparison of HF/6-31G** and MP2/6-31G** calculated thermochemical data with experimental quantities for the

polyfluorobenzenes®
PAde PAde PA* APA®®  APA™S Soes ! As;,!
Z,, o Eppz &4 0K 298 K 0K 0K 0K APAP 298 K S50s ! 298 K ASS, *
Species PS®  HF/6-31G** MP2/6-31G** MP2 MP2 MP2 MP2 MP2  HPMS HF/6-31G** Expt. HF/6-31G** HPMS
CgHsF U 0.0988814 —330.5144339 72.4 72.3
1 01104997 -330.7811286 160.8 162.0 156.7 21.2 249 76.1 3.7
2 01102645 -—330.8110547 179.7 180.8 179.4 2.3 2.2 76.4 4.0
3 01093842 -—330.7993952 1729 1740 1725 9.1 9.1 76.5 41
4 01102849 —330.8146492 1820 1831 181.6 0.0 0.0 0.0 74.9 25 1.5
F 01077460 —330.7618898 150.3 150.9 31.7 79.0 6.6
1,3-CgH,F, U 0.0903412 —429.5237480 76.4 76.6
1 01016865 —429.7778840 1531 1542 1489 289 327 78.7 2.3
2 01021405 -429.8185686 1783 1795 178.3 3.7 3.3
4 01022187 —429.8230392 1811 1822 181.1 0.9 0.5 1.3 78.7 2.3 3.0
5 01005253 -—429.7970649 165.8 1669 1656 16.2 16.0 79.0 2.6
1,2-C¢H,F, U 0.0903861 —429.5174139 76.9 76.5
1 01026538 —429.7876480 159.7 1609 160.0 223 21.6 80.8 3.9
3 01014998 —429.8019490 1722 1733 1722 9.8 9.4 81.0 41
4 01016837 —429.8066240 1751 176.2 175.0 6.9 6.6 5.6 80.7 3.8 2.0
1,4-C¢H,F, U 0.0902927 —429.5229080 76.1 75.4
1 01026386 —429.7946326 1635 164.7 160.8 185 20.8 80.7 4.6
2 01015199 -429.8078938 1725 1736 1724 9.5 9.2 9.8 80.9 4.8 6.0
CsFs U 0.0561588 —825.5097764 91.7 91.6
1 0.0691862 —-825.7668102 153.9 155.2 153.8 281 278 275 99.7 8.0 9.5
F 0.0661931 —825.7155865 123.5 124.3 58.5 99.6 7.9
2PA and APA in kcal mol~", AS° and AS3 , in cal mol~' K="
b PS = protonation site: U = unprotonated base, 1, 2, 3, ... =ring protonation site and F = protonation on F.
¢In hartree.
9 This work.

° Present HF/6-31G** frequencies scaled by 0.89 in the calculation of 0 and 298 K proton affinities.
fRef. 19, MP2(fc)6-31G**//HF/6-31G*, HF/6-31G* frequencies scaled by 0.89.
9 APA relative to fluorobenzene, protonated at the most favourable site (para).

h Experimental APA relative to fluorobenzene, data taken from Ref. 1.

f Present HF/6-31G** geometries and frequencies scaled by 0.89.
' Ref. 44. Gas phase data.
k Data taken from Ref. 1 [Eqn (4)].

presented the MP2/6-31G** electronic energies, the
HF/6-31G** unscaled zero point energies, the HF/6—
31G** 298 K entropies and available experimental
data.*® It is readily apparent that the 298 K HF/6—
31G** entropies for the neutral fluorobenzenes are in
almost perfect agreement with the experimentally deter-
mined values. The theoretical AS7, values are in very
good agreement with the HPMS results. This gives
additional confidence in the HF/6-31G** results. From
the available ab initio data, it is proposed that most of
the excess protonation entropy, AS{,,, over and above
that expected from symmetry number changes for the
most stable protonated species (see Tables 2 and 7)

[Eqn (10)]:
Asi/sz = ASC1)/2 — R In(op/opy+) (10)

is in fact readily accounted for by the presence of addi-
tional lower frequency vibrational modes in the proto-
nated substituted benzenes. The degree of fluxionality
(or floppiness) for a protonated polysubstituted aro-
matic probably increases with increasing ASj ., (see
Tables 2 and 7). Low-level calculations have estimated
the barrier for H* migration in protonated
fluorobenzene!® to be 25 kcal mol ! and that in proto-
nated 1,2,3-trifluorobenzene!’ to be 36 kcal mol~!. Cal-

© 1997 by John Wiley & Sons, Ltd.

culations at the AM1 level?!* on benzene and the
polyfluorobenzenes have also estimated the barrier for
proton migration to be of the order of 25-32 kcal
mol~! for the most stable protonated species. A
G2(MP2)?? study on benzenium has calculated a 1,2
activation barrier of 8.2 kcal mol~!. These data there-
fore do not support the concept of a mobile proton at
the temperatures and time-scales prevailing in our
HPMS experiments.

It has been observed that a crude correlation exists
which links an increase in the protonation entropy,
AS1,,, found in the present work with an increase in the
number of lower vibrational frequencies,*?>~*° which in
turn increases with increasing fluorine content. This
argument can also be extended to correlate, qualit-
atively, the protonation entropy, AS7, (see Table 7)
with the vibrational frequencies®® for the poly-
methylbenzenes.

Protonation on fluorine will create one internal free
rotor, analogous to the OH group in a phenol. This
internal rotor can contribute up to 4.5 cal mol ! K !
additional entropy. However, protonation on the fluo-
rine substituent can be entirely discounted in view of
the fact that the HPMS experimentally determined
proton affinities are all substantially larger than the
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125-150 kcal mol ! estimated for fluorine protonation
from ab initio calculations.

It was noted at the HF/6—31G** level of theory that
centre of mass rotational entropy contributed less than
0.1 cal mol™! K~! to ASS,,. Owing to the very small
mass difference in the protonation reaction, the trans-
lational entropy contribution to AS{, is almost identi-
cally zero. Hence the only major contributions to the
experimental AS{,, arise from vibrational effects and
symmetry considerations.

Geometry changes upon protonation

The bond lengths for the fluorobenzenes and their most
stable protonated forms calculated in the present work
at the HF/6-31G** level are presented in Table 10. The
MNDO results for the trifluorobenzenes taken from the
literature!” are also presented. The gas-phase geome-
tries obtained experimentally for the all neutral fluoro-
benzenes have been ascertained either by electron
diffraction®—>* or by microwave spectroscopy®>>® in
numerous studies. The gas-phase experimental bond
lengths for fluorobenzene,>2:>5-3¢ 1 3-difluorobenzene,
53.56  1,2-difluorobenzene,’® 1,4-difluorobenzene’+3°
and hexafluorobenzene’!5! are in excellent agreement
with our HF/6-31G** values. The difference between
experimental®'—>® and HF/6-31G** bond lengths lies
in the ranges 0.000-0.015 A for C—C bonds, 0.004—
0.009 A for C—H bonds and 0.002-0.032 A for C—F
bonds. The experimental bond lengths are all consis-
tently larger than the HF/6-31G** values. The MNDO
bond lengths for the trifluorobenzenes'” are in good
agreement with the experimental literature, where the
variation is larger at 0.02-0.05 A for C—C and C—F
bonds. Our HF/6-31G** bond lengths are in good
accord with the best available experimental gas-phase
data, thus increasing our confidence in the HF/6-31G**
level of theory to reproduce experimentally determined
parameters. The HF/6-31G** calculated bond lengths
and scaled vibrational frequencies for 1,4-difluoroben-
zene are also in excellent agreement with a recent MP2
calculation.’”

The present HF/6-31G** calculations have shown
that, upon protonation, the polyfluorobenzenes undergo
considerable geometry changes e.g. in bond lengths (see
Table 10). At the HF/6-31G** level, the lowest energy
structure of a protonated polyfluorobenzene has almost
all the atoms remain planar except for the two substit-
uents now present at the protonation site which lie out
of the plane.

If the formal positive charge can be delocalized at
carbon atoms bearing a fluorine substituent (supported
by Mulliken analysis of electron density), the C—F
bond length is reduced significantly, ~0.05-0.1 A. The
methylene carbon (the protonation site) bond distances
to its neighbouring carbons are lengthened substantially
to an essentially alkane C—C single bond length.

The protonated polyfluorobenzenes will try to adopt
either of two possible HF/6-31G** calculated geome-
tries. The most favourable (structure I, Fig. 3) resembles
that of a generic cyclohexa-1,4-diene-3H*-6F structure
in which the formal positive charge can be located on
C-6 bearing an F substituent and with two hydrogen

© 1997 by John Wiley & Sons, Ltd.

1 [1

Figure 3. Bond orders and charge site(s) in protonated polyfluo-
robenzenes species inferred from present Hartree—Fock calcu-
lations.

substituents on C-3. If that is not possible, the other
candidate (structure II, Fig. 3) is a tautomerization
between cyclohexa-1,3-diene-6H *-3,5F, and cyclohexa-
1,4-diene-6H*-3,5F, in which the formal positive
change can be delocalized either on C-3 or C-5 that
might bear a fluorine substituent and with two hydro-
gen substituents on C-6. The C-3—C-4 and C-4—C-5
bonds show allylic character while the C-5—C-6,
C-6—C-1 and C-2—C-3 bonds are simple C—C alkane-
type single bonds and the C-1—C-2 bond is essentially
a alkene-type double bond. The available theoretical
results have shown that for any ring protonated poly-
fluorobenzene, the geometry can be assigned uniquely
either to structure I or IIL.

Proton transfer Kinetics

The kinetic data obtained in the present study are pre-
sented in Tables 3 and 4. The proton transfer kinetics
were mainly studied in detail for systems for which the
equilibrium constant was large, the proton acceptor
base is mainly an aromatic and the normalized pseudo-
first-order decay rate constant of protonated weaker
base could be monitored for 0.5 ms or more before
equilibrium was established. Typical kinetic data for
proton exchange behaviour for 1,2,4-trifluorobenzene
and benzene are shown in Fig. 1. A few proton transfer
reactions were attempted between pairs of polyfluoro-
benzenes of differing fluorine content in order to have
additional, smaller steps in the Szulejko—-McMahon
proton affinity ladder. It was observed, on an empirical
level, that the proton transfer rate constant for reaction
in the exothermic direction decreases substantially when
the proton affinity difference is decreased. For example,
at 600 K: (i) 1,4-CiH,F, and C;Hg, APA = 8.6 kcal
mol ™, k; = 2.5 x 1071% cm?® s~ (ii) 1,2,4-CcH,F; and
C¢Hg, APA =52 kcal mol™?, k; =9.5 x 107! ¢m?
s~ 1; and (iii) 1,3,5-C4H,F; and CcH, APA = 1.5 kcal
mol ™1, k; = 8.4 x 1072 cm® s~ 1. When proton transfer
experiments were attempted between fluorobenzenes of
differing fluorine content, very slow proton transfer
kinetics were observed, for example between 14-
C¢H,F, and 1,24-C;H,F;. In view of this observation
and the general inverse temperature dependence, equi-
librium proton transfer experiments of this type were
not pursued further.

The experimental bimolecular rate constants were
analysed using transition state theory32 appropriate to
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the fully thermalized conditions of an HPMS, to obtain
both the enthalpy and entropy of activation. Two sets
of derived kinetic data (from In k vs. 1/T, Eqn (7), or
In(k/T?) vs. 1/T, Eqn (8), plots) are presented in Table 3.
Most of the systems studied shown an inverse tem-
perature dependence for the rate constant in the exo-
thermic direction and —AH* is of the order of 3 kcal
mol~!. The exothermic proton transfer rate constants
tend to approach the Langevin collision rate constant
for an ion-dipole interaction (~2.0 x 107° cm® s~ 1) at
temperatures approaching 300 K at pressures of 3-10
Torr prevailing in our HPMS apparatus. No proton
transfer kinetic data for any of the polyfluorobenzenes
are available from low-pressure ICR (~107° Torr)
studies. The entropy of activation, AS*, is generally
small (20-25 eu), in keeping with a loose association
transition complex, probably a long-range ion—dipole
orbiting complex which is bound by ~3 kcal mol !,
the value of AH* found experimentally (see Table 3). In
a few examples, AS* is larger (e.g. hexafluorobenzene
and trifluoroacetonitrile, AS* =35 cal mol™! K1),
suggesting a more ordered or rigid transition complex
on the lines of a weakly proton-bound complex of the
two bases.

In Table 3, the 300 and 600 K rate constants, inter-
polated from the Arrhenius plots, are displayed. For
most systems for which data are available, the rate con-
stant generally varies by an order of magnitude from
300 to 600 K. For the hexafluorobenzene—
trifluoroacetonitrile pair, the proton transfer rates
varied by three orders of magnitude, in contrast to the
H,S-benzene pair, in which no significant change in the
essentially Langevin collision rate constant of
1.5 x 107° cm® s~ ! is experimentally observable.

CONCLUSIONS

With the aid of ab initio MP2/6-31G**//HF /6-31G**
calculations, the variation of the HPMS experimental
proton affinities with the degree of fluorine substitution
and relative positions in fluorobenzenes can be rational-
ized in terms of a simple additivity scheme. For most
polyfluorobenzenes, the agreement between the HPMS
experimental proton affinities and those predicted by
additivity is excellent, to within 1 kcal mol~!. A similar
additivity scheme can also be constructed for the re-
evaluated proton affinities for the polymethylbenzenes,
accurate to within 1 kcal mol~!. An almost identical
additivity scheme is also presented in Ref. 19b, in excel-
lent agreement with the present analysis.

These two additivity schemes can be combined to
estimate proton affinities for the o- and m-

fluorotoluenes again, to within 1 kcal mol~! of the
revised literature values presented here. The agreement
between the revised experimental and additivity calcu-
lated proton affinities with other recent ab initio!®-2°
MP?2 calculations in the literature (for benzene, toluene,
xylenes, fluorobenzene, polyfluorobenzenes and
fluorotoluenes) is excellent throughout. The additivity
schemes presented here can be used to estimate proton
affinity for p-fluorotoluene, which is impossible to
measure by HPMS. Protonated p-fluorotoluene is
believed to isomerize to protonated m-fluorotoluene by
a facile 1,2-methyl shift.!2

Recent ab initio MP2 calculations in the liter-
ature on phenol, aniline and pyridine have calculated
the proton affinity for substituent and ring sites avail-
able for protonation. It should be possible, in principle,
to estimate a ring site proton affinity for any com-
bination of methyl, fluoro, hydroxy and amino substi-
tution in benzene to within 1 kcal mol™! of an
experimental value. This may be an area for further
HPMS experimental and ab initio studies to explore the
nuances in greater detail.

Many of the polyfluorobenzenes upon protonation
exhibit large AS7, values, well in excess of those
expected from symmetry number changes alone. For
example, hexafluorobenzene has an experimental ASj,
of 9.5 cal mol~! K~!, compared with 5.0 cal mol !
K™ ! due to symmetry alone. From our ab initio study
on the hexafluorobenzene system with the aid of sta-
tistical thermodynamics, almost all of the excess
entropy is in fact readily ascribed to vibrational
entropy. Protonation leads to a greater number of
lower vibrational frequencies in the range which con-
tribute significantly to the entropy. The theoretically
calculated barriers6:17-212:22 for 3 1,2 proton shift from
the thermodynamically most favourable protonation
site in benzene and the polyfluorobenzenes are of the
order of 8-30 kcal mol ™ '. It can therefore be concluded
from theoretical considerations that the concept of a
dynamic proton can be discounted with relative cer-
tainty at least for protonated polyfluorobenzenes in
thermal equilibrium up to 650 K. From examination of
the available literature on aromatic protonations, large
protonation entropies (AS},,) appear to be a fairly
general phenomenon.
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