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Structures of the superelectrophilic fluorooxonium dications FOtand ROH,*" were calculated at the
QCISD(T)/6-311G** level. Proton affinities of their precursor monocationic species were estimated by using
G2 theory. For comparison, the parent oxonium dicatio®¥ was also calculated at the same level. The
0,0- and O,F-diprotonated HFO structugesand?2d, respectively, were found to be energy minima. However,

the oxonium dicatior2c is less stable than the oxonidffluoronium dication2d by 14.9 kcal/mol. On the

other hand, O,O-diprotonated® 3c was found to be the only minimum for the analogous system. All of
these superelectrophilic, dicationic species have substantial kinetic barriers for deprotonations. The possible
existence of these dicationic species in either superacidic media or the gas phase is implicated from these
studies. Thé’O and**F NMR chemical shifts of the mono- and dications were also computed by the GIAO-
MP2 method.

Introduction and RO have been calculated at various levels of theory, their

second proton affinities (i.e., proton affinities of the correspond-

ing monoprotonated species) have not been investigated.
Apeloig and co-workers have calculated the structures,

h vibrational frequencies, and NMR spectra of HOF at high
levels!! They have shown that théF NMR chemical shifts

g4 can be reliably calculated using GIAO at the correlated levels.

At the GIAO-MP2/QZP//IMP2(fu)6-31G* level of calculation,

Oxonium dications are of substantial interest. The first and
second proton affinities of water to give the oxonium mono-
cation (HO™) and oxonium dication (D?>") have been
estimated at the MP2/6-31G*//HF/6-31G* level and later wit
Gaussian-2 (G2) theoriésAt the former level, the first and
second proton affinities of water are found to be 168.1 an
—58.9 kcal/mol, respectively. The corresponding G2 values are . L
closely related (164I.O6 and66/.4 kcal/mol).ql'he e>?perimentally they have c_)btalned a'’F of .33'6 ppm for HOF, which is 12
measured first proton affinity of water (166.5 kcal/mol), using ppm downfield of the experimental value of 21 ppm.

the ion cyclotron resonance method, is in close agreement with N view of the superelectrophilicity exhibited by oxonium
these valued3 dications? it would be of interest to calculate the relevant data,

Jursic has compared HF, DFT, MP2, and other methods for as such species are expected to be too unstable for characteriza-
the calculation of the proton affinities of, and other related 1o by spectral means under experimental conditions. However,

systemg. The proton affinity values of D obtained by MP2/ they may b,e obse.rvable. in the gas phage by .using mass
6-31G* (176.5 kcal/mol) are comparable with those of B3LYP/ spectrometric Fechnlques, if they have sufficiently high barriers
6-311G** (175.7 kcal/mol). The G2 level of theory shows that fOF deprotonations. . .

the deprotonation of the oxonium dication to the oxonium In light of the theoretical and experimental evidence for the
monocation is exothermic by 61.9 kcal/mol, although interest- €xistence of the KD dication, we now report the high-level
ingly, it has a kinetic barrier of 38.2 kcal/mol for the deproto- ab initio studies of the structures, energies, and proton affinities
nation! Thus under proper conditions, the oxonium dication of the corresponding fluorinated oxonium dications. We have
(H402+) is predicted to be at least a metastable species. Indeed &S0 calculated’0 andd'F of these mono- and dications using
the H/D exchange of ¥O* in superacidic media strongly  the GIAO-MP2 method.

supports the intermediacy of such dicationic speefe$he

GIAO-MP2 derivedd*’O for H,0%" is 39.2 ppm, which is 29  Calculations

ppm deshielded as compared to the experimentally determined . . .
170 for the HO™ (experimentab’0 10.2 ppm; GIAO-MP2 Calculations were performed with the Gaussian 98 program
80 = 24.4 ppm). ' seriest? The geometry and frequency calculations were initially

performed at the MP2/6-31G** level. The vibrational frequen-
cies obtained at this level are scaled by a factor of 0.96 for
evaluation of zero-point vibrational energies (ZPE). The cal-
culated frequencies were used to characterize the optimized
* Address correspondence to this author. E-mail: preddy@umr.edu. structures as minima (””.”.‘ber ofimaginary frequency (NIMAG)

t University of Missouris-Rolla. = 0 or number of transition structures (NIMAGj 1).13 For

* University of Southern California. the MP2/6-31G** optimized structures further geometry opti-

The proton affinities of the fluorinated analogues ofCHt
(H2FO* and HRO™) have not been studied in similar detail to
date®® Thus, although the first proton affinity values for HOF

10.1021/jp031212w CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/14/2004



Theoretical Inverstigation of FOfA" and RLOH2" J. Phys. Chem. A, Vol. 108, No. 18, 2004037

TABLE 1: Energies (au), ZPE2 Relative Energies? and Proton Affinity (PA) ¢

MP2/6-31G**// QCISD(T)/6-311G**// rel energy PA
compd MP2/6-31G** ZPE QCISD(T)/6-311G** G2 (kcal/mol) (kcal/mol)
H-0 (1a) 76.21979 13.2 76.27633 76.33206 163.1 164.6

H;O* (1b) 76.50611 21.3 76.56247 76.59193 0.0 —60.4
H,0?" (10) 76.42164 26.6 76.47719 76.49330 61.9

H4O?" (1cty 76.35247 225 76.40719 76.43237 100.1

HOF (2a) 175.09948 8.2 175.22106 175.35340 133.8 135.3
H,OF" (2b) 175.33425 16.4 175.45524 175.56658 0.0 —75.3
H3OF* (20) 175.22289 21.3 175.34556 175.44412 76.8

H3OF?* (2d) 175.24533 20.6 175.36763 175.46798 61.9

H3OFP* (2cty) 175.17149 17.0 175.29054 175.39937 104.9

H3OF?* (2dts) 175.19623 16.5 175.31626 175.42628 88.0

H3;OP* (2ety 175.17999 17.6 175.29947 175.40483 101.5

F20 (3a) 273.99335 3.2 274.17634 274.39108 106.0 107.5
HOFR," (3b) 274.17821 11.0 274.36379 274.56005 0.0 —93.5
H3;OF* (3¢) 274.03452 16.1 274.22513 274.40872 95.0

H3OF* (3cty) 274.00095 11.6 274.18547 274.38066 112.6

a Zero-point vibrational energies (ZPE) at MP2/6-31G**//MP2/6-31G** scaled by a factor of 8 Bésed on G2 energiesGas-phase proton
affinities were calculated at 298 K based on G2 enerjies.

TABLE 2: Calculated and Experimental NMR Chemical neutral specieda—3a and oxonium monocationsb—3b are
Shifts® given in Table 1. The optimized geometrical parameters of
compd atom GIAO-MP2/tzp expt neutral species (0, HFO, and KO (1a—3a)) and monocations
H0" (1b) 0 300 10 (I-_|30+_, H,FO*, and _HEOJr (1b—3b)) are given in Table 3.
1H 7.2 Pictorial representation of the potential energy surface (PES)
H,0%* (10 0 50.8 involving the formation of dicationc and2d from 2b is given
H 13.6 in Figure 2.
FH.O" (2b) gg 41182'8 Whereas in HO*™ the oxygen atom is the only protonation
1H 10.8 site, the oxonium ior2b can undergo either O-protonation or
FHa0%* (20) 170 115.5 F-protonation (Figure 2). Both O-protonated structdoeand
19F 993.6 F-protonated structurad were found to be energy minima. The
H 14.8 oxonium dication2c has C3, symmetry with a G-F bond
FH0%" (2d) L0 528.7 distance of 1.473 A. The Oxoniunfluoronium dication2d has
1|_'|: 1?3_'96 Cs symmetry with a.re!atively anger ©F bond di§tance of
F,HO* (3b) 170 415.7 1.525 A. These variations are in accordance with the bond
19F 560.4 activation-reinforcement (BAR) rule (vide infr&f The F-pro-
H 14.6 tonation to give compoungd is favored over O-protonation to
F2H207* (30) 1;0 270.1 give compound2c by 14.9 kcal/mol. On the other hand,
1|_'|: 101771'21 O-protonated structur®c (Figure 1) was found to be the only

minimum for the protonation of the oxonium monocatidin
2 Calculated’O, *F, and'H NMR chemical shifts were referenced  The F-protonated structure derived fr@n did not correspond
to the absolute shifts of 4 (o(O) = 354.8), CFC (o(F) = 211.3), to a minimum and dissociates into H&Fand HF upon

and (CH),Si (calculated using MP2/6-31G* geometry(H) = 31.8), N .
respectively® Reference 21 gipstzgnr:igtlgfn.lséltzgckjrec hasC,, symmetry with an G-F bond

-~ : From the computed G2 energies, the proton affinitRlofs
mizations were carried out at the QCISD(T)/6-311G** level. . X )
The proton affinity values are estimated based on the Gaussian- stllmated FO b.&.75'3 kcal/mol for O-protonapon (to gi )'.
(G2) energied*? Calculated energies are given in Table 1. his value is similar to that of the proton affinity of the oxonium

QCISD(T)/6-311G** geometrical parameters and G2 calculated ion (1b, —60.4 kcal/mol) "T‘F"Ying that the. gitonip dic?‘“@’”
energies will be discussed throughout, unless stated otherwise.c";]m be an observable species in superacidic media or in the gas
Atomic charges were obtained by using the natural bond orbital phase. . I
analysis (NBO¥ method at the QCISD(T)/6-311G*//QCISD- For comparison, we have also computed the proton affinities
(T)/6-311G** level. NMR chemical shifts were calculated by of the neutral s_pemesﬁ), HOF, and EO at the same level.

the GIAO method GIAO-MP217 calculations with the tzp/dz The O-protonations as well as the F-protonations in these cases

basis séf-8have been performed with the ACES Il prograin, &' exothermic, and in accordance with the earlier theoretical
The 170, 1, and!H NMR chemical shifts were referenced to calculations, the O-protonations are favored over the F-pro-
the calculated absolute shifts 0b® (o(0) = 354.8), CFCJ tonat_lons. The O-protonatlons for HOF .angt]:to give the
(0(F) = 211.3), and (CH).Si (o(H) = 31.8, using MP2/6-31G* oxonium monocations?b and 3b, respectively, are less exo-

geometry), respectively. Calculated chemical shifts are listed t_hermic than _that for bD by 29.3 and 57.1 kcal/mol, respec-
in Table 2. tively, reflecting the lowered electron density on the oxygen

atom due to the electron-withdrawing nature of the attached
fluorine atom(s).
Of importance to note are the opposing trends in the O- vs
Calculated structures of oxonium dicatioriz{ 3c and 2d) F-protonation of the HOF2@) and the oxonium monocation,
and their dissociative transition stat@sts 2dts 2ets and3cts) 2b. Whereas O-protonation is favored over F-protonatioBan
are displayed in Figure 1. Calculated proton affinities of the (to give2b), 2b undergoes preferentially F-protonation (to give

Results and Discussion
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Figure 1. QCISD(T)/6-311G** calculated structures of-3.

TABLE 3: QCISD(T)/6-311G** Optimized Geometries of
la(b)—3a(bp

compd sym optimized geometrical parameters
H0 (1a) C,, r(OH)=0.997,a(HOH) = 104.2
HsO* (1b) Cs r(OH)=0.977,a(HOH)=111.9
HOF(@a) Cs r(OH)=0.967,r(OF)= 1.445aHOF)=97.5
H,OF" (2b) Cs r(OH)=0.993,r(OF)= 1.423,a(HOF) = 103.9;

a(HOH) = 110.4;d(HOFH = 115.5)

F0 (33) C,, r(OF)=1.419,a(FOF)=103.4
HOR* (3b) Cs r(OH)=1.009,r(OF)= 1.413,a(HOF)= 101.9;

a(FOF)= 106.4;d(FOHF = 109.8)

aBond distances and bond angles are given in A and deg,
respectively.
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Figure 2. Pictorial representation of the potential energy surface of
dications2c and 2d.
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Figure 3. QCISD(T)/6-311G**//QCISD(T)/6-311G** calculated NBO
charges oflc, 2c, 2d, and3c.

and2dts (Figure 2). Similarly, dicatior8c has a barrier of 17.67
kcal/mol for the deprotonation through transition structdeces
(Figure 1). These values, although smaller than that {24

(10 (38.2 kcal/moal), are of significant magnitude, preventing
the dissociation of the once formed dicationic species Zd,
and3c) to the corresponding monocationic species at sufficiently
low temperatures.

We have also calculated the energy barriers involved in the
isomerization of the dicatio@c (O-protonated species) &d
(F-protonated species) through transition strucBetsas 39.6
kcal/mol (Table 1, Figure 2). Thus although kinetically less
feasible, once formed, the dicati@ct is unlikely to undergo
further rearrangement at sufficiently low temperatures. Thus both
2c and 2d are potentially observable species if they can be
prepared. It should be emphasized that the gas-phase calculations
may not necessarily agree with those of condensed phases. In
the latter media, solvation effects may further stabilize the
dicationic species so that they may be observable under long-

2d) (Figure 2 and Table 1). In other words, the charge-dispersed lived stable ion conditions in superacid media.

oxonium—fluoronium dication 2d) is lower in energy than the
charge-localized oxonium dicatio2d).

Although the formations of the oxonium dications are sig-
nificantly more endothermic (i.e., more negative proton affini-
ties), they have significantly high barriers for deprotonations
to the monocationic species. For example, the dicatiwrend

2d have activation barriers of 28.1 and 26.1 kcal/mol, respec-

tively, for the deprotonation through transition structu?ess

NBO charge calculations show that in the parent hydronium
dication (Lc) the oxygen carries a negative charge-€3.80
and the four hydrogens carry a positive charge-af80 (Figure
3). In the dication2c the oxygen carries considerably less
negative charge—0.48) and the fluorine carries a positive
charge of+0.35. On the other hand, iad both oxygen and
fluorine bear a slight negative charge 0.06 and—0.05,
respectively. This indicates enhanced dissipation of the negative
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charge of oxygen by the adjacent fluorine atom in the dications activation barriers for their deprotonation to give the corre-

2cand2d. Similar dissipation of the negative charge on oxygen
was also observed in the dicatiGa.

We have also calculated tAé&O, 19F, and'H NMR chemical
shifts of all of the mono- and dications by the GIAO-MP2
method using QCISD(T)/6-311G** optimized geometries (Table
2). The calculated’O of H;O™ (1b; 6170 = 30.0 ppm) deviates
from the experimental value){’O = 10.2 ppm) by 19.8 ppm
(referenced with respect to,8).2! The calculatedd’O of
H40?" (1c, 6170 = 50.8 ppm) is downfield by 20.8 ppm as
compared to that of the corresponding value by reflecting
increased deshielding due to its dicationic nature. Accordingly,
the calculatedy'H of H,0%" (1c, 0'H = 13.6 ppm) is farther
downfield as compared to that of&8" (1b, 6'H = 7.2) ppm.
The calculatedd’O values of dication2c and 3c are much
more deshielded thatc, at 115.5 and 270.1 ppm, respectively,

sponding monocation®b and 3b. The isomeric oxoniumt
fluoronium dication,2d, is also a minimum on the PES and is
more stable than the O,0-diprotonated spe2ieisy 14.9 kcal/
mol. The proton affinity of2b (to give 2c) is also similar to
that of HsO™ (to give 1¢), indicating that under appropriate gas-
phase or superacidic conditions, the dicationic spe2@esan

be an observable species. TH®, 1H, and'°F NMR chemical
shifts of the mono- and dications were also calculated by the
GIAO-MP2 method and substantiated by the BAR rule.
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