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sufficient for use on submilligram quantities.

Experimental Section

NMR experiments were carried out on a Nicolet 500-MHz spec-
trometer, equipped with a 10-mm 3C probe and a 5-mm !'H probe. Eight
milligrams of sample were dissolved in 0.4 mL of 2HCCl,, and a 5-mm
Wilmad-528pp sample tube was used throughout. All spectra were
recorded at 25 °C. 13C shifts are indirectly referenced to tetramethyl-
silane (Me,Si) by using the central line of the 2HCCI, triplet as an
internal reference (77.0 ppm). H shifts are relative to a small amount
of internal Me,Si.

Double-Quantum Filtered COSY. ¢, values (480) ranging from 0 to
175 ms were used and two FID’s consisting of 512 complex data points
each were acquired per ) value. The acquisition time in the ¢, dimension
was 188 ms. Data were zero-filled in both dimensions, to yield a 1024
X 1024 data matrix for the absorptive part of the 2D spectrum. Gaussian
line broadening was used in both dimensions to avoid truncation. The
phase cycling of the 90,~7,-90,-904-acq.(?;) sequence was the following:

DL X, Y, =X, 7Y, X, Py TX, TV Xy Yy X, <Y Xy Yy =X, 7Y
YloX, X, X, X, X, Xy X, Xy Xy Xy Xy Xy XX, X, X
0 X, X, =X, =X, ¥y Yy Vs Vs XXy X, Xy =Y, Y Vs Y
ACqT X, Xy X, X, =Yy Vs =V =V =Xy =X, =X, =X, Yy Yo Vs ¥

Additionally, CYCLOPS phase cycling®? was used by repeating the entire
16-step experiment four times with the phases of all radio-frequency
pulses and of the receiver incremented by 90° each time. The delay time
between scans (including the data acquisition time, ¢,) was 1.98 s and

(53) Hoult, D. I; Richards, R. E. Proc. R. Soc. London, Ser. A 1975, 344,
311.

the total data accumulation time was 17 h. Small artifacts on the lines
Fy = NF, (N =-2,-1,0, 1, 2) are due to an insufficiently long delay
period between scans (~7}). For longer delay periods these artifacts
rapidly decrease in intensity, but this requires unacceptably long data
accumulation times.

IH-13C Heteronuclear Chemical Shift Correlation. ¢, values (100)
ranging from 0 to 59.4 ms were used and two FID’s consisting of 1024
complex data points each were acquired per ¢, value. The acquisition
time in the ¢, dimension was 152 ms. Data were zero-filled in both
dimensions, to yield a 2048 X 512 data matrix for the absorptive part
of the 2D spectrum. Gaussian line broadening was used in both di-
mensions to avoid truncation. Ninety six scans were acquired per ¢, value
and a delay time of 1.8 s was used between the end of data acquisition
and the 90° pulse of the next scan. The total measuring time was 6 h.

HOHAHA Experiments. Each of the HOHAHA spectra results from
128 accumulations (~4 min). A 10-Hz decoupler radio frequency field
strength (50 ms 180° pulse) was used to selectively invert the 'H mul-
tiplet of interest. A tuned Henry class A radioamplifier was used to
generate 4-W radio-frequency power for the observe channel, corre-
sponding to a 6-kHz radio-frequency field strength. Tuned diodes and
a band-pass filter were used in the transmitter line to avoid sensitivity
loss and to prevent perturbation of the 2H lock channel by the long
spin-lock pulse. To avoid poor cancellation in the difference spectra, the
sample was not spun.
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Abstract: This paper presents a theoretical study of the addition of (HF), to ethylene using ab initio methods with the 3-21G
basis set. Thermodynamical calculations to obtain AG®,93 values were also made. Comparison with the bimolecular addition
of HF to ethylene shows a larger stabilization of the transition state obtained, reflected in a decrease of the potential barrier.
This fact, along with an analysis of the energy components and the mechanism, allows us to assert the catalytic activity of
the second HF molecule. From the thermodynamics of the reaction, the need for a “bimolecular” collision between (HF),
and ethylene and not a termolecular one is deduced, and the ability of this mechanism to explain data in the gas phase and

in nonpolar solvents is sustained.

Addition of hydrogen halides to olefins belongs to the classic
reactions of organic chemistry. It is generally accepted that three
distinct pathways are possible in those processes, although not all
of them are applicable to all olefins and all hydrogen halides. The
first one, ionic addition, takes place in polar solvents and is assumed
to proceed through protonation, yielding a carbonium intermediate
that later evolves to the product.! This is always a normal
Markovnikov addition. The second mechanism, present only in
HBr additions,? is the anti-Markovnikov addition, usually ex-
plained by the so-called peroxide effect,’ which suggests a radical
chain mechanism,* and has been verified in the gas phase and in
solution. Finally, we have the direct bimolecular addition, which

Y Permanent address: Citedra de Quimica Cudntica, Facultad de Quimica,
Montevideo, Uruguay.

occurs in gas phase, that is, the reverse of the much-studied
elimination of HX from haloalkanes by pyrolisis; it has been
examined in detail in the case of hydrogen iodide reaction with
olefins.®

In nonpolar solvents without radical initiators, experimental
facts seem not to be explainable by any of the aforementioned

(1) De la Mare, P. B. D.; Bolton, R. “Electrophilic Additions to Unsatu-
rated Systems”; Elsevier: New York, 1961; p 55 FF.

(2) Pryor, W. A. “Free Radicals”; McGraw-Hill: New York, 1966; p 212.

(3) (a) Kharasch, M. S.; Mayo, F. R. J. Am. Chem. Soc. 1933, 55,
2468-2496. (b) Hey, D. H.; Waters, W. O. Chem. Rev. 1937, 21, 169-208.

(4) (a) Stacey, F. W.; Harris, J. F. In “Organic Reactions”; Cope, A. C.,
Ed.; Wiley: New York, 1963; Vol. 13, p 91. (b) Abell, P. I. In “Free
Radicals™; Wiley: New York, 1973; Vol. 2, p 63.

(5) Benson, S. W.; Bose, A. N. J. Chem. Phys. 1963, 39, 3463-3473.
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mechanisms. For instance, for the addition of HBr to 1-heptene
in n-hexane/CH,Cl, mixtures, it has been shown that the variation
of the dielectric constant by the change in the relative composition
of the solvent affects the addition rate only slightly.5 This fact
makes it possible to discard the ionic mechanism. On the other
hand, the use of radical inhibitors does not affect the reaction rate
either,’ an argument against the radical chain mechanism. Also
some older work of Mayo and Katz’ exists on the addition of HCI
to propylene in heptane solution, pointing toward the presence
of complexes between hydrogen halide and olefin as well as toward
a high order of the reaction rate with regard to hydrogen halide
concentration. Thus it seems that a fourth mechanism may be
acting in nonpolar solvents and perhaps also in the gas phase. In
the last decade this point of view has emerged, for instance, in
the work of Sergeev et al.® and of Haugh and Dalton.® In the
first of these papers the aforementioned addition of HBr to 1-
heptene was investigated and the experimental results interpreted
by a mechanism involving cyclic structures with participation of
HBr dimers. In the second paper, the net gas-phase addition of
HCI to propylene was studied by means of 'H NMR. It was
determined that the results were best fitted by kinetic expressions
first order in propylene and third order in HCI, and a reaction
scheme including a six-center intermediate was proposed. Thus,
from an experimental point of view, a fourth mechanism involving
the reaction with dimers of hydrogen halides has appeared in recent
years, with the interesting proposal of complexed cyclic transi-
tion-state structures built in.

From a theoretical point of view, several reports have been
published on the addition of hydrogen halides to olefins. Some
of them refer to partial aspects of ionic or radical® mechanisms,
such as addition of H* or Br- to olefins, but the most complete
papers are concerned with the elimination of hydrogen halides
from haloalkanes.!® This latter reaction is the reverse of the
bimolecular gas-phase addition of HX to olefins. These reports
stress specifically the role of a four-center transition state in the
unimolecular pathway of the reaction. To our knowledge no
theoretical work has been undertaken on the new molecular
mechanism mentioned above.

It is known that, in a sense, addition of HX to olefins is similar
to its hydration. From our experience and the work of other people
on the participation of water dimers in hydration!! and tautom-
eric!? reactions, we know of the large decrease of the potential
energy barriers obtained by allowing the dimer instead of the
monomer to take part in the reaction. Thus, on the basis of the
similarity mentioned above and our experience with water dimers,
we carried out a theoretical study, reported in this paper, involving
HX complexes for the addition of hydrogen halides to olefins.

Methodology

The first step to reach the goal previously described is to define
a model system to carry on research. We chose the HF and C,H,
molecules, the simplest hydrogen halide and olefin, respectively.
Perhaps this choice is not the best possible one from an experi-
mental point of view, but it allows an easy interpretation not
provided by more complex systems. The existence of a theoretical

(6) Sergeev, G. B.; Stepanov, N. F.; Leenson, I. A.; Smirnov, V. V,; Pu-
pyshev, V. I; Tyurina, L. A.; Mashyanov, M. N. Tetrahedron 1982, 38,
2585-2589.

(7) Mayo, F. R; Katz, J. J. J. Am. Chem. Soc. 1947, 69, 1339-1348.

(8) Haugh, M. J; Dalton, D. R. J. Am. Chem. Soc. 1975, 97, 5674-5678.

(9) (a) Schlegel, H. B. J. Phys. Chem. 1982, 86, 4878-4882. (b) Shlegel,
H. B.; Bhalla, K. C.; Hase, W. L. J. Phys. Chem. 1982, 86, 4883-4888. (c)
Schlegel, H. B.; Sosa, C. J. Phys. Chem. 1984, 88, 1141-1145.

(10) (a) Hiberty, P. C. J. Am. Chem. Soc. 1975, 97, 5975-5979. (b) Kato,
S.; Morokuma, K. J. Chem. Phys. 1980, 73, 3900-3914.

(11) (a) Williams, I. H.; Spangler, D.; Femec, D. A.; Maggiora, G. M.;
Schowen, R. L. J. Am. Chem. Soc. 1983, 105, 31-40. (b) Nguyen, M. T ;
Ha, T. K. J. Am. Chem. Soc. 1984, 106, 1552-1557.

(12) (a) Zielinski, T. J.; Poirier, R. A.; Peterson, M. R.; Csizmadia, I. G.
J. Comput. Chem. 1983, 4, 419-427. (b) Yamabe, T.; Yamashita, K.;
Kaminoyama, M.; Koizumi, M.; Tachibana, A.; Fukui, K. J. Phys. Chem.
1984, 88, 1459-1463. (c) Lledds, A.; Bertrdn, J. THEOCHEM 1988, 107,
233-238. (d) Lledds, A.; Bertrdn, J.; Ventura, O. N. Int. J. Quantum Chem.,
in press.
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Figure 1. 3-21G structure of reactants and products: (1) C,H,-HF; (2)
C,H,(HF),; (3) CH;CH,F-HF.

study!® on the decomposition of CH;CH,F with which to compare
the internal consistency of our results is also an important reason
for choosing this system.

Ab initio SCF calculations were made with the GAUSSIAN 82
series of programs! using the 3-21G basis set.!* The structures
of all the stable species considered were obtained by full geometry
optimization with either the Murtagh-Sargent! or Schlegel!®
algorithms.

For geometry optimizations of transition states we adopted the
following strategy: in the case of the bimolecular reaction between
HF and C,H, the four-centered transition state was located with
Schlegel’s'® method starting from the 4-31G structure determined
by Kato and Morokuma.!®® In the case of the termolecular
reaction between (HF), and ethylene the constrained optimization
method using the F2C2 distance (see Figure 1) as the leading
parameter was employed to generate an energy profile whose
maximum was used as a starting point for the direct location of
the transition state in the potential energy hypersurface by
Schlegel’s method.

To prevent error in relation to basis set superposition, we
corrected the stabilization energies of the complexes between the
olefin and HF using the counterpoise method.!” 1In the present
work, the correction has been taken into account by evaluating
the difference between the sum of the energies of each distorted
fragment, calculated once with its own basis set and again with
the basis of the whole supermolecule. This method has been shown

(13) Binkley, J. S.; Frisch, M. J.; De Frees, D. J.; Krishnan, R.; Whiteside,
R. A,; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. GaussiaN 82, Carnegie-
Mellon University, Pittsburgh, PA.
0 9(1;.3' Binkley, J. S.; Pople, J. A.; Hehre, W. J. Am. Chem. Soc. 1980, 102,

39-947.

(15) Murtagh, B. A.; Sargent, R. W. H. In “Optimization”; Fletcher, R.,
Ed.; Academic Press: London, 1969; Chapter 14.

(16) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214-218.

(17) Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553.
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Table I. Most Relevant Bond Lengths (A) for the Different Species Involved in the Bimolecular and the Trimolecular Additions

C1-C2 Ci-H1 H1-F1

F1-C2 F1-H2 H2-F2 F2-C2

C,H, 1315

HF 0.937
C,H.HF 1.320 2418 0.940
181 1.406 1.413 1.199
C,H/F 1.520 1.082 2.364
(HF), 0.940
C,H,(HF), 1.322 2.364 0.948
TS2 1.397 1.352 1.207
C,HF-HF 1.519 1.079 2212

3.333

1.856

1.410
1.675 0.942
1.624 0.948 3.099
1.225 1.064 1.948
0.946 1.639 1.438

by Maggiora and Williams'® to be necessary for chemically re-
acting systems that undergo significant geometry changes.

The influence of correlation energy on the different species in
the reaction was looked at with the aid of the second- and
third-order Moller—Plesset perturbation theory,!? taking into
account all the molecular orbitals arising from the SCF.

AH®, AS°, and AG® values, including zero-point correction,
were calculated to obtain results more readily comparable to the
experimental ones. These magnitudes were computed by using
the partition functions as provided by the statistical thermodynamic
formulae within the ideal gas, rigid-rotor, and harmonic oscillator
approximations?® as implemented in the GAUSSIAN 82 package.
A pressure of 1 atm and temperature of 298.15 K were assumed
in the calculations. Analytical second derivatives of energy with
respect to the Cartesian coordinates were used for the determi-
nation of vibrational frequencies.

Results and Discussion

Structures of Reactants and Products. In order to compare the
addition of (HF), to ethylene with the bimolecular reaction of
HF with C,H,, we first determined the structures of the reactants
and the expected products. These optimized geometries are
compiled in Table I and the general appearance of the species
depicted in Figure 1.

With respect to the structure of the complex between HF and
ethylene (1 in Figure 1), our results fully agree with already
published theoretical work using different basis sets.?! A sym-
metrical m-complex was formed, with the hydrogen of HF pointing
toward ethylene; a fact explainable on the basis of the leading
charge-transfer interaction from the HOMO of the olefin to the
LUMO of the hydrogen halide, whose largest part is localized
on the hydrogen atom. From a Mulliken population analysis, this
charge transfer was determined to be 0.029 electrons. In the same
way, the product coincides with previous results,!% since we ob-
tained the alternate conformation as the most stable one.

To study the interaction of (HF), with the olefin, we first found
the structure of the hydrogen fluoride dimer. The geometry is
quite coincident with the results obtained with other basis sets??
and with experimental data.?*  Some more detailed discussion
is needed, however, on the structure of C,;H,(HF), (2 in Figure
1) since it is presented in this paper for the first time. Although

(18) Maggiora, G. M.; Williams, I. H. THEOCHEM 1982, 88, 23-25.

(19) (a) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. (b) Krishnan,
R.; Pople, J. A, Int. J. Quantum Chem. 1978, 14, 91-100.

(20) (a) Benson, S. W. “Thermochemical Kinetics”; 2nd ed; Wiley-In-
terscience: New York, 1976. (b) Lewis, G. N.; Randall, M.
“Thermodynamics”; Pitzer, K. S., Brewer, L., Eds.; McGraw-Hill: New York,
1961; pp 419-448. (c) Kinox, J. H. “Molecular Thermodynamics”; Wiley:
New York, 1978; pp 95-143.

(21) (a) Del Bene, J. E. Chem. Phys. Lett. 1974, 24, 203-207. (b) Pople,
J. A; Frish, M. J.; Del Bene, J. E. Chem. Phys. Lett. 1982, 91, 185-189. (¢)
Volkmann, D.; Zuranski, B.; Heidrich, D. Int. J. Quantum Chem. 1982, 22,
631-637. (d) Sapse, A. M,; Jain, D. C. J. Phys. Chem. 1984, 88, 4970-4973.

(22) (a) Lischka, H. Chem. Phys. Lett. 1974, 66, 108—-110. (b) Karpfen,
A.; Beyer, A.; Schuster, P. Chem. Phys. Lett. 1983, 102, 289-291. (c)
Michael, D. W.; Dykstra, C. E.; Lisy, J. M. J. Chem. Phys. 1984, 81,
5998-6006 and references therein. (d) Frisch, M. J.; Del Bene, J. E.; Binkley,
J. S.; Schaefer, H. F., I1I, to be published.

(23) (a) Dyke, T. R.; Howard, B. J.; Klemperer, W. J. Chem. Phys. 1972,
56, 2442-2454. (b) Redingten, R. L. J. Phys. Chem. 1982, 86, 552-560. (c)
Redington, R. L. J. Phys. Chem. 1982, 86, 561-563. (d) Redington, R. L.
J. Chem. Phys. 1981, 75, 4417-4421.
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Figure 2. 3-21G structure of transition states of the bimolecular (TS1)
and trimolecular (TS2) additions.

at first sight it may seem that the complex would be formed by
the arrangement of (HF), and C,H, in perpendicular planes—with
one end hydrogen of (HF), interacting with one of the carbon
atoms and the fluorine of the other end of the chain interacting
with the other carbon atom—this is not so. As a matter of fact,
we initially located a stationary point with the structure just
mentioned by using Schlegel’s method of energy minimization,
but its force constant matrix had one negative eigenvalue. Fol-
lowing its associated eigenvector, the same method reached a true
energy minimum with no negative eigenvalues of the Hessian
matrix that was 2.22 kcal/mol below the first one. This final
structure shows some similarity with the C,H,HF complex. The
first HF molecule again forms a w-complex, but now its symmetry
is destroyed by the interaction of its fluorine atom with the hy-
drogen of the other halide molecule, whose fluorine atom in turn
forms a hydrogen bond with one H atom of C,H,. The quality
of the hydrogen bond of this interaction is shown by the F2H3
distance, 2.1 A, and its Mulliken population, 0.045, compared with
the 0.050 of the HF-HF bond.

In the structure of the product (3 in Figure 1) we notice that
a new HF molecule has been formed with the F1 and H2 atoms
in such a way that it comes from what was previously the hydrogen
bond in the dimer. A strong hydrogen bond is seen between F2
and H2, as proved by the bond distance, 1.64 A, and its Mulliken
population, 0.046.

Transition States. In Figure 2 we have drawn the structures
of the transition states of the bimolecular (TS1) and trimolecular
(TS2) additions, whose most relevant geometric parameters are
given in Table 1.

With respect to the first transition state, we notice that it is
very similar to the one found by Morokuma'® using the 4-31G
basis set. The incipient change in hybridization undergone by
the carbons and the four-centered character of this transition state
are apparent in the figure. The six-center transition state for the
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TSHHF 481

Figure 3. Relative 3-21G potential energies (kcal/mol) for the bimole-
cular (via TS1) and trimolecular (via TS2) reactions. For reactants and
transition states, energies corrected at the MP3 level (lower dashed lines)
and MP3 + BSSE (upper broken lines) are also shown.

Table II. SCF and MP Correction Energies (au) of Reactants,
Intermediates, Transition States, and Products by Using 3-21G
Optimized Geometries

ESCF E2 E3 EMP3
C,H, -77.60099 -0.18237 -0.16744 X 10! -77.80010
HF -99.46022 -0.12322 -0.46022 X 10 -99.58390
C,H,-HF -177.06860 -0.30569 -0.16902 X 107! -177.39119
TS1 -176.98453 —0.31842 -0.92963 X 1072 -177.31225
C,HF -177.10897 -0.30400 —0.15906 X 1071 -177.42887
(HF), -198.93860 —0.24853 0.17629 x 107} -199.186 96
C,H(HF), -276.55743 -0.43535 -0.15005 X 107! -277.007 81
TS2 -276.50322 -0.44263 -0.79865 X 10-2 -276.95384

C,H;F-HF -276.59261 -0.43078 -0.14830 x 1071 -277.03822

addition of (HF), to C,H, exhibits an increased interaction be-
tween C2 and F2, as shown by the 0.075 Mulliken bond population
vs. a nonbonding ~0.012 one in the reactant. It is interesting to
note that the previous hydrogen bond interaction between F2 and
H3 has now almost disappeared and that the HF dimer plane lies
almost perpendicular to the one that contains the four hydrogen
atoms.

Energy Profile. Using the optimized structures described earlier,
we calculated the total energies of the species involved in the
bimolecular and termolecular reactions. These energies are given
in Table II and the diagram is depicted in Figure 3.

We see in this figure that, at the 3-21G level, a large decrease
in the potential energy barrier is brought about by the use of the
dimer instead of the monomer. This is one of the fundamental
results of this paper, which will be discussed extensively. In the
figure we have also drawn the levels corresponding to the formation
of the different reactant and product complexes involved in the
course of the reaction.

Two shortcomings may be seen in the results. In the first place,
it is known that with a small basis set, calculations suffer from
so-called basis set superposition error,? that is, an overstabilization
of fragments in a complex provided by the basis functions of all
the other fragments forming it. Although this is particularly
noticeable in minimal basis sets like STO-3G, in double-{ basis
like the one we are using here it may also have some influence.
The second objection concerns the importance that correlation
effects may have on the reaction. To overcome these possible

(24) (a) Kolos, W.; Theor. Chim. Acta 1979, 51, 219-240. (b) Kurdij, L.;
Kochanski, E.; Diercksen, G. H. F. Chem. Phys. 1988, 92, 287-294. (¢)
Schwenke, D. W.; Truhlar, D. G. J. Chem. Phys. 1985, 82, 2418-2426.
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Table III. Relative Energies (kcal/mol) of the Distinct Species with
Respect to Ethylene Plus Two HF Molecules Infinitely Apart

AE? AEMP3 b A EBSSEC AEBSSEMPS d

C,H, + HF + HF 0.0 0.0 0.0 0.0
C,H,HF + HF -4.6 +0.1 +1.5 -3.0
C,H, + (HF), -11.4 -0.6 +5.9 -6.1
C,H,(HF), -226 -2.4 +8.7 -16.3
TS1 + HF +48.1 -3.1 +14.4 +59.4
TS2 +11.4 -2.6 +17.3 +26.1
C,HF-HF —-44.7 +0.6

C,HF + HF -30.0 +1.8

¢Hartree~Fock relative energies. ?Only correlation energy correc-
tions (at MP3 level). “Only counterpoise corrections. ¢ AEpgssMP? =
AE + AEMPS 4+ AFpecr.

shortcomings in the calculations, we corrected the 3-21G energies,
for the first of them using the counterpoise!” method as explained
in Methodology. For the second one, we used second- and
third-order Mg@ller-Plesset perturbation theory.!”

In Table II we show the SCF energies, the energy corrections
due to second- and third-order MP perturbation theory, and the
total energies including these corrections. In Table III we give
the relative energies of the species with respect to ethylene and
two hydrogen fluoride molecules infinitely apart at the Har-
tree—Fock level plus the corrections due to correlation energy and
to basis set superposition. In Figure 3 we have also given the
corrected and uncorrected relative energies for reactants and
transition states in order to compare the influence of the corrections
on the potential energy barriers.

As seen in Table I1I and Figure 3, the decrease in the potential
energy barrier when passing from the bimolecular to the termo-
lecular reaction is only slightly affected by both corrections. In
Table II one can see that the third-order corrections are lower
than the second-order ones. In the (HF), dimer the third-order
perturbation energy correction is even positive, showing that
reaching only the MP2 level of theory may lead sometimes to
overcorrections in correlation energy. If we look at the relative
energies of Table III, we can observe that the barriers of both
reactions become slightly lower. For the bimolecular reaction,
this agrees with the results found by Kato and Morokuma.!®

With regard to BSSE corrections, the unusually high values
obtained for AFgggr in the transition states can be understood by
the proximity of the two intervening fragments. Nevertheless,
it must be remarked that in transition states several bonds are
being formed or broken, so some ambiguity arises for the definition
of the fragments.

It is clear that the utilization of a large basis set is the best way
to correct BSSE. However, in large systems like the one studied
here, where small basis sets must be employed, the counterpoise
method may be a good way to correct that BSSE. For instance,
for the (HF), dimer we found that the BSSE correction lowers
the stabilization energy from 11.4 to 5.5 kcal/mol. Taking into
account correlation energy, that value becomes 6.1 kcal/mol, which
is close to the experimental data (5.7 £ 1.0 kcal/mol), and is a
little higher than the best values found in several theoretical results
(ref 22c¢,d and 24c) recently published with large basis sets along
with correlation energy. The net effect of the BSSE correction
on potential barriers is to increment both of them.

From the analysis we have made with the BSSE and correlation
energy corrections, one can see that the energy changes due to
both effects go in opposite directions and are somewhat offset.
Some cancellation of correlation and basis set size corrections are
also found in different chemical reactions, as, for instance, in the
nucleophilic reaction between formic acid and ammonia.?* Taking
into account the mentioned effects and that the energy differences
are sizeable enough, further refinements from higher level cal-
culations would not change the qualitative conclusions of this work.

Mechanism. While the mechanism of the bimolecular addition
has already been studied, the reaction of (HF), with C,H, is

(25) Oie, T.; Loew, G. H.; Burt, S. K,; Binkley, J. S.; MacElroy, R. D. Int.
J. Quantum Chem., Quantum Biol. Symp. 1982, 9, 223-245.



Dimeric Hydrogen Fluoride-Olefin Reaction

J. Am. Chem. Soc., Vol. 108, No. 5, 1986 927

Table IV. Mulliken Bond Populations and Percentages of Bond-Forming or -Breaking

Ci1-C2 Cl-H1

H1-F1

F1-C2 F1-H2 H2-F2 F2-C2

0.010
0.140
0.374

35
0.012
0.040
0.335
9

C,HHF

TS1

C,H,F

% forming or breaking
C,H,(HF),

TS2

C,H,F-HF

% forming or breaking

0.502

0.290

0.213
74

0.478

0.264

0.207
79

0.206

0.098

0.001
53

0.198

0.146

0.027
30

-0.002
0.087
0.210
42
0.050
0.106
0.192
39

0.190

0.120

0.046
49

-0.012
0.081
0.175

50

presented here for the first time. Therefore, a thorough analysis
of the results seems appropriate in order to understand the
mechanism involved. A first approach to the problem may be
to look at the geometries of the transition states depicted in Figure
2, whose most relevant parameters are given in Table I. From
these data it may be seen that a chain of hydrogen fluorides has
been established between both carbon atoms with which one end
hydrogen and one end fluorine atom will be bonded. Breakage
of the HF bonds is suggested by comparison of the values of the
HI1F1 and H2F2 bond distances in the transition state with those
in the reactant, while the incipient formation of a new HF molecule
starting from the central H and F atoms is also apparent from
the shortening of the FIH2 distance. From a purely geometric
point of view, it seems as if the HIF1 and F1H2 bonds were
weaker than the H2F2 one, that is, more broken and less formed,
respectively. However, we will see in the following paragraph how
a more thorough analysis of the electronic structure of the tran-
sition states supports a slightly different conception.

Table IV contains the Mulliken population for the bonds in-
volved in the reaction. The last row in this table shows the
evolution of the bonds according to the ratio

MP(TS) - MP(R)
MP(P) - MP(R)

r =100

where MP stands for the Mulliken population of the bond in the
transition state (TS), reactants (R), and products (P), respectively.
Also included in the table are the bond populations and the
corresponding ratios for the bimolecular addition since they have
not been presented in the literature yet.

The analysis of the Mulliken bond populations in the case of
the bimolecular addition is straightforward. In fact, we see that
in the first place the two bonds being broken, C1C2 and HIF1,
are more advanced in the process than the pair being formed—
C1H]1 and F1C2. It is also clear that the F1C2 bond is more fully
formed than the C1H1 one, suggesting that in the transition state
the driving force is more of a nucleophilic character than elec-
trophilic. This is confirmed by the electron transfer from ethylene
to HF, which decreases from 0.029 in the reactant to 0.014 in
the transition state.

Some subtle details are shown in the data corresponding to the
termolecular addition. First, we notice a kind of propagation of
bond-breaking and forming activity from the percentage of F2C2
formation (50%) to the unexpectedly low percentage of C1HI
formation (9%). These extreme values show again the larger
interaction between the end fluorine and the carbon atoms than
between the end hydrogen and the other carbon. Moreover, we
can compare the percentage of rupture of both HF bonds in the
termolecular transition state with that of the bimolecular one and
see that the H2F2 bond is broken almost as much as the HF in
the four-centered transition state of the bimolecular addition. The
lower percentage of breakage of the HIF1 bond in the six-centered
transition state combined with the low figure of 9% formation of
C1H]1 bond confirms our belief that the leading interaction in the
transition state is the nucleophilic one between F2 and C2 and
not the electrophilic one between H1 and C1. Finally, as we said
before, from electronic structure analysis we see that the H2F2
bond is broken more than F1H1, which contrasts with the less
accurate indication of bond distances. In fact, an analysis of
Mulliken charges on the fragments shows that in the transition
state a kind of ionic pair of the type FH,*.F- is halfway formed,
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Figure 4, Formal decomposition of the relative energies of the transition
states with respect to ethylene and two HF molecules infinitely apart.

since the electron transfer from FH, to F is 0.5, and the main
interaction between FH,* and C;H, is through F~ and not through
the end hydrogen of the chain.

Energetic Analysis. The decrease in the potential energy barrier
provided by the mechanism analyzed above suggests that the
second HF molecule is acting as a bifunctional catalyst strongly
stabilizing the transition state and only slightly the initial reactant
complex. This behavior is analogous to that of H,O, as demon-
strated by us in tautomeric reactions!?*¢ and by others in addition
of water to formaldehyde,!’* and we can use a formal energy
decomposition, much in the spirit of Maggiora’s work,!!® to un-
derstand the lowering of the barrier.

In Figure 4 we present a diagram of potential energy barriers
referring to one ethylene and two isolated HF molecules following
the energy decomposition mentioned above. In it, (I) refers to
the bimolecular and (II) to the trimolecular addition. Further-
more, AEp,s represents the distortion energies of the fragments
and AEyy corresponds to the interaction energy between C,H,
and the first (H1F1) molecule. For the termolecular reaction,
AEyg is the interaction energy arising from the hydrogen bond
(F1H2) interaction, while AEy is the interaction energy between
the second HF molecule and ethylene.

The barriers in our work and that of Kato and Morokuma'®
with the 4-31G basis set for the bimolecular reaction are ap-
preciably similar (52.3 and 48.1 kcal/mol), but the latter found
a negative AEpyr, most probably due to the greater distortion
energy found for the HF fragment. With respect to the termo-
lecular addition, AEp)s, AE\NT, and AEy are repulsive, the dis-
tortion energy being the dominant term. The only negative
contribution to the barrier comes from the AEyy term, which is
more than capable of compensating for the increased deformation
and interaction energies as compared to the bimolecular reaction,
since the barrier diminishes from 48.1 to 11.4 kcal/mol. In this
way, the catalytic action of the second HF molecule is due to the
strong stabilization provided by the formation of the resulting HF
(F1H2) molecule. Thus, the second HF molecule acts as a bi-
functional catalyst, since it simultaneously accepts and releases
a proton.

Thermodynamical Analysis. It is clear that in calculations
involving such ordered structures as the ones we have here, en-
ergetic considerations are somewhat doubtful since entropic
contributions may be almost as important as enthalpic ones.
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Table V. Relative Gibbs Free Energies and Its Components for the
Different Species Involved in the Reaction®

AE* AEM  AHP AS® -TAS® AG
CH,+HF+HF 00 00 00 00 00 00

C,HHF + HF -46 19 -27 -1985 59 32
C,H, + (HF), -114 22 -92 -2254 67 -25
C,H(HF), -226 50 -177 -5387 161 -16
TS1 + HF 481 0.5 477 -31.60 94  57.1
TS2 11.4 20 134 —6529 195  32.9
C,H,F-HF 447 13 -374 -60.06 179 -19.5
C,H/F + HF -30.0 4.6 -254 -23.75 7.1 -i8.3

?With respect to ethylene plus two hydrogen fluoride infinitely
apart. ®In kcal/mol. “In eu. “Thermal energies including zero-point
energy and vibrational excited states and rotational contributions.

Hy
$2HF ﬁzm%

495 \ 18
F
FHF s
C2efH +HF

Figure 5. Relative 3-21G Gibbs free energies (kcal/mol) for bimolecular
(via TS1) and trimolecular (via TS2) additions.

Therefore, a thermodynamical analysis is necessary to fully support
the conclusions reached above on an energy basis.

In Table V we show the different contributions to AG® 4, and
Figure S is a diagram of the relative values of that magnitude.
The most noteworthy fact is the greater importance of the entropic
term in the trimolecular reaction than in the bimolecular one. It
is interesting to note that the HF dimer is stable even in a free
energy analysis. The barriers to transformation, which must now
be measured starting from ethylene plus HF and ethylene plus
HF dimer, are 57.1 and 35.4 kcal/mol, and the free energy de-
crease, 21.7 kcal/mol, is even more pronounced that the internal
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energy one, 18.7 kcal/mol. This strengthens the analysis given
in the preceding section and shows that in the gas phase and in
nonpolar solvents the termolecular reaction is a chemically more
favorable pathway than the bimolecular one for the addition of
HF to ethylene.

Conclusions

On the basis of the discussion presented above, we have obtained
a clear picture of the reaction mechanism. Two different regions
are present in the concerted pathway for the addition of (HF),
to ethylene, just before and after the transition state, which can
be distinguished by the processes taking place. The path from
the hydrogen-bonded reactant to the transition state involves a
semi-ion pair formation with the attack of fluorine on carbon being
more advanced than the transfer of the proton to ethylene. This
may be interestingly linked to the ionic mechanism in polar
solvents, where effective formation of ion pairs would be involved.
After the transition state is passed, this semi-ion pair situation
goes back to a neutral one by the transfer of the hydrogen to the
other carbon atom and the final products, where there is one HF
molecule hydrogen bonded to CH;CH,F.

The catalytic intervention of the second hydrogen fluoride
molecule in the termolecular reaction is supported not only by
the increased stabilization of the transition state, but by an analysis
of the energy components. The importance of the HF bond being
formed is thus clearly seen and explains the catalytic activity
referred to before.

The decrease in the potential energy barrier is confirmed also
at the chemically significant level of AG®,95. Although the for-
mation of the termolecular complexes is entropically unfavorable
for both the reactant and the transition state due to the higher
order compared with the bimolecular complexes, the relations
among them remain almost unchanged. Indeed, the formation
of the (HF), dimer is possible even at the free energy level, showing
that the reaction requires a collision between only two species,
(HF), and ethylene, and not three, which would have lowered its
possibility of success.

As a general conclusion we can then say that the theoretical
study, within the limitations of the model and methods employed,
strongly supports the termolecular reaction as opposed to the
bimolecular one, in line with part of the experimental suggestions. .
Theoretical studies with more complicated models are at present
under investigation in our laboratory.
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