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Abstract: Experimental results of an unprecedented haloform-type reaction in which 4-alkyl-4-hydroxy-
3,3-difluoromethyl trifluoromethyl ketones undergo base-promoted selective cleavage of the CO-CF3 bond,
yielding 3-hydroxy-2,2-difluoroacids and fluoroform, are rationalized using DFT (B3LYP) calculations. The
gas-phase addition of hydroxide ion to 1,1,1,3,3-pentafluoro-4-hydroxypentan-2-one (R) is found to be a
barrierless process, yielding a tetrahedral intermediate (INT), involving a ∆Gr(298 K) of -61.4 kcal/mol.
The CO-CF3 bond cleavage in INT leads to a hydrogen-bonded [CH3CHOHCF2CO2H‚‚‚CF3]- complex by
passage through a transition structure (TS1) with a ∆Gq(298 K) of 20.8 kcal/mol and a ∆Gr(298 K) of 9.8
kcal/mol. This complex undergoes a proton transfer between its components, yielding a hydrogen-bonded
[CH3CHOHCF2CO2‚‚‚CHF3]- complex. This process has associated with it a ∆Gq(298 K) of only 3.1 kcal/
mol and a ∆Gr(298 K) of -43.3 kcal/mol. The CO-CF2 bond cleavage in INT leads to a hydrogen-bonded
[CH3CHOHCF2‚‚‚CF3CO2H]- complex by passage through a transition structure (TS3) with a ∆Gq(298 K)
of 29.2 kcal/mol and a ∆Gr(298 K) of 25.1 kcal/mol. The lower energy barrier found for CO-CF3 bond
cleavage in INT is ascribed to the larger number of fluorine atoms stabilizing the negative charge
accumulated on the CF3 moiety of TS1, as compared to the number of fluorine atoms stabilizing the negative
charge on the CH3CHOHCF2 moiety of TS3. The solvent-induced effects on the two pathways, introduced
within the SCRF formalism through PCM calculations, do not reverse the predicted preference of the CO-
CF3 over the CO-CF2 bond cleavage of R in the gas phase.

Introduction

It is known that introduction of fluorine atoms into specific
positions of organic molecules may cause significant changes
in the stability, lipophilicity, and biological activities of the
resulting molecules.1 This has been attributed to the high
electronegativity of the halogen, the strong C-F bond, and the
similar size of the halogen and hydrogen atoms.2 For these
reasons great effort has been placed on the development and
evaluation of biologically active fluorinated materials,3 particu-
larly in the field of enzymatic inhibition.4 Inhibition studies
carried out with these fluorinated derivatives may be therapeuti-

cally important in different areas, e.g., inhibitors of arachidonoyl
ethanolamide (anandamide) in processes involving analgesia,
mood, nausea, memory, etc.,5 and renin or angiotensin-convert-
ing enzyme inhibitors in hypertension phenomena.6

In the course of a work aimed at inhibiting the chemical
communication system in insects, a variety of trifluoromethyl
ketones,7 difluoromethyl ketones, and difluoroaldehydes8 have
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been prepared and tested as inhibitors of the enzymes responsible
for the catabolism of the pheromone. It has been noticed that
the potency of the inhibitors is higher when an increasing
number of the halogen atoms in the carbonyl vicinity is
present.3b,8 In the course of a study aimed at the synthesis of
new difluoroalkyl trifluoromethyl ketone analogues of the sex
pheromone of the Mediterranean corn borerSesamia nonagrio-
ides an unprecedented haloform-type reaction in which 4-hy-
droxy-3,3-difluoromethyl trifluoromethyl ketones (1) undergo
base-promoted cleavage to 3-hydroxy-2,2-difluoroacids (2) and
fluoroform (CHF3) in good yields was found (see list of
compounds and Table S1, Supporting Information), resulting
from the selective cleavage of the CO-CF3 bond (Scheme 1).
On the basis of the expected small bond strength differences
between the CO-CF3 and CO-CF2R bonds, one would expect
the cleavage of1 to give some trifluoroacetic acid (CF3CO2H)
and difluoromethyl carbinol (3) in addition to the observed
formation of 2 and fluoroform. To our surprise, none of the
former reaction products were observed in the base-promoted
cleavage of1.

To rationalize these unexpected results we undertook a
theoretical investigation on the mechanism of the hydroxide-
ion-initiated cleavage of1 by means of density functional theory
(DFT) calculations. In this investigation we focus on the
aforementioned two possible C-C bond cleavage modes of1.
Since the selective cleavage of1 to yield2 and fluoroform turns
out to be independent of the nature of substituents R and R′
(see Table S1, Supporting Information), 1,1,1,3,3-pentafluoro-
4-hydroxypentan-2-one (1, R ) CH3, R′ ) H) was chosen to
model 1 with an affordable computational cost. To our
knowledge, this is the first theoretical study on the mechanism
of a haloform-type reaction.

Computational Details

The geometries of the relevant stationary points of the two reaction
pathways investigated were optimized using analytical gradient pro-
cedures,9 employing DFT calculations. The Becke three-parameter
hybrid functional10 combined with the Lee, Yang, and Parr (LYP)
correlation functional,11 denoted as B3LYP,12 was employed with the
split-valence 6-311+G(d,p) basis set,13 which includes d-polarization
on carbon and oxygen atoms, p-polarization on the hydrogen atoms,
and a single diffuse sp shell14 on heavy atoms only. All the stationary
points were characterized by their harmonic vibrational frequencies as
minima or saddle points. Connections of the transition structures
between designated minima were confirmed by intrinsic reaction
coordinate (IRC)15 calculations16 at the B3LYP/6-311+G(d,p) level.

All of these calculations were performed with the GAUSSIAN 98
program package.17

Zero-point vibrational energies (ZPVEs) were determined from the
unscaled harmonic vibrational frequencies calculated at the B3LYP/
6-311+G(d,p) level. Thermal corrections to enthalpy, absolute entropies,
and Gibbs free-energy values were obtained assuming ideal gas behavior
from the unscaled harmonic frequencies and moments of inertia by
standard methods.18 A standard pressure of 1 atm was taken in the
absolute entropy calculations.

Basis set superposition error (BSSE) corrections were computed for
all complexes located in this study using the counterpoise method.19,20

The calculated BSSE corrections were found to be small, values ranging
from 0.5 to 1.1 kcal/mol.

To investigate the possible solvent-induced changes on the two
pathways studied, the solvent effects were introduced within the self-
consistent reaction field (SCRF) formalism by means of the polarized
continuum model (PCM) of Tomasi et al.21 as implemented in
GAUSSIAN 98. This method models the solvent as a continuum of
uniform dielectric and therefore does not take into account explicit
solvent-solute interactions such as hydrogen bonding. All PCM
calculations were carried out at the B3LYP level of theory with the
6-311+G(d,p) basis set using optimized gas-phase molecular geometries
computed at the same level of theory. Two different continuum
environments characterized by relative dielectric permittivities of 7.58
(THF) and 78.39 (water) were considered to explore the influence of
increasing the dielectric permittivity on the potential-energy barrier of
the two reaction pathways investigated.

Results and Discussion

Selected geometrical parameters of the most relevant struc-
tures involved in the two reaction pathways studied are shown
in Figures 1-3, which are computer-generated plots of the
optimized geometries. The Cartesian coordinates of all structures
reported in this paper are available as Supporting Information.
Total energies calculated in the gas phase as well as the ZPVEs,
thermal corrections to enthalpy, and absolute entropies are
collected in Table S2 (Supporting Information). Total energies
computed in THF and water are given in Table S3 (Supporting
Information). For all stationary points and possible reaction
products of the two reaction pathways investigated, Tables 1
and 2 give the relative energies (∆U), the relative energies at 0
K (∆E(0 K)), the relative enthalpies at 298 K (∆H(298 K)),
and the Gibbs free energies at 298 K (∆G(298 K)). Finally,
Tables 3 and 4 compare the relative energies in the gas phase,
THF, and water for all stationary points and possible reaction
products, respectively.
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Reactant.The lowest energy rotational conformer of 1,1,1,3,3-
pentafluoro-4-hydroxypentan-2-one, labeled asR, is shown in

Figure 1. This conformer has the hydroxyl hydrogen atom H5
pointing directly toward the oxygen atom O2 with an H‚‚‚O
distance of 2.275 Å. This geometrical feature indicates that in
the gas phase this conformer is energetically stabilized by
intramolecular hydrogen bonding. However, it is unlikely that
in solution this conformer will be energetically more stable than
alternative conformers without internal hydrogen bonds.

Anionic Tetrahedral Intermediate. The attack of hydroxide
ion on the carbonyl ofR leads to the formation of an anionic
tetrahedral intermediate. Numerous attempts to locate a transition
structure for this process were unsuccessful. On the basis of
the expected high electrophilicity of the carbonyl carbon atom
caused by the adjacent CF3 and CF2 groups, it is likely that the
nucleophilic addition of hydroxide ion to the carbonyl ofR takes
place through a barrierless process.

The optimized geometry of the tetrahedral intermediate,
labeled asINT (Figure 1), was characterized as a local minimum
on the potential-energy surface (PES). Compared toR, a
lengthening of C3-C4 (0.052 Å) and C4-C5 (0.018 Å) is
observed forINT , reflecting the tendency of these C-C bonds
to be broken. The C4-O2 bond is also lengthened (by 0.115
Å), but it is shorter than the C-O bond of a simple alkoxide
(i.e., 1.335 Å for methoxide at the same level of theory). As
noted for R, the O2 and H5 atoms show an intramolecular
hydrogen-bonding interaction inINT . The distance between
these atoms inINT (1.667 Å) is substantially shorter than that
calculated forR (2.275 Å), which indicates that the O2‚‚‚H5
hydrogen bond inINT is much stronger than that inR. This

Figure 1. Selected geometrical parameters of the B3LYP/6-311+G(d,p)-
optimized geometries of the equilibrium structures for 1,1,1,3,3-pentafluoro-
4-hydroxypentan-2-one (R) and the anionic tetrahedral intermediate (INT ).
Distances are given in Å.

Figure 2. Selected geometrical parameters of the B3LYP/6-311+G(d,p)-optimized geometries of the stationary points on the reaction pathway for the
CO-CF3 bond cleavage in the anionic tetrahedral intermediate. Distances are given in Å.
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remarkable feature is attributed to the fact that in the anionic
intermediateINT atom O2 is bearing most of the negative
charge. However, as in the case ofR, it is unlikely that in
solution this structure will be energetically more stable than
alternative conformers without internal hydrogen bonds.

As expected, the nucleophilic addition of hydroxide ion to
R yielding INT is quite exoergic. From the∆U data given in
Table 1 an energy of reaction (∆Ur) of -74.9 kcal/mol is
predicted for this addition. Such exoergicity is substantially
larger than that (∆Ur ) -35.2 kcal/mol) calculated by Madura
and Jorgensen22 at the Hartree-Fock (HF) level of theory with
the 6-31+G(d) basis set for the addition of hydroxide ion to
formaldehyde in the gas phase. The larger exoergicity calculated
for the addition of hydroxide ion toR, as compared to its
addition to formaldehyde, can be traced to the expected higher
electrophilicity of the carbonyl carbon inR caused by the
adjacent CF3 and CF2 groups.

(22) Madura, J. D.; Jorgensen, W. L.J. Am. Chem. Soc.1986, 108, 2517.

Figure 3. Selected geometrical parameters of the B3LYP/6-311+G(d,p)-optimized geometries of the stationary points on the reaction pathway for the
CO-CF2 bond cleavage in the anionic tetrahedral intermediate. Distances are given in Å.

Table 1. Relative Energies (kcal/mol) of the Stationary Points
Involved in the Hydroxide-Ion-Initiated C-C Bond Cleavages of
1,1,1,3,3-Pentafluoro-4-hydroxypentan-2-one (R) in the Gas
Phasea

structure ∆U ∆E (0 K) ∆H (298 K) ∆G (298 K)

R + HO- 74.9 71.6 73.2 61.4
INT 0.0 0.0 0.0 0.0
TS1 23.9 22.1 22.5 20.8
CX1 17.6 14.6 16.0 9.8
TS2 18.7 16.5 17.3 12.9
CX2 -29.0 -29.1 -28.2 -33.5
TS3 33.2 30.9 31.4 29.2
CX3 32.5 29.8 31.1 25.1
TS4 32.7 30.0 30.9 26.4
CX4 -31.4 -31.4 -30.4 -37.1

a Calculated at the B3LYP/6-311+G(d,p) level of theory including the
BSSE correction.

Table 2. Relative Energies (kcal/mol) of Possible Reaction
Products of the Hydroxide-Ion-Initiated C-C Bond Cleavages of
1,1,1,3,3-Pentafluoro-4-hydroxypentan-2-one in the Gas Phasea,b

products ∆U ∆E (0 K) ∆H (298 K) ∆G (298 K)

CH3CHOHCF2CO2H + CF3
- 40.5 38.2 38.9 25.0

CH3CHOHCF2CO2
- + CHF3 -16.5 -17.0 -16.8 -29.6

CH3CHOHCF2
- + CF3CO2H 54.2 51.5 52.2 37.3

CH3CHOHCHF2 + CF3CO2
- -11.9 -12.9 -12.4 -27.6

a Calculated at the B3LYP/6-311+G(d,p) level of theory.b The energies
are referred to the energy of the reaction intermediateINT .

Table 3. Comparison between the Relative Energies (kcal/mol) in
the Gas Phase, THF, and Water of the Stationary Points Involved
in the Hydroxide-Ion-Initiated C-C Bond Cleavages of
1,1,1,3,3-Pentafluoro-4-hydroxypentan-2-one (R)a

structure gas phase THF water

R + HO- 74.9 35.1 19.7
INT 0.0 0.0 0.0
TS1 23.9 26.7 26.8
CX1 16.6 18.8 ncb

TS2 18.7 18.9 19.3
CX2 -29.5 -27.7 -23.2
TS3 33.2 37.7 40.3
CX3 31.4 36.3 39.1
TS4 32.7 37.5 38.8
CX4 -32.1 -28.5 -10.4

a Calculated with the PCM method at the B3LYP level of theory with
the 6-311+G(d,p) basis set using the geometries optimized in the gas phase
at the same level.b The calculation does not converge.

New Selective Haloform-type Reaction A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 8, 2005 2623



Reaction Pathway for the CO-CF3 Bond Cleavage of the
Anionic Tetrahedral Intermediate. The computation of the
minimum energy reaction path (MERP) for the CO-CF3 bond
cleavage inINT was attempted by simple elongation of the C4-
C5 bond. Starting at the equilibrium structureINT , the C4-
C5 distance was taken as the reaction coordinate, the energy
being minimized with respect to all geometrical variables
without imposing any geometrical restriction. The increase of
the C4-C5 distance caused a simultaneous decrease of the
distance between atoms F5 and H6, so the fluorine atom was
moving to the hydrogen atom along the reaction pathway. This
MERP led eventually to the location of an energy maximum,
and this was optimized to the transition structure labeled asTS1
in Figure 2. In addition to the C4-C5 bond breaking and the
persistence of the O2‚‚‚H5 hydrogen bond, the most remarkable
geometrical changes observed in going fromINT to TS1 are
the shortening of the distance between the F5 and H6 atoms
and the lengthening of the C5-F5 and O3-H6 bonds, which
are indicative of a hydrogen-bonding interaction between atoms
F5 and H6 inTS1. From the∆U data given in Table 1, an
energy barrier (∆Uq) of 23.9 kcal/mol is predicted for the CO-
CF3 bond cleavage ofINT .

The IRC was followed fromTS1. The reverse pathway
eventually ended back at the tetrahedral intermediateINT . The
forward pathway ended in a [CH3CHOHCF2CO2H‚‚‚CF3] -

complex. The optimized geometry of this complex, labeled as
CX1 (Figure 2), was characterized as a true local minimum on
the PES. The most prominent geometrical features of complex
CX1 are the long C5-F5 bond length (1.698 Å) and the short
distance between F5 and H6 (1.365 Å), which are indicative of
a strong intermolecular hydrogen bond between the latter atom
pair. Therefore,CX1 turns out to be a hydrogen-bonded
complex. At this point it is worth noting thatCX1 lies 22.9
kcal/mol below the energy of the isolated components CH3-
CHOHCF2CO2H and CF3- (see the∆U data in Tables 1 and
2). This result can be easily rationalized in terms of the
aforementioned strong F5‚‚‚H6 hydrogen bond and the attrac-
tions between charges and ion-dipole and higher moments, ion-
induced dipole interactions, and dispersion forces holding in
association the two components ofCX1.23

The second step of the C4-C5 bond cleavage inINT was
found to be a proton transfer between the CH3CHOHCF2CO2H

and CF3- components in the hydrogen-bonded complexCX1.
The optimized geometry of the transition structure for this proton
transfer, labeled asTS2, is shown in Figure 2. The geometrical
changes observed in passing fromCX1 to TS2suggest that this
transition structure involves the concerted making of a covalent
bond between atoms C5 and H6, the breaking of the covalent
bond O3-H6, and the breaking of the hydrogen bond between
the atoms F5 and H6. The∆U data listed in Table 1 show that
this process involves a∆Uq of only 1.1 kcal/mol.

The IRC calculations showed thatTS2 goes backward to the
complexCX1 and goes forward to give a [CH3CHOHCF2C-
O2‚‚‚CHF3]- complex. The optimized geometry of this complex,
labeled asCX2 (Figure 2), was characterized as a true local
minimum on the PES. The distance of 1.945 Å between atoms
O3 and H6 is indicative of intermolecular hydrogen bonding in
CX2. Thus, it appears thatCX2 is a hydrogen-bonded complex.
The ∆U data listed in Table 1 show that the proton transfer in
CX1 leading toCX2 is a highly exoergic process involving a
∆Ur of -46.6 kcal/mol. This result can be easily rationalized
in terms of the expected larger gas-phase pKa value of CH3-
CHOHCF2CO2H compared to that of CHF3. Interestingly,
complexCX2 lies 12.5 kcal/mol below the energy of the isolated
components CH3CHOHCF2CO2

- and CHF3 (see the∆U data
in Tables 1 and 2). Such stabilization energy with respect to
these isolated products arises from the O3‚‚‚H6 hydrogen
bonding and the attractions between charges and ion-dipole
and higher moments, ion-induced dipole interactions, and
dispersion forces holding in association the two components of
this complex. We did not find an energy barrier other than that
imposed by the endoergicity for theCX2 complex to break apart
to form the isolated products CH3CHOHCF2CO2

- and CHF3.

To summarize the thermodynamics of the overall reaction
pathway for the gas-phase addition of hydroxide ion toR leading
to CO-CF3 bond cleavage, the calculated∆G(298 K) of the
stationary points relative to the Gibbs free energy at 298 K of
intermediateINT are displayed in Figure 4. Starting from
isolatedR and hydroxide ion, the tetrahedral intermediateINT
is barrierless, formed with a Gibbs free energy of reaction at
298 K (∆Gr(298 K)) of -61.4 kcal/mol. This intermediate
undergoes CO-CF3 bond cleavage to the hydrogen-bonded
complexCX1 by passage through transition structureTS1. This
process has associated with it a Gibbs free energy of activation
at 298 K (∆Gq(298 K)) of 20.8 kcal/mol and a∆Gr (298 K) of
9.8 kcal/mol. The complexCX1 then experiences a proton
transfer between its components, yielding the hydrogen-bonded
complexCX2. This process takes place through the transition
structureTS2 and involves a∆Gq(298 K) of only 3.1 kcal/mol
and a∆Gr(298 K) of -43.3 kcal/mol. Finally, the hydrogen-
bonded complexCX2 can break apart to form the fully
dissociated CH3CHOHCF2CO2

- and CHF3 reaction products
with a ∆G(298 K) of 3.9 kcal/mol.

At this point we note that the overall reaction pathway for
the gas-phase addition of hydroxide ion toR yielding
CH3CHOHCF2CO2

- and CHF3 is a highly exoergic process
involving a∆Gr(298 K) of -91.0 kcal/mol. The rate-determin-
ing step of the overall reaction pathway is the CO-CF3 bond
cleavage inINT leading toCX1 throughTS1 with a ∆Gq(298
K) of 20.8 kcal/mol. Since the addition of hydroxide ion toR
yielding INT is highly exoergic (∆Gr(298 K) ) -61.4 kcal/
mol), it follows that when formed from these reactantsINT

(23) (a) Morton, T. H.Tetrahedron1982, 38, 3195. (b) McAdoo, D. J.Mass
Spectrom. ReV. 1988, 7, 363. (c) Bouchoux, G.AdV. Mass Spectrom.1989,
11, 812. (d) Hammerum, S. InFundamentals of Gas-Phase Ion Chemistry;
Jennings, K. R., Ed.; Kluwer Academic Publishers: Dordrecht, The
Netherlands, 1990; pp 379-390. (e) Bowen, R. D.Acc. Chem. Res.1991,
24, 364. (f) Longevialle, P.Mass Spectrom. ReV. 1992, 11, 157. (g)
McAdoo, D. J.; Morton, T. H.Acc. Chem. Res.1993, 26, 295.

Table 4. Comparison between the Relative Energies (kcal/mol) in
the Gas Phase, THF, and Water of Possible Reaction Products of
the Hydroxide-Ion-Initiated C-C Bond Cleavages of
1,1,1,3,3-Pentafluoro-4-hydroxypentan-2-onea,b

structure gas phase THF water

CH3CHOHCF2CO2H + CF3
- 40.5 24.5 17.9

CH3CHOHCF2CO2
- + CHF3 -16.5 -22.4 -21.5

CH3CHOHCF2
- + CF3CO2H 54.2 54.2 54.2

CH3CHOHCHF2 + CF3CO2
- -11.9 -11.9 -11.9

a Calculated with the PCM method at the B3LYP level of theory with
the 6-311+G(d,p) basis set using the geometries optimized in the gas phase
at the same level.b The energies are referred to the energy of the reaction
intermediateINT .
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contains an excess of energy, which is stored in vibrations and
rotations. It is likely, therefore, that such energy excess suffices
for overcoming the∆Gq(298 K) of 20.8 kcal/mol.

Reaction Pathway for the CO-CF2 Bond Cleavage of the
Anionic Tetrahedral Intermediate. Computation of the MERP
for the CO-CF2 bond cleavage inINT was attempted by simple
elongation of the C3-C4 bond. Starting at the equilibrium
structureINT , the C3-C4 distance was taken as the reaction
coordinate, the energy being minimized with respect to all
geometrical variables without imposing any geometrical restric-
tion. The increase of the C3-C4 distance caused a simultaneous
decrease of the distance between atoms F2 and H6, so the
fluorine atom was moving to the hydrogen atom along the
reaction pathway. This MERP led eventually to the location of
an energy maximum, and this was optimized to the transition
structure labeled asTS3 in Figure 3. In addition to the C3-C4
bond breaking and the disappearance of the O2‚‚‚H5 hydrogen
bond, the most remarkable geometrical changes observed in
going from INT to TS3 are the shortening of the distance
between the F2 and H6 atoms and the lengthening of the C5-
F5 and O3-H6 bonds, which are indicative of a hydrogen-
bonding interaction between atoms F2 and H6 inTS3. Com-
pared toTS1, the C-C bond being broken is 0.509 Å longer
in TS3and the former O2‚‚‚H5 hydrogen bond inINT is lacking
in TS3.

The IRC calculations showed thatTS3 goes backward to the
tetrahedral intermediateINT and goes forward to give a
[CH3CHOHCF2‚‚‚CF3CO2H]- complex. The optimized geom-
etry of this complex, labeled asCX3 (Figure 3), was character-
ized as a true local minimum on the PES. The most remarkable
geometrical features of complexCX3 are the long C3-F2 bond
length (1.580 Å) and the short F2‚‚‚H6 distance (1.459 Å),
which are indicative of a strong intermolecular hydrogen bond
between the latter atom pair. Therefore,CX3 turns out to be a
hydrogen-bonded complex. From the energy point of view, it

is important to note thatCX3 is predicted to lie 14.9 kcal/mol
above the energy ofCX1 (see the∆U data in Table 1). In
addition, the energy of the isolated components ofCX3, namely,
CH3CHOHCF2

- and CF3CO2H, is predicted to be 13.7 kcal/
mol higher than the energies of the isolated components ofCX1,
namely, CH3CHOHCF2CO2H and CF3- (see the∆U data in
Table 2). These predictions are easily understood on the basis
of the high electronegativity of fluorine. In fact, the negative
charge is energetically more stabilized in CF3

- than in
CH3CHOHCF2

- because of the larger number of fluorine atoms
bonded to the carbon atom bearing the negative charge. On the
other hand, it is worthwhile to note that the stabilization energy
of CX3 with respect to its isolated components, namely, 21.7
kcal/mol (see the∆U data in Tables 1 and 2), is similar to that
(22.9 kcal/mol) mentioned above for complexCX1 with respect
to the corresponding isolated components.

From the∆U data given in Table 1, a∆Uq of 33.2 kcal/mol
is predicted for the CO-CF2 bond cleavage inINT , which is
9.3 kcal/mol higher than that (23.9 kcal/mol) found for the CO-
CF3 bond cleavage. In keeping with the higher energy ofCX3
compared toCX1, this result is ascribed to the high electrone-
gativity of fluorine. Specifically, the fluorine atoms inside the
moieties of TS1 and TS3, which become later the anionic
components of theCX1 andCX3 complexes (i.e., CF3 and CH3-
CHOHCF2), stabilize the negative charge accumulated on these
moieties. As expected, the energy stabilization arising from this
effect is larger forTS1 than for TS3 because of the larger
number of fluorine atoms in the aforementioned moiety ofTS1.

The second step of the C3-C4 bond cleavage inINT was
found to be a proton transfer between the CH3CHOHCF2

- and
CF3CO2H components in the hydrogen-bonded complexCX3.
The optimized geometry of the transition structure for this proton
transfer, labeled asTS4, is shown in Figure 3. The geometrical
changes observed in passing fromCX3 to TS4suggest that this
transition structure involves the concerted making of a covalent

Figure 4. Reaction pathway for hydroxide-ion-initiated CO-CF3 bond cleavage in 1,1,1,3,3-pentafluoro-4-hydroxypentan-2-one (R). Gibbs free energies
at 298 K of stationary points are graphed relative to Gibbs free energy at 298 K of the tetrahedral intermediate (INT ).
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bond between atoms C3 and H6, the breaking of the covalent
bond O3-H6, and the breaking of the hydrogen bond between
atoms F2 and H6. The∆U data listed in Table 1 show that this
proton-transfer step involves a∆Uq of only 0.2 kcal/mol.

The IRC calculations showed thatTS4 goes backward to
complex CX3 and goes forward to give a [CH3CHOHCH-
F2‚‚‚CF3CO2]- complex. The optimized geometry of this com-
plex, labeled asCX4 (Figure 3), was characterized as a true
local minimum on the PES. The short distance of 1.761 Å be-
tween atoms O3 and H5 is indicative of an intermolecular hy-
drogen bonding inCX4. Thus, it appears thatCX4 is a hy-
drogen-bonded complex. The∆U data listed in Table 1 shows
that the proton transfer inCX3 leading toCX4 is a highly
exoergic process involving a∆Ur of -63.9 kcal/mol. This result
can be easily rationalized in terms of the expected larger gas-
phase pKa value of CF3CO2H compared to that of CH3CH-
OHCHF2. ComplexCX4 lies 19.5 kcal/mol below the energy
of its isolated components CH3CHOHCHF2 and CF3CO2

- (see
the∆U data in Tables 1 and 2). Interestingly, this stabilization
energy ofCX4 is 7.0 kcal/mol larger than that (12.5 kcal/mol)
calculated for the stabilization energy ofCX2 with respect to
the corresponding isolated components. This result can be attri-
buted to the expected lower stabilization energy associated with
the C4-O3‚‚‚H6-C5 hydrogen-bonding interaction inCX2 as
compared to the O1-H5‚‚‚O3-C4 hydrogen-bonding interac-
tion for theCX4 case. As for complexCX2, we did not find
an energy barrier other than that imposed by the endoergicity
for the CX4 complex to break into its isolated components.

Figure 5 summarizes the thermodynamics of the overall
reaction pathway for the gas-phase addition of hydroxide ion
to R, leading to CO-CF2 bond cleavage. As found for the CO-
CF3 bond cleavage, the reaction pathway starts with formation
of the anionic tetrahedral intermediateINT . This intermediate
then undergoes CO-CF2 bond cleavage to the hydrogen-bonded

complexCX3 by passage through transition structureTS3. This
process involves a∆Gq(298 K) of 29.2 kcal/mol and a∆Gr-
(298 K) of 25.1 kcal/mol. The complexCX3 experiences a
proton transfer between its components, giving the hydrogen-
bonded complexCX4. This process takes place through
transition structureTS4 and involves a∆Gq(298 K) of only
1.3 kcal/mol and a∆Gr(298 K) of -62.2 kcal/mol. Finally, the
hydrogen-bonded complexCX4 can break apart to form the
fully dissociated CH3CHOHCHF2 and CF3CO2

- reaction prod-
ucts with a∆G(298 K) of 9.5 kcal/mol.

The overall reaction pathway for the gas-phase addition of
hydroxide ion toR yielding CH3CHOHCHF2 and CF3CO2

- is
a highly exoergic process involving a∆Gr(298 K) of -89.0
kcal/mol. The rate-determining step of the overall reaction
pathway is the CO-CF2 bond cleavage inINT leading toCX3
throughTS3. This process involves a∆Gq(298 K) of 29.2 kcal/
mol, which is 8.4 kcal/mol higher than that found for the
alternative CO-CF3 bond cleavage inINT leading toCX1
through TS1. It follows, therefore, that the hydroxide-ion-
promoted cleavage of the CO-CF3 bond of R yielding
CH3CHOHCF2CO2

- and CHF3 is clearly favored over the
cleavage of the CO-CF2 bond leading to CH3CHOHCHF2 and
CF3CO2

-.
Solvent Effects.Table 3 shows that solvation increases the

energy of all the complexes found on the two reaction pathways
investigated, while Table 4 shows that the solvent lowers the
energy of the corresponding isolated components. It turns out,
therefore, that solvation substantially decreases the stabilization
energy of the complexes with respect to their isolated compo-
nents.

The most significant effect of solvation on the other stationary
points located on the two reaction pathways (Table 3) is to lower
the energy of the isolated reactants hydroxide ion andR with
respect to the tetrahedral intermediateINT by 39.8 (THF) or

Figure 5. Reaction pathway for hydroxide-ion-initiated CO-CF2 bond cleavage in 1,1,1,3,3-pentafluoro-4-hydroxypentan-2-one (R). Gibbs free energies
at 298 K of stationary points are graphed relative to Gibbs free energy at 298 K of the tetrahedral intermediate (INT ).
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55.2 kcal/mol (water). As a consequence, when formed from
these reactantsINT contains a lower excess of energy in solution
than in the gas phase. On the other hand, solvation increases
the energy ofTS1 by 2.8 (THF) or 2.9 kcal/mol (water) and
that ofTS3 by 4.5 (THF) or 7.1 kcal/mol (water) with respect
to the energy ofINT . Thus, the solvent effects do not reverse
the preference found for the CO-CF3 over the CO-CF2 bond
cleavage in INT in the gas phase. On the contrary, the
hydroxide-ion-promoted cleavage of the CO-CF3 bond of R
is predicted to be even more favored over CO-CF2 bond
cleavage in solution than in the gas phase. Nevertheless, the
increase in the energy ofTS1 relative to that ofINT , caused
by solvation, combined with the decrease in the excess of energy
contained inINT , when formed in solution, indicates that the
hydroxide-ion-promoted cleavage ofR should be slower in
solution than in the gas phase.

Summary and Conclusions

In an attempt to rationalize the recent experimental results
of an unprecedented haloform-type reaction in which 4-alkyl-
4-hydroxy-3,3-difluoromethyl trifluoromethyl ketones undergo
base-promoted cleavage to 3-hydroxy-2,2-difluoroacids and
fluoroform in good yields, resulting from selective cleavage of
the CO-CF3 bond, we investigated by means of DFT calcula-
tions with the B3LYP functional the two possible C-C bond
cleavage modes of 1,1,1,3,3-pentafluoro-4-hydroxypentan-2-one
(R) in the gas phase. In addition, we also investigated the
possible solvent-induced changes on the two pathways using
the PCM method. From the analysis of the results of the B3LYP
calculations, the following main points emerge.

(1) The gas-phase addition of hydroxide ion to the carbonyl
carbon atom ofR leads to the barrierless formation of an anionic
tetrahedral intermediate,INT, with a∆Gr(298 K) of-61.4 kcal/
mol.

(2) The CO-CF3 bond cleavage ofINT in the gas phase
leads to the formation of a hydrogen-bonded [CH3CHOHCF2-
CO2H‚‚‚CF3]- complex,CX1, by passage through a transition
structure TS1 with a ∆Gq(298 K) of 20.8 kcal/mol.CX1
undergoes a proton transfer between its components yielding a
hydrogen-bonded [CH3CHOHCF2CO2‚‚‚CHF3]- complex,CX2,
with a∆Gq(298 K) of only 3.1 kcal/mol. Finally, complexCX2
can break apart to form the fully dissociated components with
a ∆G(298 K) of 3.9 kcal/mol.

(3) The CO-CF2 bond cleavage ofINT in the gas phase
leads to the formation of a hydrogen-bonded [CH3CHOHC-
F2‚‚‚CF3CO2H]- complex,CX3, by passage through a transition
structureTS3 with a ∆Gq(298 K) of 29.2 kcal/mol, which is
8.4 kcal/mol higher than that found for the alternative CO-
CF3 bond cleavage. In keeping with the higher energy found
for CX3, as compared toCX1, the higher energy ofTS3 is due
chiefly to the smaller number of fluorine atoms stabilizing the
negative charge accumulated on the CH3CHOHCF2 moiety of
TS3, as compared to the larger number of fluorine atoms
stabilizing the negative charge on the CF3 moiety of TS1.

(4) The solvent-induced effects on the two pathways do not
reverse the predicted preference for the CO-CF3 over the CO-
CF2 bond cleavage ofINT in the gas phase. On the contrary,
the hydroxide-ion-promoted cleavage of the CO-CF3 bond of
R is predicted to be even more favored over CO-CF2 bond
cleavage in solution than in the gas phase.

In accord with experimental findings, the above points suggest
that the hydroxide-ion-promoted cleavage of the CO-CF3 bond
of R, yielding CH3CHOHCF2CO2

- and CHF3, is clearly favored
over cleavage of the CO-CF2 bond leading to CH3CHOHCHF2

and CF3CO2
-.

Acknowledgment. This research was supported by the
Spanish DGICYT (Grants BQU2002-04485-C02-01, BQU2002-
04485-C02-02, and AGL2003-06599-C02-01). Additional sup-
port came from Catalonian CIRIT (Grant 2001SGR00048). The
larger calculations described in this work were performed on
the CPQ AlphaServer HPC320 at the Centre de Supercomputa-
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