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The dehydrohalogenation reactions of PhCH2-CH2Cl and PhCHCl-CX2LG (X ) H, F; LG ) F, Cl)
with methoxide have been studied using PM3 quantum chemical calculations in vacuo and within
a dielectric medium. For PhCH2-CH2Cl and PhCHCl-CH2Cl the loss of HCl is predicted to occur
via an E2 mechanism, while for the other three compounds loss of hydrogen halide occurs via a
two-step mechanism, with a hydrogen-bonded carbanion as an intermediate. The mechanistic
implications of these calculations are discussed in comparison with experimental data.

Introduction

Elimination of hydrogen halide from 1-phenyl-1-halo-
2-haloalkanes by methoxide or ethoxide in the corre-
sponding alcoholic solvent smoothly yields 1-phenyl-1-
haloalkenes as the main product. The mechanism of this
reaction has been proposed to occur via two types of car-
banions: one is stabilized by a hydrogen bond,HB, while
the other, free carbanion has no contact stabilization by
either solvent molecules or a counterion, FC. The full
mechanism which explains both the formation of elimi-
nation products and the occurrence and yield of isotopic
exchange products resulting from internal return is
displayed in Scheme 1.1

Scheme 1 can also account for the extreme element
effect, kHCl/kHF ) 1.5 × 105, associated with the dehydro-
halogenation from p-CF3C6H4CHClCF2Cl versus p-CF3-
C6H4CHClCF3.2 Loss of Cl- can occur from a hydrogen-
bonded carbanion, {p-CF3C6H4CClCF2Cl}-‚‚‚ HOMe, while
formation of another species, the free carbanion {p-
CF3C6H4CClCF3}-, is required before F- departs. This
is supported by the fact that exchange of the benzylic
hydrogen in p-CF3C6H4CHClCF3 is 75 times faster than
the loss of HF. In contrast, a normal element effect, kHCl/
kHF ) 53, is obtained from the reactions of p-CF3-
C6H4CHClCH2Cl versus p-CF3C6H4CHClCH2F, which is
consistent with the loss of both chloride and fluoride from
one and the same type of species, a hydrogen-bonded
carbanion. However, most of the experimental data for
loss of halide from HB would be virtually the same as
for a concerted E2 mechanism (stereochemistry in the
resulting alkene, the observance of significant kinetic
hydrogen isotope effects and element leaving group
effects, and the absence of isotopic exchange). Therefore,
the Arrhenius behavior of the primary kinetic hydrogen

isotope effects (kH/kD, kH/kT and kD/kT),3 and chlorine
isotope effects [k35/k37] that have been shown to be
different for the elimination of HCl versus DCl,4 was used
to distinguish between the two mechanisms, and both
were only consistent with the stepwise mechanism of
Scheme 1. The nature of the reacting species was further
investigated via measurement of the kinetic solvent
isotope effect, kMeOD/kMeOH, for loss of LX (L ) H, D, T)
from the following species: C6H5CHClCH2Br (2.51),
p-CF3C6H4CHClCH2Cl (2.4), p-CF3C6H4CDClCH2Cl (2.55),
C6H5CTClCF2Cl (2.51), and p-CF3C6H4CTClCF3 (2.60).5
The magnitude of the solvent isotope effects is consistent
with three solvating methanol molecules being released
from methoxide ion prior to hydron transfer from carbon
to oxygen,6 i.e., methoxide only acts as a base in a
desolvated state, feeling only the dielectric effects of the
solvent.
The aim of this paper is to investigate the existence of

hydrogen-bonded and free carbanion intermediates that
might occur in the dehydrohalogenation of C6H5CH2-
CH2Cl (1), PhCHCl-CH2Cl (2), PhCHCl-CF2Cl (3), Ph-
CHCl-CH2F (4), and PhCHCl-CF3 (5) in basic methanol
by quantum chemical means, using semiempirical PM3
calculations.7 The PM3 parametrization has been shown
to be able to mimic hydrogen bonds effectively, both intra-
and intermolecularly between neutral species8 and specif-
ically between negatively charged carbon atoms and
alcohols [C(-)‚‚‚H-O].9 A recent study suggests that PM3
is the parametrization of choice for semiempirical studies
of molecular systems in which hydrogen-bonding interac-
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tions play a significant role,10,11 although its use for the
computation of transition state energies and structures
is limited.12

On the basis of the measured kinetic solvent isotope
effects which showed that proton abstraction occurs by
desolvated methoxide, reaction profiles were studied for
the dehydrohalogenation of 1-5 with one methoxide
anion. The profiles were followed along the reaction
coordinate r(C-H), the length of the carbon-hydrogen
bond that is broken in the deprotonation (see Figure 1),
for r(C-H) ) 1.1 - 3.0 Å. Any minimum occurring along
this reaction coordinate was fully optimized and charac-
terized. Computations were performed both for the
isolated complexes and for the complexes within a

dielectric medium with εr ) 32, mimicking the solvation
effect of methanol.

Theoretical Methods

All calculations have been performed using MOPAC 9313
with the standard PM3 parameters implemented there. Reac-
tion paths with increasing CR-H bond lengths r(C-H) and
fixed values of the Y-CR-Câ-LG torsion angle θ (Figure 1)
were started at r(C-H) ) 1.1 Å and increased in steps of 0.1
Å to r(C-H) ) 3.0 Å. Geometries were optimized in combina-
tion with the PRECISE keyword. The geometry of possible
intermediates was obtained in a two-step optimization: First,
the lowest point of the thus calculated reaction path for θ )
180° (at r(C-H) ) 1.8 Å for all systems under study) was
optimized without geometrical restrictions using the NLLSQ
option. The resulting geometry was then subjected to the
BFGS optimizer.14 BFGS is more apt to overlook a local
minimum on the potential energy surface than NLLSQ and
better at finding global minima. The structures of the thus
obtained minima were shown to correspond to real minima
on the potential energy surface by calculation of the vibrational
frequencies, which were all shown to be positive, except when
noted otherwise. Solvent dielectric effects of methanol were
simulated with the COSMO technique,15 using the keywords
EPS ) 32 (for the dielectric constant of methanol at room
temperature), RSOLV ) 2 (to account for the larger size of
methanol with respect to water), and NSPA ) 60.

Results and Discussion

Reaction Profiles. Energy profiles for the proton
transfer from the benzylic carbon atom of 1-5 to meth-
oxide ion in vacuo are presented in Figure 2. In these
calculations on the isolated complexes the Y-C-C-LG
dihedral angle θ was fixed at 180°, to represent the most
likely initial conformation of 2-5. The anti orientation
of 1,2-dihaloethane conformers is preferred over a gauche
orientation for both chlorine and bromine, while for 1,2-
difluoroethane the conformational preference is re-
versed.16 Furthermore, 19F NMR data also suggest an
anti orientation for the two bromine atoms in PhCHBr-
CBrF2.17 Holding θ ) 180° proved to be necessary, since
the full optimization of the ion-molecule clusters re-
sulted in finding only global minima with the leaving
group in -CX2LG rotated to a position anti to the lone
pair electrons (vide infra) or with the C-LG bond already
broken. Since PM3 slightly underestimates rotational
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J. Am. Chem. Soc. 1992, 114, 2349-2354. (e) Gronert, S. J. Am. Chem.
Soc. 1993, 115, 652-659. (f) Bickelhaupt, F. M.; Baerends, E. J.;
Nibbering, N. M. M.; Ziegler, T. J. Am. Chem. Soc. 1993, 115, 9160.
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489. (h) Bickelhaupt, F. M.; Baerends, E. J.; Nibbering, N. M. M. Chem.
J. Eur. 1996, 2, 196-207. Experimental: (i) Jones, M. E.; Ellison, G.
B. J. Am. Chem. Soc. 1989, 111, 1645-1654. (j) DePuy, C. H.; Gronert,
S.; Mullin, A.; Bierbaum, V. M. J. Am. Chem. Soc. 1990, 112, 8650-
8655. (k) Gronert, S.; DePuy, C. H.; Bierbaum, V. M. J. Am. Chem.
Soc. 1991, 113, 4009-4010.
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S.; Sole, A. J. Org. Chem. 1988, 53, 5148. (b) Zheng, Y.-J.; Merz, K.
M., Jr.; Farber, G. K. Protein Eng. 1993, 6, 479-484. (c) Rı́os, M. A.;
Rodrı́quez, J. J. Comput. Chem. 1992, 13, 860-866.

(13)MOPAC 1993; Dr. J. J. P. Stewart & Fujitsu Ltd.: Tokyo, Japan.
(14) If the default BFGS optimizer is used, the system often went

directly to the global minimum at θ ) 90°, rather than finding the
local minimum.

(15) Klamt, A.; Schuurman, G. J. Chem. Soc., Perkin Trans. II 1993,
799-804.

(16) Dixon, D. A.; Matsuzawa, N.; Walker, S. C. J. Phys. Chem. 1992,
96, 10740-10746.

(17) (a) Drysdale, J. J.; Phillips, W. D. J. Am. Chem. Soc. 1957, 79,
319-320. (b) This observation has recently been confirmed using a
300 MHz NMR spectrometer: Koch, H. F.; Koch, J. G. Unpublished
results. (c) See also ref 1b, especially p 334.

Scheme 1. Proposed Mechanism for the Dehydrohalogenation and Isotopic Exchange of
1-Phenyl-1-halo-2-haloalkanes by Alkoxide

Figure 1. Ion-molecule clusters of 1-phenyl-2-chloroethane
(1) and 1-chloro-1-phenyl-2-haloethanes 2-5 with methoxide
(θ ) dihedral angle between Y (R-H or R-Cl) and the leaving
group (â-F or â-Cl); r(C-H) ) distance between the R-carbon
atom and the proton that is abstracted from it).
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barriers in these systems,16 it prevents finding the local
minima along a reaction path, when starting out with a
geometry optimization without torsional restraints.18 The
calculations for compound 1 (Figure 2) are with the
hydrogen gauche to the chloride leaving group to allow
comparison to the other compounds.
Encounter Complexes. As the energy profiles for

increasing r(C-H) in vacuo at θ ) 180° (Figure 2) show,
lengthening of the C-H bond for the ion-molecule
clusters of 1, 2, and 4 results in the formation of an
energy minimum corresponding to an encounter complex
around r(C-H) ) 1.2 Å, while for the complexes of 3 and
5 such a minimum is either absent (3) or very shallow
(5). Full optimization of the complexes starting at
r(C-H) ) 1.2 Å does indeed result in encounter com-
plexes 1EC-1, 1EC-2, 2EC and 4EC, which are definite
minima for 1, 2, and 4, respectively (Figure 3). For 3
and 5 no such encounter complex was observed in

vacuo: the energy dips in their reaction profiles (Figure
2) are a direct result of the fixation of θ at 180° and
disappear at full optimization. This difference between
complexes of 1, 2, and 4 versus clusters of 3 and 5 is
caused by the electron-withdrawing effect of the â-fluo-
rine atoms, which results in a diminished electron density
at the R-carbon atom. This, in turn, will favor the
complete transfer of the proton to the alcohol due to the
stabilization provided by this delocalization (vide infra),19
but does not stabilize the hydrogen bond formed in the
encounter complex. These conclusions are in line with
recent measurements of the gas phase acidity of 5, which
is 29 kcal/mol more acidic than that of methanol.20
For 1 two encounter complexes were found. The more

stable one (1EC-2) has an antiperiplanar orientation of
the Câ-Cl bond with the lengthened CR-H bond (Figure
3) and is favored by 4 kcal/mol over the complex with θ
≈ 180° (1EC-1, Figure 3). For 2 and 4 the antiperiplanar
structure is disfavored due to repulsive halogen-halogen
interactions which do not exist in complexes of 1 as that
species lacks the R-chloro atom.
Hydrogen-Bonded Complexes. Further lengthen-

ing of r(C-H) yields for all five complexes an energy
minimum at about 1.8 Å (Figure 2). These structures
all have a near-linear orientation of the C(-)‚‚‚H-O
moiety, have a total C(-)‚‚‚H-O bond length of 2.7-2.75
Å, and display a small C-H bond order (<0.1). All these
features clearly point to the presence of a complex-
stabilizing hydrogen bond.21 The presence of energy
minima on the potential energy surfaces with the fixed
value of θ is in line with the postulate of C(-)‚‚‚H-O
hydrogen bonds for 2-5 on the basis of kinetic data.1,4
Full optimization of all five hydrogen-bonded com-

plexes starting with r(C-H) ) 1.8 Å for several conform-
ers of the carbanion yielded stable hydrogen-bonded
complexes for 3-5 (Figure 4). Although for 3 and 4 also
other minima were observed (see below), the most stable
minimum for all these three compounds has the -CX2LG
group effectively rotated 90° from the initial conformation
to align the leaving group to the lone pair electrons for
maximum overlap of the C-LG σ* and the pz orbital on
the R-carbon atom. Upon full optimization no minima
were found for 1 and 2, so the local minima observed in
Figure 2 for 1 and 2 turn out to be a consequence of the
fixation of θ at 180° with this computational method.
When θ is let free to be optimized in these two clusters,
it reduces to 90°, with concomitant loss of chloride. A
more detailed study of the loss of chloride in 2 shows that
during the rotation of the CH2Cl group the Câ-Cl bond
is lengthened gradually, thereby reducing the steric
hindrance present for further rotation. The energy gain
for this rotation and Câ-Cl bond lengthening comes from
the alignment of the filled pz orbital on CR and the σ*
orbital of Câ-Cl, ultimately resulting in the loss of chloride

(18) (a) It should be noted that with ab initio methods up to MP2
calculations with triple-ú basis sets the barrier for rotation is signifi-
cantly overestimated (up to a factor of 2), yielding deviations signifi-
cantly larger than PM3; this would in effect prevent rotation of the
CX2Cl moiety. Such calculations would therefore not necessarily imply
a quantitatively better agreement with experiment, although Dixon
and co-workers have found that a qualitative improvement for the
potential energy surface for rotation is to be expected.16 For earlier
studies on rotational barriers in 1,2-haloethanes, see: (b) Dixon, D.
A.; Smart, B. E. J. Phys. Chem. 1988, 92, 2729-2733. (c) Miyajima,
T.; Kurita, Y.; Hirano, T. J. Phys. Chem. 1987, 91, 3954-3959. (d)
Wiberg, K. B.; Murcko, M. A. J. Phys. Chem. 1987, 91, 3616-3620. (e)
Smits, G. F.; Krol, M. C.; Van Kampen, P. N.; Altona, C. J. Mol. Struct.
(THEOCHEM) 1986, 139, 247-253.

(19) Streitwieser, A., Jr.; Juaristi, E.; Nebenzahl, L. L. In Compre-
hensive Carbanion Chemistry; Buncel, E., Durst, T., Eds.; Elsevier:
Amsterdam, 1987; Part A, Chapter 7.

(20) Prof. M. Mishima, Institute for Fundamental Research of
Organic Chemistry, Kyushu University, Fokuoka, Japan, personal
communication.

(21) (a) Pimentel, G. C.; McClellan, A. L. The Hydrogen Bond; W.
H. Freeman and Co.: San Fransisco, 1960; Chapter 9. (b) Joesten, M.
D.; Schaad, L. J.Hydrogen Bonding; Marcel Dekker: New York, 1974.
(c) Olovsson, I.; Jönsson, P.-G. In The Hydrogen Bond; Schuster, P.,
Zundel, G., Sandorfy, C., Eds.; North-Holland Publishing Co.: Amster-
dam, 1976; Vol. 2, Chapter 8. (d) Luck, W. A. P. In The Hydrogen Bond;
Schuster, P., Zundel, G., Sandorfy, C., Eds.; North-Holland Publishing
Co.: Amsterdam, 1976; Vol. 2, Chapter 11. (e) Smith, D. A., Ed.
Modelling the Hydrogen Bond; ACS Symposium Series 569; American
Chemical Society: Washington, DC, 1994.

Figure 2. Relative heats of formation ∆Hrel (wrt r(C-H) )
1.1 Å) for methoxide complexes of 1-5 for lengthening of the
CR-H bond at θ ) 180°: (Top) complexes of 1-3 (LG ) Cl);
(bottom) complexes of 4 and 5 (LG ) F).
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anion. If θ is decreased from 180° to 90° at intervals of
30°, no loss of Cl- is observed for θ ) 180° and 150°, but
Cl- is lost from geometries with θ ) 120° and 90°. Loss

of LG anion is easiest from these orientations, due to the
aforementioned orbital alignment. For both 1 and 2
chloride anion leaves without additional barrier. Length-

Figure 3. Encounter complexes of 1 (top), 2 (bottom left), and 4 (bottom right) (distances in Å; relative energiessfor complexes
of 1, in parenthesessin kcal/mol).

Figure 4. Hydrogen-bonded carbanion-methanol complexes of 3 (top), 4 (middle), and 5 (bottom) (distances in Å; relative energiess
in parenthesessin kcal/mol).
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ening of the hydrogen bond is required for further
lengthening of the Câ-Cl bond. If r(C-H) is fixed, e.g.,
at 1.5 or 2.0 Å, the C-Cl bond length increases up to a
certain value and stays there. Upon placing the metha-
nol further and further away from the carbanion, one
breaks the hydrogen bond and obtains the free carban-
ions, FC, 1an-5an. For 1 and 2 the loss of driving force
for localizing some of the electron density on the R-carbon
atom causes the chloride anion to leave without further
barrier for r(C-H) > 3.5 Å. In line with this, the free
anions 1an and 2an are not stable at this level of theory.
The loss of the proton and the chloride are therefore
really coupled in vacuo for 1 and 2, in line with an E2
mechanism.
With 3-5 this is not the case, as several minima on

the potential energy surface were observed (see Figure
4). Full optimization of the complex of {C6H5CCl-CF2Cl}-

with methanol yields two minima, 3HB-1 and 3HB-2,
with a relative energy of 6.0 kcal/mol (3HB-2 being more
stable). In 3HB-1 the geometry of the carbanion part
strongly resembles that of the precursor dichloroethane.
The relative orientation of the chloro atoms at the R- and
â-carbon atoms is still anti, and the Câ-Cl bond length
is still close to that in the neutral precursor: 1.881 versus
1.827 Å. Clearly, a near-linear hydrogen bond is formed
between the highly negatively charged CR and the alcohol
group of the methanol, with r(C-H) ) 1.881 Å and the
hydrogen firmly bound to the oxygen: r(O-H) ) 0.975
Å. Rotation over 120° of the CF2Cl group yields the other,
more stable minimum, in which the â-chlorine atom is
aligned anti-parallel to the C(-)‚‚‚H-O moiety. This
orientation lowers the energy and is optimal for loss of
Cl-, as is reflected already in the significant increase of
the Câ-Cl bond length to 2.036 Å; minimum 3HB-1
therefore seems to exist due to the barrier for rotation of
the CF2Cl group. The total C(-)‚‚‚H-O length in 3HB-2
is over 3.4 Å, substantially longer than what is normally
found for hydrogen bonds between second row elements:
<2.95 Å.21 It therefore seems that this complex is kept
together in vacuo by general charge-dipole attraction
rather than by specific hydrogen bonding (vide infra).
Despite the significant lengthening of the C-Cl bond

in 3HB-2, the mechanism for loss of HCl from this system
cannot be E2, since even in the free anion 3an (no MeOH
around), the â-chlorine atom stays bonded (vide infra).
Along the reaction path for deprotonation the C-Cl bond
order is reduced from 0.86 (at r(C-H) ) 1.1 Å) to 0.55
(at r(C-H) ) 3.0 Å), and although the bond length still
increases slightly, this value of the bond order is only
marginally lower than that of 0.57 already obtained at
r(C-H) ) 1.8 Å and close to the 0.52 obtained for the
isolated, free ion. Correspondingly, the C-Cl bond length
is only increased with 0.004 Å (to 2.040 Å) with an
increase of r(C-H) from 2.472 (in 3HB-2) to 3.000 Å, and
at r(C-H) ) 10.0 Å, r(C-Cl) is still only 2.056 Å.
Similar results are obtained for 4. Three minima are

found on the potential energy surface of the complex of
1-phenyl-1-chloro-2-fluoroethanide with methanol (Figure
4, complexes 4HB-1, 4HB-2, and 4HB-3). All three
correspond to a methanol-carbanion cluster held to-
gether by a near-linear C(-)‚‚‚H-O hydrogen bond and
differ only in the relative orientation of the CH2F group.

Since the charge capacity of fluorine is not as large as
that of chlorine,22 no substantial changes in the C-F
bond length are observed for the three different com-
plexes (differences < 0.006 Å). This does, however, not
imply that its preference for an anti-parallel orientation
with the C(-)‚‚‚H-O moiety is not as large. The relative
energies of 4HB-1, 4HB-2, and 4HB-3 are 4.8, 1.1, and
0 kcal/mol, which suggest that the preference for an anti-
parallel orientation is almost 5 kcal/mol. Again, complete
removal of the methanol molecule with the fluorine in
the optimum anti-parallel orientation does not result in
a loss of F-: r(C-F) only lengthens marginally from
1.372 Å in complex 4HB-3 to 1.373 Å at r(C-H) ) 10.0
Å, therefore excluding an E2 mechanism for loss of HF
in vacuo for this ion-molecule cluster.23
This is analogous to what is observed for the hydrogen-

bonded complex of 5. One minimum is found, with an
anti-parallel orientation of the C(-)‚‚‚H-Omoiety and one
of the C-F bonds. Again, the cluster is held together by
a near-linear hydrogen bond with r(C-H) ) 1.880 Å, and
removal of the methanol to r(C-H) ) 10.0 Å does not
change the C-F bond lengths substantially.
Free carbanions. A final common characteristic is

that in the free carbanions 3an, 4an, and 5ansoriginating
from removal of the methanol molecules in the complexes
as depicted in Figure 4sthe hybridization around CR is
changed from sp3 in the neutral precursors to sp2 in the
free anions.24 In this regard the structure of the carban-
ions under study therefore differs from that of simple
alkyl or alkyl halide anions, which have been shown to
be sp3 hybridized.25 For 5an the rehybridization results
in a carbanion with Cs symmetry. The optimized struc-
tures of 3an-5an are depicted in Figure 5, together with
selected geometrical features.

(22) See, e.g.: (a) Huheey, J. E.; Keiter, E. A.; Keiter, R. L. Inorganic
Chemistry, 4th ed.; Harper Collins College Publishers: New York,
1993; p 186. (b) Politzer, P.; Huheey, J. E.; Murray, J. S.; Grodzicki,
M. J. Mol. Struct. (THEOCHEM) 1992, 259, 99-120.

(23) The minimal lengthening of the C-F bonds in these systems
is somewhat surprising and probably erroneous, given the significant
lengthening that has often been calculated in simpler anions. It is
currently unclear whether this can be fully accounted for by the
possibilities for delocalization of the negative charge by the phenyl and
R-chloro substituents, but we suspect that limitations of the compu-
tational method used in this study also play a part.

(24) The planarity of the free carbanions does not arise from the
minimal basis sets used in semiempirical computations. Recent B3LYP/
6-31+G(d) computations on 4an compute the dihedral angle
C-C(-)-Cl-F to be 173° (Zuilhof, H.; Lodder, G.; Koch, H. F.
Unpublished results), in very good agreement with the present PM3
data.

(25) (a) Bates, R. B.; Ogle, C. A. Carbanion Chemistry; Springer-
Verlag: Berlin, 1983; Chapter 1. (b) Dixon, D. A.; Fukunaga, T.; Smart,
B. E. J. Am. Chem. Soc. 1986, 108, 4027-4031.

Figure 5. Optimized structures for the isolated carbanions
3an (top left), 4an (top right), and 5an (bottom), together with
selected geometrical features (distances in Å).
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The observance of stable free carbanions and hydrogen-
bonded ion-molecule complexes has important mecha-
nistic implications, since the stability of the anions in
the global energy minimum precludes any E2-type elimi-
nation in the gas phase. Therefore loss of hydrogen
halide from 3-5 is predicted to occur via a two-step
mechanism, in which the proton is lost first followed by
a loss of the leaving halide which requires crossing of
another energy barrier. This behavior contrasts with
that predicted for 1 and 2: no hydrogen-bonded carban-
ion-methanol clusters are found, and the isolated car-
banions are calculated to be unstable due to barrierless
loss of chloride anion.
Medium Effects. To probe the influence of the

solvent, the hydrogen-bonded carbanionic intermediates
of 3-5 as calculated in vacuo were reoptimized in a
dielectric medium simulating methanol using the COS-
MO technique (Figure 6).15 No intermediate similar to
gas-phase cluster 3HB-2 could be found: reoptimization
of this complex in the dielectric medium resulted in loss
of Cl- and further lengthening of r(C-H). This supports
the idea that this complex is in vacuo kept together by
nonspecific ion-dipole interactionsswhich are of course
strongly diminished in solutionsrather than by a real
hydrogen bond. For the hydrogen-bonded complexes of
4 and 5, the effect of the dielectric medium was rather
small, both structurallysas can been seen from the
structures in Figure 6sand energetically. The structures

of 4solv-1, 4solv-2 and 4solv-3 differ only marginally
from those of their gas-phase analogues, with solvent-
induced bond length changes up to 0.020 Å. In 5solv-1
the hydrogen bond is somewhat shortened in comparison
with gas-phase structure 5HB-1 (r(C-H) decreases from
1.880 to 1.832 Å). This does, however, hardly affect the
C-F bond lengthssall changes < 0.005 Åsor corre-
sponding electronic properties. This suggests that de-
spite the significant overall stabilization of these nega-
tively charged complexes (in the range of 50-75 kcal/
mol, as estimated from computations using COSMO) no
significant specific solvent-induced structural changes are
observed.
The situation is slightly different for 3solv-1. Al-

though the structures for 3HB-1 in Figures 4 and 6
resemble each other, apart from the somewhat shorter
hydrogen bond length in the dielectric medium, the
similarity is less than surmised at first sight. Both
structures are definite minima on their respective po-
tential energy surfaces, but where the gas-phase struc-
ture is rather robustsif the geometry is changed slightly
and the system is allowed to reoptimize, the same
structure is obtainedsthe structure in the dielectricum
is not. If only minor changes in the hydrogen bond
length, the Câ-Cl bond length, or θ are applied, the
reoptimized structure in most cases loses Cl-. The
minimum corresponding to 3solv-1 is therefore very
shallow. Therefore the outcome of this specific calcula-

Figure 6. Hydrogen-bonded carbanion-methanol complexes of 3 (top), 4 (middle), and 5 (bottom) as optimized in a dielectric
medium mimicking methanol (distances in Å; relative energiessin parenthesessin kcal/mol).
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tion might yield different results with different compu-
tational methods, and we can only cautiously notice that
with PM3/COSMO a minimum corresponding to a metha-
nol-carbanion cluster is observed, in which the C(-)-
‚‚‚H-O hydrogen bond is still intact.
The influence of the solvent shows up most clearly in

the isolated anions 1an-5an. For 1 and 2 a remarkable
difference with the gas-phase data is to be noticed. In
vacuo the increase in the Câ-Cl bond length is gradual
with a gradual increase in r(C-H), but loss of Cl- is only
observed at r(C-H) > 3.5 Å. In the dielectric medium,
however, there is a threshold value for r(C-H) between
1.4 and 1.5 Å: if r(C-H) passes that value, the charge-
localizing effect of the C(-)‚‚‚H-O hydrogen bond becomes
too small and Cl- leaves. Where in the gas phase the
isolated anion 3an is stable, albeit with a significantly
lengthened Câ-Cl bond, in the dielectric medium Cl- is
lost at r(C-H) > 1.4 Å. The loss of chloride anion is
therefore solvent-induced. The leaving group F in 4an
and 5an still does not leave without an additional barrier
crossing, when the anion is reoptimized in the dielectric
medium, yielding minima with structures that bear a
close resemblance to those depicted in Figure 5.
The results obtained by optimizations of the methanol-

carbanion cluster in a dielectric medium mimicking
methanol therefore suggest that 1 and 2 would undergo
base-catalyzed dehydrohalogenation via an E2 mecha-
nism, while 4 and 5 will follow the stepwise mechanism
depicted for this process. The case of 3 seems to be
borderline, although we tentatively state that a stepwise
mechanism is feasible. The presence and strength of a
potential C(-)‚‚‚H-O hydrogen bond in the complex of
methanol and the carbanion seem to be crucial for the
precise reaction path followed in the dehydrochlorination
reaction.
Comparison with Experimental Data. The calcu-

lations on the complexes of 1-5 with methoxide in the
dielectric medium allow for comparison with the experi-
mentally observed phenomena in the dehydrohalogena-
tion of 1-5 in basic methanol.4,5 Compound 1 dehydro-
chlorinates under those conditions via an E2 mechanism,
while 2-5 experimentally follow the pattern of a two-
step elimination featuring some degree of internal return
of the proton from the methanol back to the carbanion.
The calculations on the complexes of 3-5 are in line with
an E1CB mechanism, and the calculations of real inter-
mediate energy minima both in vacuo and in the dielec-
tric medium support the stepwise loss of HCl or HF,
respectively, though for 3 the assignment in the dielectric
medium is tentative. For 1 and 2 the calculated mech-
anism is basically of an E2 type, in which the loss of the
proton and the chloride anion is concerted, though not
necessarily synchronous. This is in line with the inter-
pretation of the experimental results for 1, but not for 2.
In other words: in the calculations the chloride anion is
lost too easily, since the experimental data for 2 (and 3)
are not compatible with an E2 mechanism. This might
be a consequence of the theoretical limitations of the PM3
method. The incorrect prediction might result from an

underestimation of the rotational barrier, as calculated
for 1,2-dichloroethane by Dixon et al. to be about 1 kcal/
mol, but this would unfortunately not improve by chang-
ing to ab initio calculations, since these overestimate the
barrier by about 2-6 kcal/mol up to MP2/(triple-ú plus
diffuse and polarization functions) levels of theory.16,18b
Alternatively, the stability of Cl- in the dielectric medium
might be overestimated using PM3, whichsfollowing the
Hammond postulatesreduces ∆G* and therefore in-
creases the ease of loss of Cl-. This is probably partially
compensated for by the limitation of the model to account
for any hydrogen bond formation between the solvent and
the leaving group. Therefore, the relative success of
PM3/COSMO might be due to a cancellation of errors.
To study the loss of chloride in more detail, further
quantum chemical calculations are in progress.26
Finally, it is noteworthy that hydrogen bonds to

carbanions have recently been observed in other systems
as well. Ahlberg and co-workers have shown that
substantial intramolecular C(-)‚‚‚H-O hydrogen bonding
occurs in indenide- and fluorenide-substituted alcohols,
in both polar and apolar media,27 a finding that was
confirmed later by PM3 computations.9 Boche and co-
workers have observed C(-)‚‚‚H-N hydrogen bonds in
crystal structures of fluorenyllithium‚2-ethylenediamine
and of ammonium 1,2,4-tricyanocyclopentadienide.28 Since
the negative charge on the carbon atom from which the
proton is abstracted is delocalized to a very large extent
in these systems, the involvement of C(-)‚‚‚H-O hydrogen
bonds of carbanions with more localized negative charge1-5

is expected to be even more likely.

Conclusions

The dehydrohalogenations of PhCHCl-CX2LG in basic
methanol proceed, according to quantum chemical PM3
calculations, in a two-step mechanism via a hydrogen-
bonded carbanionic intermediate for PhCHCl-CF2Cl,
PhCHCl-CH2F, and PhCHCl-CF3, in line with experi-
mental evidence1-5 for a two-step mechanism involving
internal return. For PhCH2-CH2Cl and PhCHCl-CH2Cl
the calculations predict the occurrence of an E2 mecha-
nism. This is in line with the experimental data for
PhCH2-CH2Cl but in contrast with the interpretation of
the experimental results for PhCHCl-CH2Cl, which sug-
gest that also for this compound a two-step mechanism
is operative.
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(26) (a) Zuilhof, H.; Lodder, G.; Koch, H. F. Unpublished results.
(b) An encouraging initial result is that ab initio RHF/3-21+G**
calculations on complex 4HB-3 also yielded a stable ion-molecule
cluster, with a near-linear C(-)‚‚‚H-O hydrogen bond.

(27) (a) McEwen, I.; Ahlberg, P. J. Chem. Soc., Chem. Commun.
1989, 1198-1199. (b) McEwen, I.; Rönnquist, M.; Ahlberg, P. Acta
Chem. Scand. 1990, 44, 108-109. (c) McEwen, I.; Ahlberg, P. J. Am.
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(28) (a) Buchholz, S.; Harms, K.; March, M.; Massa, W.; Boche, G.
Angew. Chem., Int. Ed. Engl. 1989, 28, 72-73. (b) Buchholz, S.; Harms,
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