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ABSTRACT: We report investigations with the dispersion-
corrected B3LYP density functional method on mechanisms
and energetics for reactions of group I metal phenoxides with
halobenzenes as models for polyether formation. Calculated
barriers for ether formation from para-substituted fluoroben-
zenes are well correlated with the electron-donating or
-withdrawing properties of the substituent at the para position.
These trends have also been explained with the distortion/interaction energy theory model which show that the major
component of the activation energy is the energy required to distort the arylfluoride reactant into the geometry that it adopts at
the transition state. Resonance-stabilized aryl anion intermediates (Meisenheimer complexes) are predicted to be energetically
disfavored in reactions involving fluorobenzenes with a single electron-withdrawing group at the para position of the arene, but
are formed when the fluorobenzenes are very electron-deficient, or when chelating substituents at the ortho position of the aryl
ring are capable of binding with the metal cation, or both. Our results suggest that the presence of the metal cation does not
increase the rate of reaction, but plays an important role in these reactions by binding the fluoride or nitrite leaving group and
facilitating displacement. We have found that the barrier to reaction decreases as the size of the metal cation increases among a
series of group I metal phenoxides due to the fact that the phenoxide becomes less distorted in the transition state as the size of
the metal increases.

■ INTRODUCTION

Poly(aryl ethers) are an important class of organic materials
that are commonly used in a variety of settings requiring the
use of materials with thermo-oxidative1 and radiation stability.2

Such properties have rendered these materials useful as high-
vacuum fluids, fluids in diffusion pumps, high temperature
lubricants and greases,3 and engineering thermoplastics.4

Poly(aryl ethers) are typically prepared by alkoxide-catalyzed
step growth polymerization.5,6 The mechanism of the polymer-
forming reactions proceeds via nucleophilic aromatic sub-
stitution (SNAr) in which an activated arene monomer
substrate, typically an aryl halide, is attacked by a nucleophilic
phenoxide.7 This has traditionally been understood to proceed
by the initial formation of a negatively charged σ complex,
commonly referred to as a Jackson−Meisenheimer complex,
followed by elimination of the halide to form the diaryl ether-
containing polymer.7,8

Experimental investigations have demonstrated that such
Meisenheimer complexes are usually transient but may be
formed as stable species during the course of reactions
involving the attack of very nucleophilic reagents on very
electron-deficient substrates.9 Mass spectrometry experiments
have also demonstrated that stable Meisenheimer complexes

may be formed between very electron-deficient benzenes and
various nucleophiles in the gas phase.10

Previous computational studies on the mechanisms of SNAr
reactions suggest that Meisenheimer complexes may not be
formed in a majority of reactions; instead, computed stationary
points, thought to be Meisenheimer complexes, may in fact be
transition states, not local energy minima on the potential
energy surface of the nucleophilic substitution reaction.11 Other
studies suggest that the formation of stable Meisenheimer
complex intermediates instead of transition states is dependent
on the degree of electron deficiency of the nucleophilic
phenoxides in these reactions.12

Importantly, none of the cited computational examples
surveyed the effect of a coordinating cationic species on the
mechanisms for the nucleophilic substitution reaction or
examined the likelihood of formation of Meisenheimer
complexes over the course of the reaction. Herein we describe
computational investigations of ether formation via SNAr
reactions of group I metal phenoxides with a series of
electron-rich and -deficient halobenzenes. These are models
for the formation of commercial polymers such as UDEL
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polysulfone via the base-catalyzed etherification of aryl halides
(Scheme 1). We have also examined the displacement of

fluoride and nitrite leaving groups to evaluate the effect of these
leaving groups in SNAr reactions of fluorobenzenes and
nitrobenzenes.
Our studies reveal that the cationic metal does not speed up

the rate of reaction compared with the metal-free anion, but
assumes several roles during these mechanisms including
binding both reactants and facilitating displacement of the
leaving group. These studies have also led to the formulation of
a simple computational method to predict reactivity trends in
such reactions. These trends have also been rationalized with
the distortion/interaction energy model. Importantly, we were
also able to evaluate whether Meisenheimer complexes are
formed during the course of reactions involving halobenzenes
substituted with one or more electron-withdrawing groups.
Finally, our studies have revealed that the barrier of the reaction
decreases as the size of the metal increases among the series of
early group I metal phenoxides. The distortion/interaction
energy model has also been used to rationalize this trend.

■ COMPUTATIONAL METHODS
All calculations were performed with GAMESS-US13,14 using the
dispersion-corrected15 B3LYP16−19 density functional theory (DFT)
method. Two combinations of basis sets were used in these studies.
For most reactions, geometry optimizations were performed with the
6-31+G(d)20−22 basis set which were followed by single point energy
calculations with the aug-cc-pVTZ23,24 basis set. Geometry optimiza-
tions with the VTZP+25 basis set were also performed for reactions
involving a series of group I metal phenoxides. These geometry
optimizations were followed by single point energy calculations with
the aug-cc-pVTZ basis set applied to all atoms, except for potassium
for which the def2-TZVPPD26,27 basis set was used. A continuum
dielectric with the IEF-cPCM28−31 method was utilized to represent
reaction conditions, and all reactions were performed in implicit
DMSO solvent. Unless so noted, reported energies are free energies in
kcal/mol. Only vibrational free energy corrections to the electronic
energy at 298 K were used in accordance with recommendations for
molecules optimized in implicit solvent.32 Normal modes of all
structures were examined to verify that ground state structures possess
no imaginary frequencies and that one imaginary frequency
corresponding to bond formation or bond breaking was obtained for
transition structures. Intrinsic reaction coordinate (IRC) calculations
were also performed to verify that transition states are connected to
reactant complexes and product complexes or Meisenheimer
complexes on the potential energy surfaces of reactions.

■ RESULTS AND DISCUSSION
The experimental protocol for SNAr polymerizations of phenols
with halobenzenes typically requires the presence of the basic
salts, K2CO3 or Na2CO3. It is expected that sodium or
potassium phenolates are initially formed by the reaction of the
phenol with the base under these conditions. Accordingly, the
majority of the work presented herein utilizes reactions
between a series of monoactivated para-halobenzenes (1)
with sodium cresolate (2) to form diarylethers (3) (Scheme 2).

The effect of the coordinating metal cation in these reactions
was also evaluated by computing ether formation from
reactions of lithium, sodium, and potassium cresolates with a
selected fluorobenzene.
In addition to studies involving monoactivated para-

fluorobenzenes, reactions involving arenes substituted at
multiple positions with electron-withdrawing groups have also
been investigated. These include the reactions of sodium
cresolate with the diactivated fluorobenzenes 4, 5, and 6 as well
as the triactivated fluorobenzenes 7, 8, and 9 (Scheme 3).

Calculations reveal that the mechanisms of these processes
(Scheme 4) involve initial formation of a reactant complex
(RC) in which the metal counterion bound to the cresolate also
associates with the halobenzene through the halogen atom. The
significance of this binding is evident in the subsequent
transition state (TS) for SNAr in which the metal cation
facilitates displacement of the halide during nucleophilic attack

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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by cresolate. Whether or not Meisenheimer complexes (MCs)
are formed after the transition state for SNAr is dependent on
the electron deficiency of the halobenzene. Meisenheimer
complexes were not observed when the cresolate is only
moderately activated; thus product complexes (PCs) are
directly formed from the TS.
Monoactivated para-Fluorobenzenes. As illustrated in

Figure 1, reaction pathways and free energies for reactions of 2

with para-substituted electron-deficient fluorobenzenes were
calculated for a range of electron-deficient arenes. Structures for
the reactant complex and transition state of the reaction of 1l
with 2 are shown in Figure 2, demonstrating the binding

exhibited by sodium in both structures. Reactant complexes,
RCs, are the minimum-energy structures formed before the
transition state, and therefore all barriers are with reference to
these stationary points and not to the reactants.
Notably, calculations indicate that Meisenheimer complexes

are not formed in these reactions, possibly owing to the fact
that the fluorobenzenes are only moderately activated by a
single electron-withdrawing group. The parent reaction
involving nucleophilic aromatic substitution of fluorobenzene
(1d) by sodium cresolate possesses a free energy barrier of 31.3
kcal/mol. As expected, fluorobenzene is activated by placement
of electron-withdrawing substituents at the para position, but

electron-donating substituents deactivate fluorobenzene toward
electrophilic aromatic substitution. The free energies of
activation for reactions involving fluorobenzenes activated by
electron-withdrawing substituents 1g−1l are at least 5 kcal/mol
lower than the barrier for the parent reaction. The reaction
involving the p-nitro-substituted fluorobenzene (1l) has the
lowest barrier, 16.6 kcal/mol, which is ∼4 kcal/mol lower than
the next fastest reaction involving the nitrile, 1k. The amide
(1g), with a barrier at least ∼3 kcal/mol greater than barriers
for other substituents, is the least active electron-withdrawing
substituent. Unsurprisingly, barriers for reactions involving 1j,
1h, and 1i (bearing MeSO2-, MeCO-, and MeCO2- substituents
in the para position, respectively) are all approximately 23 kcal/
mol. Reactions involving methoxy- and dimethylamino-
substituted fluorobenzenes (1a and 1b, respectively) have the
largest barriers, ∼34 kcal/mol, suggesting that the electron-
donating ability of these functionalities deactivates the arene
toward SNAr. The activating effect of fluorine at the para
position (i.e., in 1,4-difluorobenzene, 1e) is negligible; the
barrier of the reaction involving this substrate is 30 kcal/mol,
very similar to that of the parent reaction involving
fluorobenzene. The reaction involving the displacement of
fluorine from 4-chloro-1-fluorobenzene (1f) is slightly faster
with a barrier of 29 kcal/mol.

Computational Evaluators of Reactivity Trends. Two
different approaches have been used to evaluate the activating
potency of the substituents in the reactions under investigation.
In the first measure, computed free energy barriers for reactions
of the para-substituted fluorobenzenes with 2 have been
correlated with the Löwdin charge33 on the fluorine-substituted
ipso carbon atom on the para-substituted fluorobenzenes
(Figure 3).34 The charges are well-correlated with the barriers

(R2 = 0.929), suggesting that a computational predictor such as
this could be used as a simple diagnostic tool for the prediction
of relative reactivities in reactions of para-substituted
halobenzenes with metal phenolates.
In recent years, a number of groups have demonstrated that

reactivity trends for a number of reactions could be assessed by
decomposition of activation barriers into two components: the
energy required to distort the noninteracting reactants from

Figure 1. Reaction pathways and free energies for reactions of sodium
cresolate, 2, with the series of para-substituted fluorobenzenes, 1.

Figure 2. (a) Reactant complex and (b) transition state structure for
the reaction of 1l with 2. Selected bond distances, in angstrom, are also
shown.

Figure 3. Plot of e, Löwdin charge, on the fluorine-substituted ipso
carbon atom (Cipso) on para-substituted fluorobenzenes, 1, versus free
energies of activation for reactions of the para-substituted
fluorobenzenes, 1, with sodium cresolate, 2.
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their equilibrium geometries into the geometries that they
adopt in the transition state; here we term this quantity the
distortion energy,35 Edist (this quantity has also been called the
deformation energy36 and activation strain energy37), and the
energy gained upon interaction of the distorted reactants at the
transition state is termed the interaction energy, Eint. Both
quantities are related to the activation energy, E‡, by the
following relationship,

= +‡E E Edist int (1)

Edist and Eint have been computed for the series of reactions
of the para-substituted fluorobenzenes, 1, with 2 to gain further
insight into the predicted reactivity trends. Shown in Table 1

are the activation energy, E‡, the interaction energy, Eint, the
separate distortion energies of each deformed fluorobenzene,
Edist,1, and the deformed 2, Edist,2, as well as the total distortion
energy Edist,total.
Decomposition of the activation energies for these reactions

into distortion energies and interaction energies reveals that
interaction energies are proportionally much smaller than
distortion energies and that the distortion energies for the
sodium cresolate reactants in these reactions are also much
smaller and are constant across the series of reactions.
Consequently, the major component of the energy required
to arrive at the transition state involves distortion of the
fluorobenzene reactants from their equilibrium geometries into
the geometries that they acquire at the transition state.
Moreover, there is a signficant degree of correlation (R2 =
0.944) between E‡ and Edist,2 as shown in Figure 4.
Close examination of structural features for para-substituted

arylfluorides in the transition structures of these reactions
demonstrates that neither activation energies nor distortion
energies are correlated with the length of the C−F bond;
neither is there much correlation between barriers and the
degree with which the fluorine atom bends out of the plane of
the aryl ring (see Supporting Information for details). There is
some degree of correlation, however, between the distortion
energy of the fluorobenzenes, Edist,2, and the Löwdin charge

transferred from the cresolate to the fluorobenzene reactants in
the transition state as shown in Table 1. More charge is
transferred from the cresolate to electron-withdrawing
substituents than to electron-neutral or -donating substituents.
Thus, the structural characteristics of the series of arylfluorides
are similar upon distortion to arrive at the transition state
geometry. However, charge is transferred from sodium
cresolate to the distorted arylfluoride upon interaction in the
transition state. The amount of charge transferred between the
interacting addends is dependent on the electron-withdrawing
ability of the substituent on the arylfluoride. Consequently,
electron-withdrawing substituents are more capable of stabiliz-
ing the transition states leading to lower barriers.

Effect of the Leaving Group. Halides and the nitrite
group are typical leaving groups employed for nucleophilic
aromatic substitution reactions. Reactions of 2 with 1,4-
difluorobenzene, 1,4-dinitrobenzene, and 1-fluoro-4-nitroben-
zene (1e, 1m, and 1l, respectively) have been computed to
evaluate the susceptibility of the nitrite and fluoride substituents
toward displacement (Scheme 5). In the latter case, displace-

ment of the nitrite and fluoride leaving groups was considered
separately. Free energy profiles of all four of the resulting
reactions are shown in Figure 5.
As we previously noted, the fluoride group has a negligible

activating effect when stabilizing the negative charge that
develops on the aromatic ring in the transition states of these
reactions. Thus, the barriers for displacement of the fluoride
and nitrite leaving groups in 1,4-difluorobenzene (1e) and 1-
fluoro-4-nitrobenzene (1l), respectively, are 30 and 38 kcal/
mol. Notably, the nitrite group is more difficult to displace than
the fluoride in this case, partly attributed to the fact that the
reactant complex formed from 1l is more stable than that

Table 1. Activation Energies, E‡, Interaction Energies, Eint,
Distortion Energies for Deformed para-Substituted
Fluorobenzenes, and the Deformed Sodium Cresolate, Edist,1
and Edist,2, Respectively, and the Total Distortion Energy
Edist,total for Reactions of para-Substituted Fluorobenzenes
with Sodium Cresolatea

fluorobenzene E‡ Edist,1 Edist,2 Edist,total Eint

Löwdin charge
on 1

1l 16.5 20.9 2.3 23.2 −6.6 −0.36
1k 21.1 25.6 2.6 28.1 −7.0 −0.33
1j 22.3 26.8 2.5 29.3 −7.0 −0.33
1i 22.7 25.7 2.5 28.1 −5.4 −0.32
1h 23.7 26.7 2.5 29.1 −5.5 −0.33
1g 26.2 28.8 2.5 31.3 −5.1 −0.33
1f 28.8 31.3 2.4 33.7 −4.9 −0.31
1e 30.6 32.9 2.3 35.2 −4.6 −0.29
1d 30.9 32.8 2.3 35.1 −4.2 −0.29
1c 32.6 33.3 2.2 35.6 −2.9 −0.27
1b 33.8 34.8 2.2 36.9 −3.1 −0.27
1a 34.2 33.7 2.2 35.8 −1.6 −0.27

aEnergies are shown in kcal/mol. Also shown are the sum of Löwdin
charges, e, on the atoms of fluorobenzene in the transition states.

Figure 4. Plot of Edist,1, energy required to distort the para-substituted
fluorobenzenes, 1, to their transition state geometries versus energies
of activation for reactions of para-substituted fluorobenzenes with
sodium cresolate, 2.

Scheme 5
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formed by 1e because of additional stabilization caused by
interaction of the nitro group with sodium. The energy of the
transition state is also higher with respect to the reactants.
As expected, the nitro group is more proficient than fluorine

at stabilizing the developing negative charge in the transition
state. Barriers for reactions involving the displacement of nitrite
in 1,4-dinitrobenzene (1m) and 1-fluoro-4-nitrobenzene (1l)
are 22 and 17 kcal/mol, respectively. These are at least 8 kcal/
mol lower than the displacement of fluoride from correspond-
ing reactions involving 1,4-difluorobenzene and 1-fluoro-4-
nitrobenzene (1e and 1l, respectively). The nitrite group in 1,4-
dinitrobenzene is more difficult to displace than the fluoride in
1-fluoro-4-nitrobenzene, primarily because the reactant com-
plex formed by 1,4-dinitrobenzene is more strongly stabilized
than that formed by 1-fluoro-4-nitrobenzene.

Overall, these results suggest that fluoride is more readily
displaced than nitrite in base catalyzed nucleophilic aromatic
substitution reactions for the formation of aryl ethers.

Multiply Activated 4-Halobenzenes. Computational
investigations were extended to determine how multiple
substituents activate fluorobenzenes in nucleophilic aromatic
substitution reactions. Thus, reactions of 2 with the
disubstituted fluorobenzenes 4, 5, and 6 as well as the
trisubstituted fluorobenzenes, 7, 8, and 9 (Scheme 3) were
computed; reaction pathways and energies for these reactions
are shown in Figure 6.
Significantly, reactions involving 4 and 6 possess the largest

free energies of activation, 15.6 and 13.6 kcal/mol, respectively.
The reaction involving the other disubstituted fluorobenzene, 5,
has a much lower barrier. In fact, the barriers for the reaction
involving 5 is within ∼4 kcal/mol of reactions involving the
trisubstituted fluorobenzenes 7, 8, and 9; these reactions all
possess barriers lower than 7 kcal/mol, which are at least 13
kcal/mol lower than barriers for reactions involving the
monoactivated fluorobenzene analogs 1l, 1k, and 1j. Note
that the initial nucleophilic attack is the rate-determining step
for reactions involving fluorobenzenes 4, 5, 6, 8, and 9.
Transition states for breaking the C−F bond (TSCF) present
in Meisenheimer complexes are rate-determining for the
reaction involving the trisubstituted fluorobenzene 7.
These studies reveal that Meisenheimer complexes are

indeed formed in reactions involving multiply activated
fluorobenzenes, as previously found experimentally for
reactions involving various nucleophiles.8−10 The exception is
for reactions involving 4 and 6 which, as previously noted,
possess much higher barriers than reactions involving multiply
activated fluorobenzenes. The enhanced reactivity and the
predicted formation of Meisenheimer complexes in reactions
involving 5, 7, and 8 could be attributed to the fact that these
substrates possess nitro subsituents placed ortho to the fluorine
atom. Due to the proximity of the nitro substituent to sodium,
the metal cation is bound to the nitro substituent in the

Figure 5. Free energy profiles for the reactions of 1e, 1l, and 1m with
sodium cresolate, 2.

Figure 6. Reaction pathways and free energies for reactions of sodium cresolate with arenes 4−9. Selected stationary points on the pathway for the
reaction involving arenes 4 and 6 are shown in italics. ΔG⧧ (TS) and ΔG⧧ (TSCF) in the accompanying table are with respect to the free energies of
the Reactant Complexes and Meisenheimer Complexes, respectively.
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transition state for nucleophilic aromatic substitution. This
presumably causes the barriers for these reactions to be
significantly lowered and stable complexes to be formed after
the initial nucleophilic attack. The nitrile substituent, being
geometrically linear, lacks the orbital overlap necessary to bind
the metal cation, even when it is in an ortho position relative to
the fluorine atom; thus, the free energies of activation for
reactions involving fluorobenzenes 4 and 6 are larger than that
for the reaction involving 5, and no Meisenheimer complexes
are formed.
A Meisenheimer complex is formed in the reaction involving

the tricyano-substituted fluorobenzene 9, presumably due to
the fact that the fluorobenzene is sufficiently electron-deficient
to stabilize the complex, although there is not a great deal of
interaction between the metal cation and either of the cyano
substituents in the ortho position.
Notably, for reactions involving trisubstituted fluoroben-

zenes, free energy barriers for the formation of product
complexes from Meisenheimer complexes via TSCF, the
transition state for C−F bond breaking (i.e., the transformation
MC → TSCF → PC), are 3 kcal/mol or lower, indicating that
the isolation of MCs from these highly activated fluorobenzenes
may not be feasible under normal reaction conditions.
These results signify that reaction times for reactions

involving para-substituted fluorobenzenes can be tremendously
accelerated by placing additional activating substituents such as
nitro or cyano ortho to the fluorine atoms.
Effect of the Coordinating Metal Cation. The effect of

the coordinating metal atom was surveyed in two ways. First,
reactions of arylfluorides monosubstituted at the para position
with the NO2, H, and NMe2 substituents with the metal-free
cresolate anion, 10, were investigated and compared with
reactions involving sodium cresolate, 2, with the same series of
arylfluorides (Figure 7).
As previously explained, all free energies of activation are

with respect to the free energies of the low-lying reactant
complexes. The free energies of activation for reactions
involving the metal-free cresolate anion, 10, are 10.7, 25.6,
and 32.9 kcal/mol for the series of NO2-, H-, and NMe2-para-
substituted arylfluorides; these are lower than corresponding
ones involving sodium cresolate, 2, which have free energies of
activation of 16.6, 31.2, and 34.4 kcal/mol, respectively. This
difference is primarily caused by the fact that sodium cresolate
forms very stable, covalently bound reactant complexes with the
arylfluorides, while less stable π-complexes are formed by the
interaction of the benzene rings of the cresolate anions with
that belonging to the aryl fluorides. These results suggest that
free energies of activation are not lowered by the presence of
the metal cation.
Very different results are also predicted for the two sets of

reactions with regards to the complexes arising from the
transition state for nucleophilic attack. For reactions involving
aryl-fluorides para-substituted with H or NMe2, the fluoride
anion dissociates from the diaryl ether product formed after the
transition state. Similar behavior is observed for reactions
involving sodium cresolate, 2, in which the fluorine atom is
cleaved from the arylfluoride and product complexes are
formed with sodium fluoride bound to the diaryl ether products
after the transition state for nucleophilic attack. The notable
exception is found for p-nitrofluorobenzene, 1l, in which,
interestingly, a Meisenheimer complex is formed with fluoride
still covalently bound to the carbon atom of what was once the
aryl fluoride. Thus, the presence of the single electron-

withdrawing substituent combined with the absence of the
sodium ion presumably promotes Meisenheimer complex
formation in this moderately activated arylfluoride. Taken
together, these results further indicate that the role of the metal
cation is to facilitate the binding of arylfluorides during the
reaction and to promote displacement of the fluoride from the
aryl fluoride.
The series of reactions of group I metal cresolates with

methyl 4-fluorobenzoate, 1h (Scheme 6), were also surveyed in

an effort to determine the effects of the type of metal cation
used on the energetics of these base-catalyzed reactions.
Reaction pathways and free energies for these reactions are
shown in Figure 8.
The barriers for reactions involving the lithium, sodium, and

potassium cresolates are 25.8, 23.7,38 and 21.9 kcal/mol. This
trend is mainly explained by the fact that, with reference to the
free energies of the reactants, the free energies of the transition
states decrease in order from lithium cresolate to sodium
cresolate to potassium cresolate (14.1 to 11.2 to 10.8,
respectively) while the energy of the reactant complexes are
only separated by about 1 kcal/mol. This trend could imply
that the size of the metal cation influences reactivity: barriers
decrease as the size of the metal cation increases.
Further insight was provided by analysis of the distortion and

interaction energies for the series of reactions of group I metal
cresolates with methyl 4-fluorobenzoate, 1h, shown in Table 2.

Figure 7. Reactions and free energies for reactions of the cresolate
anion, 10, and of sodium cresolate, 2, with arylfluorides, 1b, 1d, and 1l.

Scheme 6
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These results show that, once again, the energies required to
distort the arylfluoride to the transition state geometries, Edist,1h,
dominate contributions from the distortion energies of the
metal cresolates, Edist,2M, or interaction energies, Eint. Notably,
the arylfluoride distortion energies, Edist,1h, are correlated with
the activation energy, signifying that the lithium cation, being
smaller than the other metals, distorts the arylfluoride to a
greater degree than the others to arrive at the required
geometry for the transition state. In contrast, potassium, the
largest cation, does not bind the reactants as closely and, as a
consequence, does not distort the arylfluoride as much as the
other metals to arrive at the transition state geometry.

■ CONCLUSION
Calculations with DFT methods have revealed mechanisms and
energetics for reactions of metal phenoxides with halobenzenes
as models for polyether formation. These calculations have
shown that the metal cation binds fluoride or nitrite groups and
facilitates removal of these leaving groups during nucleophilic
aromatic substitution. However, calculations suggest that the
metal does increase the barrier height owing to the stable
reactant complexes formed upon binding the arylfluorides.
Barriers computed for ether formation from para-substituted
fluorobenzenes are well correlated with the Löwdin charge of
the carbon atom to which the fluorine is attached, a measure of
the electron-donating or -withdrawing properties of the
substituent at the para position. Decomposition of the reaction
energies into energies required to distort the reactants into the
geometries that they adopt at the transition state as well as
energies of the interacting distorted fragments suggest that the
dominant component of the barriers are the energies required

to distort the arylfluoride reactants. We have found that
Meisenheimer complexes are formed in reactions involving very
electron-deficient fluorobenzenes, particularly when they
contain substituents in the ortho position capable of binding
with the metal counterion. However, Meisenheimer complexes
were not formed in reactions involving fluorobenzenes with a
single electron-withdrawing group at the para position,
suggesting that a Meisenheimer complex cannot be stabilized
by placement of a single substituent in the aryl ring where it
cannot interact with the metal counterion. Finally, we have
found that the barrier to reaction decreases as the size of the
metal cation increases among a series of group I metal
phenoxides, presumably owing to the fact that the smaller metal
cation distorts the phenoxide more than the larger metal cation.
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