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ABSTRACT: The activation of potassium fluoride for nucleophilic fluorination of alkyl halides is
an important challenge because of the high lattice energy of this salt and its low solubility in many
polar aprotic solvents. Crown ethers have been used for increasing the solubilization of KF during
several decades. Nevertheless, these macrocycles are not enough to produce a high reaction rate.
In this work, theoretical methods were used for designing a synergic combination of bulky diols
with crown ethers able to accelerate this kind of reaction. The calculations have predicted that
the bulky diol 1,4-Bis(2-hydroxy-2-propyl)benzene, which has distant hydroxyl groups, is able to
catalyze nucleophilic fluorination in combination with 18-crown-6 via two hydrogen bonds to the
SN2 transition state. Experimental studies following the theoretical predictions have confirmed
the catalytic effect and the estimated kinetic data point out that the bulky diol at 1 mol L−1 in combination with 18-crown-6 is able to
produce an 18-fold increase in the reaction rate in relation to crown ether catalysis only. The reaction produces 46% yield of
fluorination after 24 h at moderate temperature of 82 °C, with minimal formation of the side elimination product. Thus, this work
presents an improved method for fluorination with KF salt.

■ INTRODUCTION
Fluorination of aliphatic compounds using fluoride salts as a
fluorine source has had an important advance in the past 15
years.1,2 The discovered bulky alcohols as tert-butanol that are
more efficient than polar aprotic solvents such as acetonitrile
and dimethylformamide for promoting fluorination with CsF
salt have shown that both interactions of the solvent with
cations and anions are important for accelerating the
reaction.3−5 This different view from the classical paradigm
that less anion solvation that leads to a higher reaction rate6 is
due to an important aspect of this reaction: the MF salt has low
solubility. Thus, the solvent must have an enough high
interaction with the MF salt to overcome the lattice energy in
the ionic solid.7 At the same time, this interaction cannot be so
strong to impede the reaction to take place. This important
role of both interactions with cations and anions involving CsF
salt in tert-butanol solvent has also been studied by molecular
dynamics methods, which supports the mechanism of an ion
pair reaction.7
The perception that molecules such as crown ethers, which

are able to make strong interaction with the cation,8,9 could
become more effective for solubilizing and activating MF salts
due to inclusion of groups able to interact with anions has led
to the design of new catalysts.10 Thus, polyethylene glycols
have been investigated and the pentaethylene glycol (Figure 1)
was found to be the most effective among them.11,12 New
structures combining calixarene, crown ether, and bulky
alcohols (BACCA, Figure 1) were designed and experimentally
tested.13−15 Hydroxylated crown ethers, named hydro-
crowns,16 were also designed, and computational methods
have predicted that the additional hydroxyl groups enhance the

catalysis. More recently, theoretical calculations have shown
that a new crown ether modified with addition of thiourea
groups (thiourea-crown-ether) is very effective for solubilizing
and activating KF, even overcoming the [2.2.2]-cryptand.17

An important concept in the designing of more effective
supramolecular catalysts for nucleophilic fluorination is the
idea that the hydrogen bonds should involve the incoming and
leaving groups in the SN2 transition state.18,19 This effect that
was predicted early by theoretical calculations and an
envisioned molecule, 1,4-benzenedimethanol (BDM, Figure
1), would have hydroxyl groups in adequate positions for
promoting the catalysis.19 However, due to the formation of
aggregates in the solution phase, this effect could be difficult to
observe with 1,4-benzenedimethanol.18 For another structures
able to avoid dimerization, such as the BACCA (Figure 1),
such an effect is important for explaining quantitatively the
observed catalysis.13,15,20

Although theory and experiments have shown that the
combined functionalities in a single molecule with cation and
anion interaction leads to superior catalysis, these newly
designed structures involve more molecular complexity.10 An
alternative to this approach is to make the groups with cation
and anion interaction to be present in different molecules,
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which would involve simpler structures. Thus, we have
hypothesized that the crown ether combined with a diol, 1,4-
benzenedimethanol (BDM, Figure 1), could also have a
catalytic effect in the fluorination with KF. However,
preliminary calculations have indicated that KF-18C6-BDM
complex can form a very stable dimer, which could inhibit the
catalysis. In order to make this dimer less stable, the hydrogens
in the carbons of the CH2OH groups were substituted by
methyl groups, leading to the bulky diol 1,4-bis(2-hydroxy-2-
propyl)benzene, which is named BDMb in this work. The
proposed activation mode is presented in Figure 1. In our view,
the SN2 transition state interacts with the bulk diol (BDMb
structure) and the fluoride ion remains in close contact with
the cation, which is complexed with the crown ether. Such
interaction should produce an important rate acceleration
effect.
In a previous work, we have investigated the bulky

monoalcohol (tert-butanol) making hydrogen bonding with
the fluoride ion in the KF(18-crown-6) complex and a catalytic
effect was theoretically predicted and experimentally ob-
served.21 In this work, our aim is to analyze if the double
hydrogen bonding as envisioned in Figure 1 could be even
more effective. Thus, we have performed a detailed theoretical
calculation of the model reaction of potassium fluoride with
ethyl bromide catalyzed by crown ether combined with the
bulk diol BDMb. Further, to evaluate the important role of the
position of the hydroxyl groups to promote the catalysis,
another diol with close hydroxyl groups, 2,2-dimethyl-1,3-
propanediol or neopentyl glycol (named PDIOL), was also
investigated. To confirm the theoretical predictions, some
selected experiments were also carried out. The reaction is
summarized in Scheme 1.

The role of hydrogen bonds involving the fluoride ion is not
limited to accelerate the SN2 reaction. Early experiments by
Landini and co-workers involving F−(H2O)n clusters and
tetrabutylammonium as counter ion in apolar solvent showed
that more hydrogen bonds lead to more selectivity of the SN2
reaction versus E2.22,23 Theoretical calculations involving
catalysis of fluorination by diol18,19 and tetraol24 have
predicted this trend. Kim et al. have also reported that tert-
amyl alcohol medium promotes selective fluorination of alkyl
halides with tetrabutylammonium fluoride.25 More recently,
Gouverneur and co-workers reported a detailed investigation
of the effect of stoichiometric diverse bulky alcohols26 and
ureas27 with specific solvation to the fluoride ion in acetonitrile
solvent. The same trend of SN2 selectivity promoted by
hydrogen bonding was observed. Thus, the present study also
evaluates the selectivity of SN2 product in the catalysis by 18-
crown-6 combined with bulky diols.

■ RESULTS AND DISCUSSION
In the phase-transfer-catalyzed fluorination of alkyl halide (or
mesylate) with KF salt, it is important to consider two steps:

Figure 1. Evolution of structures able to interact with cations and/or anions to accelerate SN2 nucleophilic fluorination.

Scheme 1. Reaction Investigated in This Work
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the solubilization of the salt, formation of the KF(cat)
complex, and the activation step involving the KF(cat)
complex in the transition state. In order to have insights in
the interactions involved, we have first analyzed the formation
of the complexes involving KF, crown ether, and the bulky
diols BDMb and PDIOL. In the next step, the activation
process was analyzed and in the third step, the free energy
profile.
The complexes involving KF, 18-crown-6 and bulky diols are

presented in Figure 2. In the case of the complex with BDMb,

the fluoride ion interacts with both the potassium ion and with
one hydroxyl of the BDMb. The second hydroxyl from BDMb
also makes a hydrogen bond with one oxygen from 18-crown-
6. The structure also suggests some cation−π interaction
between the K+ and the aromatic ring from BDMb. The total
interaction energy in this complex from KF (gas phase) + 18-
crown-6 + BDMb reference state is 72.5 kcal mol−1, a very

substantial value. In the case of only KF + 18-crown-6, the
interaction energy reported is only 41.7 kcal mol−1. Thus, the
addition of BDMb diol should be able to produce a substantial
increase in the solubilization of KF salt. In the same way, the
PDIOL molecule has also high interaction energy with the
fluoride ion and the KF-18C6-PDIOL complex is stable by
78.3 kcal mol−1, as shown in Figure 2. There are two hydrogen
bonds between hydroxyls from PDIOL and the fluoride ion,
and the oxygens from PDIOL also interact with the potassium
ion. Thus, both complexes are very stable.
The second step is the activation, involving the reaction with

ethyl bromide via the SN2 transition state. It is worth to analyze
the intrinsic reactivity, without the solvent effect. In this
situation, very high difference can be noted for the complexes.
The energy barrier for the KF-18C6-BDMb and EtBr reaction
model via TS1-18C6-BDMb is 4.0 kcal mol−1, whereas it
becomes 21.3 kcal mol−1 in the case of TS1-18C6-PDIOL. For
comparison, the ΔE‡ barrier (Table S1, Supporting Informa-
tion) for the KF-18C6 + EtBr reaction is 3.7 kcal mol−1. With
the addition of tert-butanol as alcohol, the barrier becomes
12.7 kcal mol−1.21 Thus, the energy barrier via the KF-18C6-
BDMb complex is as low as the energy barrier for the reaction
via the KF-18C6 complex. These differences can be attributed
to how the diols interact with the transition state. The BDMb
species interact with both the incoming fluoride ion and the
leaving bromide ion. Thus, there is an additional hydrogen
bonding with a highly charged group (the leaving Br). To
provide more support for the role of the second hydroxyl,
another SN2 transition state involving BDMb, named TS1b-
18C6-BDMb and without this second hydrogen bond, was
located (Figure 2). In this case, the ΔE‡ barrier becomes 10.9
kcal mol−1, close to the tert-butanol barrier. In the case of
PDIOL, its strong interaction with the fluoride ion in the KF-
18C6-PDIOL complex is substantially decreased in the TS1-
18C6-PDIOL structure because part of the charge in the
fluoride ion is transferred to the leaving Br. As a consequence,
a high barrier is induced. Thus, this simple analysis indicated
that the diol with more distant hydroxyls (BDMb) able to
interact with the entering and leaving groups should be more
effective. Nevertheless, the solvent effect, entropy, and
solubility need be taken into account for a reliable prediction
on the ability of these alcohols to accelerate the SN2 reaction.
Finally, the E2 mechanism was also investigated and the
respective transition state, TS2-18C6-BDMb, has a high ΔE‡

barrier of 16.5 kcal mol−1. This result indicates an important
selectivity induced by the BDMb toward the SN2 mechanism
because the barrier for E2 catalyzed by 18-crown-6 only is 8.1
kcal mol−1.21

Formation of Aggregates. In the theoretical prediction
of catalytic processes, it is important to evaluate what species
are present in the solution phase. The formation of stable
aggregates can produce an increase in the observed free energy
barrier and eliminate any possible catalysis. Thus, we have
evaluated the formation of aggregates of KF-18C6 with two
BDMb molecules and also the possibility of the dimerization of
the KF-18C6-BDMb species. In this investigation, the
structures presented in Figure 3 were obtained. The KF-
18C6-BDMb2 complex is formed by the addition of one more
BDMb molecule to the KF-18C6-BDMb complex. The
fluoride ion makes two hydrogen bonds, and there is an
additional hydrogen bond between the hydroxyls from BDMb.
The addition of the second BDMb molecule has ΔE = −27.7
kcal mol−1. The other aggregate, (KF-18C6-BDMb)2, is the

Figure 2. Complexes and transition states involving KF, 18-crown-6,
and the diols BDMb and PDIOL. The values of ΔE correspond to the
formation of the complexes from the separated species (KF, 18-
crown-6, and the diol). The activation barriers (ΔE‡) correspond to
SN2 and E2 transition states from the KF-18C6-diol + EtBr taken as
reference. Energies from LPNO-CEPA calculations. Atoms: oxygen
(red), carbon (gray), fluorine (light blue), bromine (wine), and
potassium (purple).
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dimerization of the KF-18C6-BDMb complex, and the
corresponding ΔE for dimerization is −38.9 kcal mol−1.
Thus, both aggregates have a strong interaction energy and
could be important in inhibition of the catalysis. Thus, these
species were considered in the calculation of the free energy
profile of the reaction.
Free Energy Profile. In order to predict quantitatively any

catalytic effect, it is needed to generate the free energy profile
for each step, including the solubilization of the KF salt. The
catalysis by 18-crown-6 and BDMb is presented in Figure 4.
For completeness, the previously reported catalysis by 18-
crown-6, studied in the same level of theory, was also included.
The solubilization of the solid KF salt by 18-crown-6 in

acetonitrile has a free energy of 8.8 kcal mol−1, and considering
the activation step, the final ΔG‡ barrier is 32.0 kcal mol−1.
This value is compatible with the experimental kinetics which
requires long reaction time and refluxing conditions. With the
addition of BDMb to the medium, forming the KF-18C6-
BDMb complex, the solubilization increases and the free
energy decreases to 3.8 kcal mol−1. The activation step involves
the TS1-18C6-BDMb transition state with a ΔG‡ barrier of
24.3 kcal mol−1, a substantial decrease by 7.7 kcal mol−1 from
the crown ether catalysis. Thus, in the absence of another
equilibrium able to stabilize the pre-reactive complex, a very
meaningful catalytic effect is predicted by the combination of
crown ether and BDMb. The formation of aggregates
presented in Figure 3 could make the reaction slower or

even eliminate any catalytic effect. Thus, the free energy of
these species was also analyzed and included in the free energy
profile. The addition of a second molecule of BDMb, forming
the KF-18C6-BDMb2 species leads to higher stability, and the
free energy decrease to 0.9 kcal mol−1. In the case of the
dimerization of the KF-18C6-BDMb, forming the (KF-18C6-
BDMb)2 species, the free energy becomes 1.7 kcal mol−1,
taking into account the stoichiometry of the process. Thus,
based on these results, the formation of these complexes
should not decrease the predicted catalysis in acetonitrile.
However, in a less polar solvent, these complexes should
become more stable and have negative free energy, which
could result in inhibition of catalysis. Any theoretical
investigation of this kind of catalysis must consider the
possible formation of aggregates. Otherwise, reliable predic-
tions cannot be done.
The calculations predict that the E2 transition state (TS2-

18C6-BDMb in Figure 2) is much less favorable than the SN2
one, with a free energy barrier 5 kcal mol−1 higher than the SN2
pathway (Table S1). Based on this data, only a trace of the E2
product should be formed by this catalysis.
Considering the free energy profile, the rate law is predicted

to be given by:

[ ] = − [ ][ ][ ]
t

k
d RBr

d
BDMb 18C6 RBr

(1)

with the rate constant k related to ΔG‡ = 24.3 kcal mol−1. The
derivation is presented in the Supporting Information.
The theoretical free energy profile in Figure 4 shows that the

present combination of BDMb with 18-crown-6 leads to a true
catalytic system, with release of the diol and of the crown
ether. The formed KBr-18C6-BDMb complex (and RF
product) has a relative free energy of −7.4 kcal mol−1. The
release of the BDMb, forming KBr-18C6, is favorable, and its
free energy is −8.5 kcal mol−1. This result shows that BDMb
does not form a favorable complex with KBr-18C6. A different
behavior occurs for KF-18C6 because complexation with
BDMb decreases the free energy from 8.8 to 3.8 kcal mol−1.
Further, the KBr-18C6 complex has relative free energy of
−8.5 kcal/mol and when the dissociation of this complex takes
place, forming solid KBr and free 18-crown-6, the free energy

Figure 3. Higher aggregates that can be formed involving KF-18C6
and BDMb.

Figure 4. Free energy profile for the KF(s) + 18-crown-6 + BDMb reaction in acetonitrile solvent. Calculations at LPNO-CEPA1/ma-def2-
TZVPP//PBE/ma-def2-SVP level of theory. Solvent effect calculated by the SMD model.
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becomes −10.0 kcal mol−1, which is 1.5 kcal mol−1 below KBr-
18C6. Thus, both the 18C6 and BDMb are free for a new
catalytic cycle. Therefore, it is a true catalysis. Based on the
kinetic law, we could use sub-stoichiometric concentration of
both BDMb and 18C6. However, in the experimental part, we
have used stoichiometric quantities of the BDMb and 18-
crown-6 to produce a faster kinetics. In our view, more design
of the diol could lead to a more enhanced rate acceleration
effect and more efficient catalysis.
The free energy profile for the reaction catalyzed by another

diol (PDIOL) was also calculated and is presented in Figure 5.
The strong interaction of this diol with KF-18C6 leads to an
even more stable complex, KF-18C6-PDIOL, with a free
energy of only 0.8 kcal mol−1. However, as expected from
previous analysis, the activation step is very unfavorable and
the ΔG‡ considering the solubilized KF-18C6-PDIOL complex
is 29.3 kcal mol−1. For comparison, in the case of BDMb, this
same barrier is 20.5 kcal mol−1. Nevertheless, because the
PDIOL leads to better solubilization, the overall ΔG‡

considering the solid KF is 30.1 kcal mol−1. Thus, the
calculation predicts that even this diol has a small catalytic
effect and the decrease in the ΔG‡ in relation to the 18-crown-
6 catalysis is predicted to be 1.9 kcal mol−1.
The present theoretical results suggest that diols similar to

BDMb, with distant hydroxyls, should be more effective for
catalysis than diols with close hydroxyls. On the other hand,

formation of two hydrogen bonds with the fluoride ion makes
the solubilization more favorable. Such an observation also
suggests that a tetraol with distant pairs of hydroxyls like
NPTROL could produce a further enhanced catalytic effect.24

Another interesting observation is that Gouverneur and co-
workers have also reported that the diol neopentyl glycol has
produced substantially less reactivity in fluorination with
tetrabutylammonium fluoride than bulky monoalcohols, in
line with the present report.26

■ EXPERIMENTAL RESULTS
Based on the theoretical studies, a structure like BDMb should be
effective to provide the catalysis, whereas PDIOL should not. Thus,
we have investigated experimentally the reaction in Scheme 1 using
BDMb and BDMbp as diols. The reaction was carried out in
acetonitrile solvent, under reflux (82 °C) and using 2 mmol of KF, 1
mmol of 18-crown-6, and 1 to 3 mmol of the diols. The results are
presented in Table 1, and we have included the results of a previous
study using tert-butanol as bulky alcohol for comparison.21

In the reaction catalyzed by 18-crown-6, the fluorination yield is
only 4.7% after 24 h (entry 1). With the use of 1 mmol of tert-butanol
in our previous report (entry 2), the yield increased to 13.5%. In the
case of the BDMb diol used in this work, the yield was 22% (entry 3),
almost twice the yield with tert-butanol using 1 mmol. With the
increase of the concentration of BDMb (use of 3 mmol), the yield
reached 46%, in line with eq 1 that predicts linear dependence of the
kinetics with the concentration of BDMb. In the last experiment

Figure 5. Free energy profile for the KF(s) + 18-crown-6 + PDIOL reaction in acetonitrile solvent. Calculations at the LPNO-CEPA1/ma-def2-
TZVPP//PBE/ma-def2-SVP level of theory. Solvent effect calculated by the SMD model.

Table 1. Experiments of Fluorination Reactionsa

entry KF (mmol) bulky alcohol bulky alcohol (mmol) yield (%) of 2 yield (%) of 3 ref

1 2 4.7 trace 21
2 2 tert-butanol 1 13.5 3.5 21
3 2 BDMb 1 22 trace this work
4 2 BDMb 3 46 3 this work
5 2 BDMbp 1 17 trace this work

aExperiments using 1 mmol of (3-bromopropoxy)benzene, 1 mmol of 18-crown-6, and 4 mL of the acetonitrile solvent. The reaction mixture was
heated to reflux (82 °C) during 24 h.
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(entry 5), using the BDMbp diol, the yield was smaller than that
observed for BDMb. Thus, the present experiments point out that a
combination of 18-crown-6 with the BDMb diol produces a
substantial increase of the phase-transfer-catalyzed fluorination of a
primary alkyl bromide in relation to the use of 18-crown-6 only.
Furthermore, the BDMb is more efficient than tert-butanol to
accelerate the reaction.
Another important aspect of this study is the high selectivity

observed for crown ether-BDMb catalysis. In entry 4, the fluorination
yield was 46%, while the E2 yield was only 3%. The SN2/E2 ratio is
15, a substantially better value than that reported for complexes of
bulky alcohols with tetrabutylammonium fluoride,26 which are in the
range from 1 to 4.
Comparison between Theory and Experiment. The exper-

imental data can be used for estimating ΔG‡ and for making a
comparison with theoretical values. Thus, we need to consider a
kinetic model. Based on the calculation of the free energy profile, we
can consider the rate law for alkyl bromide decay as:

[ ] = − + [ ] [ ][ ]
t

k k
d RBr

d
( BDMb ) 18C6 RBrc cd (2)

where kc is the rate constant for crown ether catalysis and kcd is the
rate constant for crown ether and diol catalysis. Based on the data in
Table 1, we have considered the concentration of alkyl bromide and
crown ether as 0.25 mol L−1, while the diol is 0.25 mol L−1 (1 mmol)
and 0.75 mol L−1 (3 mmol). The reaction rate for alkyl bromide decay
can be rewritten as:

[ ] = − [ ]
t

k
d RBr

d
RBreff (3)

where keff is the pseudo-first order rate constant given by:

= + [ ] [ ]k k k( BDMb ) 18C6eff c cd (4)

Considering the reaction time and the yield (conversion), we can
estimate keff by the first-order decay:

[ ] = [ ] − ·eRBr RBr . k t
t 0

eff (5)

Thus, the 4.7% conversion in Table 1 (entry 1) leads to keff = 5.6 ×
10−7 s−1 and because [18C6] = 0.25 mol L−1, we can estimate that kc
= 2.2 × 10−6 L mol−1 s−1. Once the rate constant is known, the ΔG‡

can be determined from the transition state theory and the
temperature of the reaction. This procedure was applied for entries
1 to 5 in Table 1 to estimate the rate constants and the respective
ΔG‡, which are presented in Table 2.

The free energy barrier for crown ether catalysis was reported in
our previous study and the experimental estimate is 30.1 kcal mol−1,
close to the theoretical value of 32.0 kcal mol−1. In the case of the
addition of tert-butanol, both theory and experiments are also in very
good agreement with the theoretical barrier predicted to be 28.4 kcal
mol−1, whereas the experimental value is 28.6 kcal mol−1.21 It is worth
to say that another two experiments with tert-butanol led to a slightly
lower experimental barrier of 28.3 kcal mol−1. However, those
experiments have involved more concentrated solutions and longer

reaction time. Thus, we think that a comparison using 0.25 mol L−1

and a shorter reaction time is more adequate because it avoids
aggregation effects and possible secondary reactions that can occur in
a longer reaction time.

In the case of crown ether and BDMb catalysis, entry 3 leads to an
experimental free energy barrier of 28.1 kcal mol−1, whereas higher
concentration of BDMb (entry 4) leads to a slightly higher value of
28.2 kcal mol−1. The predicted theoretical ΔG‡ is 24.3 kcal mol−1, a
difference of 3.8 kcal mol−1. This is a reasonable agreement, although
the theoretical accuracy is not so good as that obtained for tert-
butanol catalysis. Thus, the rate acceleration effect predicted by
theory due to addition of BDMb to crown ether catalysis is
experimentally verified. However, the observed effect is smaller than
predicted by theory. Another bulk diol (BDMbp) was also
experimentally tested (entry 5) and the estimated ΔG‡ was 28.4
kcal mol−1, slightly higher than the BDMb catalysis. This result
indicates that there is no advantage of using this more complex
molecule.

A question that arises is what is the reason for the error in the
theoretical calculations to be higher for the BDMb catalysis than for
tert-butanol? In part, the error in the theory is due to the temperature
used in the calculations (25 °C) while the experiments were done at
82 °C. A substantial −TΔS term is expected because the transition
state merges three species to form the transition sate. As a rough
estimate, considering ΔS = −50 cal K−1 mol−1, the variation of the
−TΔS term is (−T2ΔS + T1ΔS) = −ΔTΔS. When going from 25 to
82 °C, ΔT = 57 K and we can calculate that −ΔTΔS = 2.9 kcal mol−1,
which increases ΔG‡ to 27.2 kcal mol−1 at 82 °C, very close to the
experimental value of 28.1 kcal mol−1. On the other hand, such an
effect would also increase the error in barrier predicted for the tert-
butanol catalysis (see ref 21. In our opinion, it would be desirable to
use more reliable theoretical methods, including explicit solvent
molecules and better treatment of low vibrational frequencies to make
more accurate predictions. Nevertheless, it is important to say that the
present theoretical approach was able to correctly predict the catalytic
effect and has guided the experiments toward the proof of this kind of
catalysis. Further optimization of experimental conditions and use of
another diol structure could lead to more effective catalysis and even
stereochemical control via chiral diols.

■ CONCLUSIONS

The combined effect of 18-crown-6 and bulky diol (BDMb)
for phase-transfer-catalyzed fluorination of an alkyl bromide
using potassium fluoride reagent was investigated by
theoretical methods and experiments. The calculations indicate
the BDMb works by stabilizing the SN2 transition state via two
hydrogen bonds to the incoming and leaving groups. Thus, a
catalytic effect was predicted for this combination, which was
confirmed by the experiments. Based on the estimated
experimental kinetic data, using BDMb at 1 mol L−1

concentration combined with crown ether leads to rate
acceleration by 18-fold in relation to crown ether catalysis
only. In addition, the catalyzed reaction is highly selective,
producing a minimal E2 product. Therefore, this study
presents an improved fluorination method using the KF
reagent, 18-crown-6, and the bulky diol BDMb.

■ EXPERIMENTAL SECTION
NMR Analysis. Proton (1H) and carbon (13C{1H}) NMR spectra

were recorded on a Bruker 500 MHz in CDCl3 spectrometer at the
Federal University of Juiz de Fora. Chemical shifts (δ) are reported in
parts per million with reference to residual CHCl3 (1H, 7.26; 13C,
77.00).

General Procedure. (3-Bromopropoxy)benzene (1.00 mmol,
158.00 μL, purchased from Sigma-Aldrich) was added to a solution of
potassium fluoride (2.00 mmol), 18-crown-6 (1.00 mmol), 1,4-bis(2-
hydroxyisopropyl)benzene or 1,4-bis(diphenylhydroxymethyl)-

Table 2. Estimated Experimental Kinetic Parameters Based
on a Simple Analysis of the experimentsa

entry keff (s
−1) kc (L mol−1 s−1) ΔG‡ (kcal mol−1)

1 5.6 × 10−7 2.2 × 10−6 30.1b

entry keff (s
−1) kcd (L

2 mol−2 s−1) ΔG‡ (kcal mol−1)

2 1.7 × 10−6 1.8 × 10−5 28.6b

3 2.9 × 10−6 3.7 × 10−5 28.1
4 7.1 × 10−6 3.5 × 10−5 28.2
5 2.2 × 10−6 2.6 × 10−5 28.4

aValues determined based on the data from Table 1 and the kinetic
equations 2−5. bTaken from ref 21.
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benzene (1.00 or 3.00 mmol) in acetonitrile (directly from the
bottle), and the reaction was refluxed in an oil bath for 24 h. The
solvent of the reaction was concentrated under reduced pressure, and
purification of the resulting residue by flash chromatography on silica
gel (EtOAc/heptane 05:95) (to remove essentially the crown ether)
afforded a pale yellow oil. In this stage, the oil obtained was analyzed
by NMR. The yields were calculated by integration of the spectra of
1H NMR and are showed in Table 1.
Spectroscopy Data.

(3-Bromopropoxy)benzene. Colorless liquid. 1H NMR (CDCl3, 500
MHz): δ 7.39 (2H, H-3′, J 7.3 Hz, t), 7.06 (1H, H-4′, J 7.3 Hz, t),
2.39 (2H, H-2, J 6.1 Hz, quint), 7.01 (2H, H-2′, J 8.5 Hz, d), 4.17
(2H, H-1, J 6.0 Hz, t), 3.68 (2H, H-3, J 6.4 Hz, t). 13C{1H} NMR
(CDCl3, 125 MHz): δ 158.8 (C-1′), 129.6 (C-3′), 121.0 (C-4′),
114.6 (C-2′), 65.3 (C-1), 32.5 (C-3), 30.2 (C-2).

(3-Fluoropropoxy)benzene (Ref 28. Colorless oil. 1H NMR
(CDCl3, 500 MHz): δ 7.39 (2H, H-3′, J 7.3 Hz, t). 7.06 (H-4′,
1H, J 7.3 Hz, t), 7.01 (2H, H-2′, J 8.5 Hz, d), 4.65 (2H, H-3, J 47.0
Hz, J 6.0 Hz, dt), 4.10 (2H, H-1, J 6.0 Hz, t), 2.16 (2H, H-2, dquint, J
25.9 Hz, J 6.0 Hz, dquint). 13C{1H} NMR (CDCl3, 125 MHz): δ
158.8 (C-1′), 129.6 (C-3′), 121.0 (C-4′), 114.6 (C-2′), 80.8 (C-3, J
164.0 Hz, d), 63.5 (C-1), 30.4 (C-2′, J 20.0 Hz, d).

(Allyloxy)benzene (Ref 29. Colorless solid. 1H NMR (CDCl3, 500
MHz): δ 7.39 (2H, H-3′, J 7.3 Hz, t), 7.06 (1H, H-4′, J 7.3 Hz, t),
7.01 (2H, H-2′, J 8.5 Hz, d), 6.01 (1H, H-2, J 17.0 Hz, J 10.5 Hz, J 5.3
Hz, dquint), 5.47 (1H, H-3a, Jtrans 17.0 Hz, Jgem 1.5 Hz, dd), 5.30 (1H,
H-3, Jcis 10.5 Hz, Jgem 1.5 Hz, dd), 4.57 (2H, H-1, J 5.3 Hz, d).
13C{1H} NMR (CDCl3, 125 MHz): δ 158.8 (C-1′), 133.5 (C-2),
129.6 (C-3′), 121.0 (C-4′), 114.6 (C-2′), 117.6 (C-3), 68.8 (C-1).
Theoretical Methods. The stationary points on the potential

energy surface for the model reaction of KF with ethyl bromide
catalyzed by 18-crown-6 and the diols BDMb and PDIOL were
obtained by geometry optimization using the PBE functional.30 For
these optimizations, the def2-SVP basis set31 was used for carbon,
hydrogen, and potassium, and the ma-def2-SVP basis set32 was used
for oxygen, fluorine, and bromine. Harmonic frequency calculations
were done for the optimized structures to obtain the vibrational,
rotational, and translations contributions to the free energy. Aimed to
obtain more accurate electronic energies, single point energy
calculations were done at M06-2X,33 MP2, and LPNO-CEPA/
134−37 levels of theory. The M06-2X and MP2 calculations were done
with the def2-TZVPP basis set31 for carbon, hydrogen, and potassium,
and the ma-def2-TZVPP basis set32 for oxygen, fluorine, and bromine.
The LPNO-CEPA/1 calculations were done with the smaller ma-
def2-SVP basis set (as defined above), and the estimation of the
LPNO-CEPA energies with the higher ma-def2-TZVPP basis set was
done by the additivity approximation of the correlation energy:38,39

− −

≅ − − + −

− − − −

E

E E

E

(CEPA/ma def2 TZVPP)

(CEPA/ma def2 SVP) (MP2/ma def2

TZVPP) (MP2/ma def2 SVP) (6)

.
The MP2 calculations were done with the resolution of identity

approximation, and all the electrons were correlated in the CEPA and
MP2 calculations. The LPNO-CEPA energies were considered the
best level of theory, and the respective energies were used for
obtaining the free energy profile.

The solvent effect was included through single-point energy
calculations using the SMD method.40 The X3LYP functional41 with
the 6-31(+)G(d) basis set was used for the electronic density in the
SMD computations. Thus, the present calculations of the free energy
are a composite method and the free energy for each species in the
solution phase (acetonitrile solvent) is given by:

= + + Δ + −G E G G 1.89 kcal molsol el vrt solv
1 (7)

where Eel is the electronic energy calculated by the LPNO-CEPA
method, Gvrt is the vibrational, rotational, and translational
contribution to the free energy (1 atm), ΔGsolv is the solvation free
energy, and the 1.89 kcal mol−1 is the correction from 1 atm to the 1
mol L−1 standard state. Thus, the final solution phase free energy, Gsol,
corresponds to the 1 mol L−1 standard state. In some structures, there
are additional imaginary modes due to almost free rotation of methyl
groups and the formation of supramolecular complexes. We have
corrected the vibrational partition function to make equal number of
degrees of freedom for each side in the reaction equation.

Because the KF salt is a solid, experimental thermodynamics data
must be included for correct description of its solubilization. In our
approach, we have considered the free energy for sublimation of the
KF salt taken from NIST:

→ Δ

= −

GKF (s) KF (g)

48.3 kcal. mol (1 mol/L standard state)
1

1

and calculated the process:

+

→ ‐ Δ

= − −

G

KF (g) 18C6 (sol)

KF 18C6 (sol)

39.5 kcal. mol
2

1

where (s) means solid, (g) means gas, and (sol) means solution phase.
Thus, combining the two equations, we have the solubilization free
energy of KF by the 18C6:

+ → ‐ Δ = Δ + Δ

= −

G G GKF (s) 18C6 (sol) KF 18C6 (sol)

8.8 kcal. mol
3 1 2

1

All the PBE, M06-2X, MP2, and LPNO-CEPA calculations were
done with the ORCA 3 program,42,43 whereas the SMD calculations
were done with the GAMESS program.44,45

In the calculations of ΔG‡ in the liquid phase, we have used the
separable equilibrium solvation approach,46 which is based on the
rigorous formulation of the transition state theory. Empirical
translational entropy correction, which does not have any theoretical
support, was not included.
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