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Abstract

The reactivity of the fluoride ion towards alkyl halides is highly dependent on the solvating environment. In polar aprotic
solvents with large counter-ions is highly reactive and produces substantial E2 product, whereas in polar protic solvents
leads to slow kinetics and high selectivity for Sy2 reactions. The use of a more complex environment with stoichiometric
addition of zerz-butanol to acetonitrile solvent is able to module the reactivity and selectivity of tetrabutylammonium fluoride
(TBAF). In the present work, we have performed a detailed theoretical analysis of this complex reaction system by density
functional theory, continuum solvation model, and including explicit fert-butanol molecules. A kinetic model based on the
free energy profile was also used to predict the reactivity and selectivity. The results indicated that the TBAF(terz-butanol)
complex plays the key role to increase the Sy2 selectivity, whereas higher aggregates are not relevant. The E2 product is
formed exclusively via free TBAF, because the solvating fert-butanol in the TBAF(tert-butanol) complex inhibits the E2

pathway. Our analysis suggests that diols or tetraols could produce an improved selectivity.

Keywords Solvent effects - Nucleophilic fluorination - DFT calculation - Microkinetic - Free energy profile - Cluster-

continuum

Introduction

The solvent effect on chemical reactions has a long history
in chemistry [1, 2]. Solvents are widely used for improv-
ing reaction yield and can be critical for a successful reac-
tion [2]. In the present time, the inclusion of solvent effects
is mandatory for reliable modeling of condensed phase
reactions. Indeed, with the development of theoretical
methods and practical solvation models based on the con-
tinuum approach [3-8], fast theoretical solvent screening
has become possible [9]. This approach has been applied
for interesting problems such as solvent selection for some
chemical reactions [10, 11] and separation processes via
extraction [12, 13]. However, continuum solvation models
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have limitations and are not adequate for modeling reac-
tions in situations that microsolvation plays a role [14—16],
neither describing the solvation of many ionic species in
protic solvents [17, 18]. In these cases, inclusion of explicit
solvent is essential [19].

Among the different reaction types with important solvent
effects, ion—molecule Sy2 and E2 reactions can be singled-
out [20]. The first solvating shell has the main influence
on these reactions. Thus, the microenvironment around the
solute can be used for controlling the reaction rate and selec-
tivity [21]. These ideas have led to the design of supramo-
lecular catalysts for nucleophilic fluorination, mainly based
on macrocycles such as crown ethers [22—-25], cryptands
[26, 27], calixarenes [28-31], thiourea-crown-ether [32], and
similar structures [33-35].

Some years ago, Kim and co-workers [36, 37], followed
by Gouverneur and co-workers [38], have reported the use
of tetrabutylammonium fluoride (TBAF) in acetonitrile sol-
vent and added stoichiometric amount of bulky alcohols as
tert-butanol for performing nucleophilic fluorination. They
observed an important effect of tert-butanol on the selectiv-
ity of the reaction. In fact, it is long known that fluoride
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Scheme 1 Microsolvation effect
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ion in aprotic solvents can act as strong base, reacting with
alkyl halides to generate much E2 product and decreasing
the Sy2 yield [39, 40]. With the addition of stochiometric
amount of molecules with hydroxyl groups such as water
[41] or bulky alcohols [37, 38], a substantial increase of the
Sy2 product is observed. However, the microscopic details
on how the additional bulky alcohols combined with TBAF
control the reaction rate and selectivity were not reported to
date. Thus, the aim of this report is to conduct a theoretical
analysis of this reaction system to provide more insights on
the detailed mechanism. As a model system, we have used
the ethyl bromide substrate reacting with TBAF and includ-
ing up to three explicit ferz-butanol molecules. Such problem
involves modeling the reaction in a complex microsolvated
environment [42]. We hope that this analysis can be useful
for inducing more advances in the design of nucleophilic
fluorination reactions.

Theoretical methods

The reaction system presented in Scheme 1 was investigate
by electronic structure calculations and continuum solvation
(acetonitrile solvent), also including explicit ferz-butanol
molecules. Geometry optimization calculations of the
minima and transition states investigated in this work were
done using density functional theory method, with the PBE
functional [43] and resolution of identity approximation.
These calculations were performed with the ma-def2-SVP
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basis set [44, 45]. The optimizations were followed by har-
monic frequency calculations to obtain thermodynamics
data. However, because ORCA 3 program [46, 47] used in
this study does not include frequencies below of 35 cm™! in
the calculation of thermodynamics properties, which can
lead to unbalanced description of the system, these contri-
butions were included manually [48]. Additional correction
for symmetry number and from standard state from 1 atm to
1 mol L™!, necessary for modeling liquid phase processes,
were also done. To obtain reliable free energies, the accurate
MO06-2X functional [49] with the extended ma-def2-TZVPP
basis set was used for single point energy calculation. It is
worth to observe that this functional was ranked among the
top 10% better functionals for activation barrier and reac-
tion energies in a recently comparative study involving 200
functionals [50].

The bulk solvent effect (acetonitrile) was included by
the continuum SMD model [6]. This part of the calcula-
tions was done with the GAMESS program [51], using the
X3LYP functional [52] and the 6-31(+)G(d) basis set. The
final free energy for each species X in solution phase can
be written as:

Gsnl(X) = Eel (X) + GN(X) + A(}solv()() (1)

where the term in the left side is the free energy in liquid
phase; the first term in the right side is the electronic energy
obtained at M06-2X level; the second term is translational,
rotational, and vibrational contribution to the free energy;
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and the third term is the solvation free energy in acetonitrile.
The Gy term includes the correction for the standard state of
1 mol~!. All calculations were performed with the ORCA 3
[46, 47] and GAMESS program [51] systems.

Results and discussion

Previous work of our group involving tetramethyl ammo-
nium fluoride (TMAF) in a similar polar aprotic solvent
dimethylformamide has indicated that the SyAr reaction
proceeds via ion pair [53]. In this report, the presence of
TBAF and stoichiometric amount of terz-butanol in acetoni-
trile solution should lead to the formation of aggregates of
the kind TBAF(t-butanol)y, like that reported for a simi-
lar system: KF complexed with 18-crown-6 in acetonitrile
solution with stoichiometric terz-butanol [24]. In that study,
both molecular dynamics calculations and quantum chemis-
try with continuum solvation calculations have provide the
same picture, which one terz-butanol molecule associated
with the fluoride ion is the main species. Thus, the present
theoretical approach for this system must provide a realistic
picture of the problem under investigation.

The first part of the study was to analyze the forma-
tion of aggregates of TBAF with r-butanol. The optimized
structures of TBAF interacting with up to three z-butanol
molecules are presented in the Fig. 1. We can notice that
the TBAF supports three ¢-butanol molecules solvating
the fluoride ion in the first solvation shell. Although these
structures are minima, only the complex with one 7-butanol
has a favorable AG for its formation. This thermodynamics
data is presented in the Fig. 2, the free energy profile of the
Sy2 reaction. Thus, TBAF(#-butanol) is only 0.6 kcal mol™!
below of the TBAF + t-butanol reference. The complex with
two z-butanol molecules is 2.0 kcal mol~! above of the free
reactants and reaches 3.6 kcal mol~! for the complex with
three #-butanol molecules. These are slightly negative and
positive AG, indicating that all these species, including free
TBAF, can be present in the equilibrium. The exact concen-
tration of each species depends on the concentration of the
added t-butanol. Because it is not clear the AG* for each
complex, all the species were included in the analysis.

In the activation step, the TBAF can react with ethyl
bromide via four Sy2 transition states and four E2 transi-
tion states (Fig. 1). The direct reaction of TBAF with ethyl
bromide has AG*=22.9 kcal mol™" for both Sy2 and E2
pathways (Figs. 2 and 3). This finding indicates that both
the fluorination and elimination products are formed in 50%
selectivity, in agreement with experimental observations of
high E2 product (22% Sy2: 78% E2, using true anhydrous
TBAF) [37]. Consequently, the sole TBAF is not a good
reactant for selective fluorination of alkyl halides [54]. With

the participation of one -butanol molecule, the free energy
profile has an important modification. The free energy of
the Sy2 pathway becomes 21.7 kcal mol~!, whereas the
free energy for the E2 pathway becomes 27.3 kcal mol~".
These values correspond to the overall AG and consider
the initial reactants as reference. Thus, the inclusion of just
one f-butanol has an important effect on the selectivity and
would be able to produce exclusively Sy2 product. Never-
theless, the reaction leading to E2 via free TBAF remains
competitive (22.9 kcal mol™') and any conclusion on the
observed selectivity requires a complete analysis of the equi-
librium and kinetics.

The addition of the second #-butanol rises the AG of the
S\2 transition state to 27.5 kcal mol™!, turning the kinet-
ics by this pathway too slow. The third #-butanol mole-
cule makes the free energy even higher, 31.9 kcal mol~!.
In the case of E2 pathway, the addition of the second and
third 7-butanol molecules also produces barriers above of
27 kcal mol™! (Fig. 3). Consequently, reaction kinetics via
these transition states with two or three #-butanol molecules
are slow and should not contribute meaningfully to the over-
all reaction rate and selectivity. However, it is important to
observe that increasing the concentration of z-butanol pro-
duces more complexes, decreasing the concentration of free
TBAF. This fact should improve the selectivity. In the next
section, a detailed kinetics analysis is presented.

In order to ensure that the PBE/ma-def2-SVP geometries
are enough to produce reliable barriers at M06-2X level,
we have done additional M06-2X/ma-def2-SVP geometry
optimizations for the species involved in the activation step
of the S\2 reaction involving TBAF(#-butanol), followed of
single point energy calculation at M06-2X/ma-def2-TZVPP
level. We have found that AE* is 11.9 kcal mol~! using
the PBE geometries and becomes 12.7 kcal mol~! using
MO06-2X geometries. This result supports the good quality
of the present calculations.

Analysis of the complexation equilibrium
and reaction kinetics

In order to obtain more detailed and clearer view of the
effect of #-butanol addition to the reaction system, the equi-
libria and kinetics equations with the free energy data from
Figs. 2 and 3 were resolved. Thus, the equilibrium equations
for formation of the complexes are given by:

[TBAF(tboh)] _ _,g, /rt
I = [TBAF][tboh] _ © @
TBAF(tboh
K, = DDARIbOR, T —soy/mr _ 545 102 3)

 [TBAF][tboh]?

@ Springer
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Fig. 1 Minima and transi-
tion states structures of TBAF
reaction with ethyl bromide in
the presence of stoichiometric
t-butanol obtained by the PBE/
ma-def2-SVP method
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Fig.2 Free energy profile for the nucleophilic fluorination reaction
(SN2) of ethyl bromide with tetrabutylammonium fluoride in acetoni-
trile solvent and in the presence of fert-butanol. Units in kcal mol™

Standard state of 1 mol L', 298.15 K. Calculations at M06-2X/ma-
def2-TZVPP//X3LYP/ma-def2-SVP level and SMD solvation
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Fig.3 Free energy profile for the elimination reaction (E2) of ethyl
bromide with tetrabutylammonium fluoride in acetonitrile solvent and
in the presence of fert-butanol. Units in kcal mol™!. Standard state

of 1 mol L™}, 298.15 K. Calculations at M06-2X/ma-def2-TZVPP//
X3LYP/ma-def2-SVP level and SMD solvation
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_ [TBAF(tboh),]

= S = 20/M =23 %107 )
[TBAF][tboh]

3

and the mass balance requires:

C\putanol = [tboh] + [TBAF(tboh)] 4+ 2.[TBAF(tboh), ] + 3.[TBAF(tboh);] (5)

Crpar = [TBAF] + [TBAF(tboh)] + [TBAF(tboh), ] + [TBAF(tboh), ] (6)

where Crpap and C,rano1 cOrrespond to the total (analytic)
concentration of TBAF and t-butanol, respectively, and
tboh =#-butanol. The system of Egs. (2) to (6) (five equa-
tions and five incognitos) was resolved using Excel with the
conditions: Cygar=0.50 mol L™!, and C, im0 Was varied
from 0.0 to 2.0 mol L™! to evaluate the concentration effect.
The results are presented in the Fig. 4a. We can observe that
the increase of C, .m0 UP to 2.0 mol L™! leads to decrease
of the concentration of free TBAF (close to 0.1 mol L™") and
the increase of the concentration of the TBAF(t-butanol) up
to 0.4 mol L~!. The higher complexes have concentrations
calculated to be below of 0.01 mol L™! even when using
2.0 mol L™! of C,;une; and were not included in the graph-
ics. As a consequence of this analysis, the E2 product should
decrease with the increase of C because this pathway
must proceed via free TBAF.

In the kinetics analysis, we consider the pathways involv-
ing TBAF and TBAF(t-butanol) for Sy2 process, and TBAF
for E2 because the free energy profile indicates that other
pathways have remarkably high barriers (Figs. 2 and 3).
Thus, the reaction rates are:

t-butanol’

Rategy, = ko_sna[RBII[TBAF] + k;_gno[RBr][TBAF(tboh)]
(M
Rateg, = ko_g,[RBr][TBAF] )

With kg gy, and kg, related to AG*=22.9 kcal mol™!
and k, gy, related to AG*=21.7 — (= 0.6)=22.3 kcal mol ™.
Based on this data calculated at 25 °C, we can predict that
the selectivity of the Sy\2 product is given by Fig. 4b. In this
analysis, we are considering 100% conversion with the rate
given by Eqgs. (7) and (8). In the case that [t-butanol] =0,
there is 50% selectivity of the Sy2 product. Increasing the
analytic concentration of #-butanol leads to increase of the
selectivity up to 93% when C, o= 2.0 mol L', and
the graphics suggest a plateau at this concentration. This
occurs because there is increase of the concentration of
[TBAF(t-butanol)], resulting in low concentration of free
TBAF able to react via E2. For comparison, the experiments
of Gouverneur and co-workers have used Cgg,=0.25 mol
L™!, Crgoy=0.50 mol L™" and C, 4001 =2.0 mol L™" and
observed 67% selectivity using a primary alkyl bromide
[38]. However, in [¢-butanol] =0 conditions, the experimen-
tal selectivity is only 22% [37]. Thus, this important increase
in the selectivity is well reproduced in our calculations. The
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Fig.4 Effect of the total concentration of r-butanol on the concentra-
tion of each species (a) and on the selectivity (b) based on the theo-
retical free energy profile from Figs. 2 and 3

exact value is difficult to reproduce because this is a complex
system, and the theoretical methods have limitations in the
description of the solvation effect.

Further comparison can be done. Thus, our total reac-
tion rate corresponds to 3.26 x 10~> mol L~! s~! using the
experimental conditions. Defining a pseudo-second-order
rate constant as suggested by Gouverneur and co-workers
[38], given by:

Rate . = kCrpCrar ©)]

leads to k,=2.61 X 107*M~! 57!, which corresponds to
AG*=22.3 kcal mol~! at 25 °C. The experiments of Gou-
verneur have resulted in AG*=23.1 kcal mol~! at 70 °C.
This is a particularly good agreement between theory and
experiments. Thus, the present study provides a realist
description of this complex system.

Based on the present results, the addition of #-butanol
leads to the formation of TBAF(t-butanol) complex. Increas-
ing the concentration of #-butanol does not produce appre-
ciable concentration of higher aggregates such as TBAF(t-
butanol), or TBAF(z-butanol);, neither the reaction takes

@ Springer
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place via these higher aggregates. Thus, improving the
selectivity of Sy2 fluorination with adequate reaction rate
could be achieved with the use of diols or tetraols with the
right position of hydroxyls [23]. Such approach may lead to
higher reaction rate and selectivity if stable aggregates, able
to inhibit the reaction, are not formed.

Conclusion

The present theoretical study indicates that micro-heteroge-
neous environment in the solution of TBAF dissolved in ace-
tonitrile with stoichiometric tert-butanol has an important
effect on the selectivity in the reaction of TBAF with alkyl
bromide. There is considerable formation of the TBAF(t-
butanol) complex, which react selectively with alkyl bro-
mide to produce Sy2 product. The free TBAF in equilibrium
is responsible for formation of the E2 product. The increase
of the concentration of #-butanol does not lead to appreciable
formation of higher aggregates. Rather, its effect is reduc-
ing the free TBAF species, decreasing the E2 product. Our
analysis suggests that further improvement in the selectivity
and reaction rate could be achieved with the use of diols or
tetraols.
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