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Density functional theory as well as highly correlated ab initio molecular orbital theory was used to explore
the possibility of activating C-F bonds in fluoroalkanes by organic macrocycles. The results indicate that
the reaction between fluoro-calix [4]pyrrole-tert-amine and CH3F via a Menshutkin displacement mechanism
is highly favorable and competitive from a thermochemical point of view with the very efficient C-Cl activation
by a simple macrocyclic amine recently reported in the literature (Stanger, L. J.; Noll, B. C.; Gonzalez, C.;
Marquez, M.; Smith, B. D.J. Am. Chem. Soc.2005, 127, 4184).

Introduction

Fluorine makes the single strongest bond to carbon (500-
540 kJ/mol for aliphatic and olefinic C-F bonds) rendering
fluorocarbons thermally stable and resistant to chemical deg-
radation. These properties have resulted in fluorocarbons being
widely used in many commercial areas including refrigerants,
pesticides, and nonadhesive polymers. Despite their commercial
value, fluorocarbons are known to be hazardous to the environ-
ment because of their negative impact on the ozone layer.
Different methods making use of organometallic reactions
involving lanthanide metals are currently available to degrade
fluorocarbons.1-6 However, these reactions require long reaction
times and elevated temperatures.7,8 Other methods entail the use
of strongly electrophilic silylium species, which perform de-
fluorination at room temperature,9 and the use of tetrabutylam-
monium cyanide, which defluorinates hexafluorobenzene.10

Despite these efforts, activation of the C-F bond using
economically and environmentally friendly methods still remains
a challenge. One possible approach to resolve this issue would
be to develop a method of degradation that mimics nature. In
nature, the fluroacetate dehalogenase enzyme fromBurkholderia
sp. FA1 activates the C-F bond using no metal cofactors.11

The fluoride anion is removed from the carbon center of the
fluoroacetate substrate presumably via an SN2-like substitution
reaction.12 The related haloalkane dehalogenase enzyme from
Xanthobacter autotrophicusGJ10 cleaves the C-Cl bond but
not the stronger C-F bond.13 The three-dimensional structure
of this enzyme is known14 and the reaction has been thoroughly
studied using experimental techniques15 as well as by theoretical
methods.16 The substitution reaction starts with an Asp- residue
making a nucleophilic attack on the chloride-bearing carbon.
The leaving Cl- is stabilized via the formation of two hydrogen
bonds with the side-chain amines of two Trp residues. The Asp-

residue is subsequently liberated from the enzyme-substrate
ester adduct via hydrolysis involving a acive site bound water

molecule, and the enzyme becomes ready for another catalytic
reaction cycle.

It has been suggested that enzymes bind their substrates to
their active sites in a high-energy conformation (near attack
conformation (NAC)) prior to the chemical reaction.17 This
strained substrate requires a small increase in free energy
(mainly an increase in enthalpy) to cross the transition state.
The unfavorable entropy decrease associated with the binding
of the substrate in a NAC inside the active site is already “paid
for” by the enzyme.18

Recently, we were able to demonstrate this concept using a
macrocyclic amine (see Figure 1a).19 This macrocycle consists
of a tertiary amine connected to two amides that binds CH2Cl2
and displaces one of the chlorides via a Menschutkin displace-
ment reaction, forming a tertiary ammonium salt. Calculations
showed how CH2Cl2 is anchored in the cavity by forming
hydrogen bonds to the two amides hydrogens. The carbon in
CH2Cl2 is then in position for the nucleophilic attack by the
amine nitrogen. The calculations confirmed that the substitution
reaction is fast and that it is exothermic.19 This reaction shows
similarities with the haloalkane dehalogenase enzyme catalyzed
reaction. The substrate is rescricted and positioned for a
nucleophilic attack, and the two amide hydrogens analogous to
the side-chain indole amine hydrogens of the two Trp residues
stabilize the transition state. These interesting results open the
possibility of designing macrocycles that can efficiently break
the stronger C-F bond in fluorocarbons without the need of
metallic cofactors. In this work, we perform highly correlated
ab initio molecular orbital and density functional theory (DFT)
calculations to explore this possibility.

Theoretical Calculations

To test the reliability of the methodology adopted in this work,
we performed calculations using highly correlated ab initio
molecular orbital methodologies as well as DFT on the
corresponding Menschutkin reactions considering a smaller
model consisting of H2O and NH3 and the substrates CH2Cl2,
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CH3F, and CH3CH2F:

Numerous theoretical studies dealing with the energetics and
mechanisms governing Menschutkin reactions similar to reac-
tions R1-R3 have been reported in the literature.20-23 Full
geometry optimizations of reactants, prereactive complexes,
transition states, and products for these reactions were performed
with second-order Møller-Plesset perturbation theory (MP2),24-27

coupled-cluster theory in the space of single, double electron
excitations28-31 (CCSD) and triple electron excitations32-34

included in a perturbative manner (CCSD(T)), as well as with
the PBE exchange-correlation DFT functional developed by
Perdew, Burk and Ernzerhof.35,36In all geometry optimizations,
the 6-31G* basis set was used. All calculations were performed
with the Gaussian03 suite of programs.37,38 The energetics for
these reactions listed in Table 1 indicate a good agreement
between the reaction barriers computed with MP2, CCSD, and
CCSD(T). In addition, despite a reasonable agreement in the
case of reaction R1, the barriers predicted by the PBE functional
for reactions R2 and R3 are significantly lower than the
corresponding ones computed with MP2, CCSD, and CCSD(T).
This tendency of DFT to underestimate reaction barriers has
been previously reported in the literature.39 Becke40,41 and
collaborators have demonstrated that this problem arises from
an inherent inability in most of the DFT functionals to properly
describe the nonlocal character of the exchange-correlation
“hole” in situations where odd electrons play an important role
in the electronic structure of the systems under study, or in
highly stretched situations such as the ones observed in transition
states. The fact that a significant better agreement is found in
the case of reaction R1 could probably be the result of fortuitous
cancellations of errors or of a more localized exchange-
correlation hole in the corresponding transition structure. Despite
these differences, all theory levels used in this work predict
that the intrinsic barriers for displacing F- from the prereactive
complex formed between the reactants and the substrates CH3F

and CH3CH2F are significantly higher than the corresponding
intrinsic barrier involving the Cl- displacement from the CH2-
Cl2 substrate. In contrast to the case of intrinsic barriers, the
results in Table 1 indicate a better agreement between DFT and
the rest of the ab initio results corresponding to the prereactive
complexes binding energies as well as reaction energies. Given
the significant relative computational efficiency of DFT when
compared to MP2, CCSD, and CCSD(T), it would be desirable
to use this methodology when treating the Menschutkin reactions
involving the larger ligands considered in this study (see Figures
1-3). However, the results shown in Table 1 in the case of
reactions R1-R3 cast some doubt regarding the reliability of
the energetics computed with the PBE functional. Given that,
as shown in the Supporting Information section, we have found
no significant differences between the optimized geometries
obtained with DFT and the highly correlated ab initio method-
ologies, we decided to perform geometry optimizations and
frequency calculations using PBEPBE/6-31G* and single-point
energy calculations using MP2 with the larger 6-311++G**
basis set in the case of the larger ligands (MP2/6-311++G**//
PBEPBE/6-31G* level). The use of a triple-ú basis such as
6-311++G** that includes extra sets of diffusion and polariza-
tion functions provides enough flexibility in the basis to properly
describe the nonbonded interactions in the macrocyclic systems
studied in this work. To compare with the data previously
reported for the C-Cl bond activation in CH2Cl219, the
energetics of all reactions in this study also were computed in
a CH2Cl2 solution using the polarizing continuum model

Figure 1. Schematic description of the reaction between the macrocycle MCA1 and (a) CH2Cl2,and (b) CH3F.

TABLE 1: Computed Relative Energies (with Respect to
Separated Reactants) for Complexes, TS values, and
Products in the Reactions between H2O + NH3 and the
Substrates CH2Cl2, CH3F, and CH3CH2F. All Energies in
kJ/mol

species
∆EPBEPBE+

∆ZPE
MP2 +
∆ZPE

CCSD+
∆ZPE

CCSD(T)+
∆ZPE

H2O-NH3-CH2Cl2 -41.7 -35.3 -42.6 -44.6
TS 98.7 118.7 109.6 100.2
prod -117.3 -83.7 -86.7 -89.7

H2O-NH3-CH3F -32.3 -29.9 -20.8 -22.2
TS 135.8 169.6 187.2 180.6
prod -95.8 -89.1 -72.2 -75.4

H2O-NH3-C2H5F -52.0 -45.1 -32.5 -34.7
TS 133.4 169.7 187.0 179.0
prod -83.6 -80.2 -31.4 -35.4

NH3 + H2O + CH2Cl2 f [CH2ClNH3]
+ + [HO-HCl]-

(R1)

NH3 + H2O + CH3F f [CH3NH3]
+ + [OH-HF]- (R2)

NH3 + H2O + CH3CH2F f [CH3CH2NH3]
+ + [OH-HF]-

(R3)
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(PCM)42,43 as implemented in the Gaussian03 program. The
relative gas-phase energy∆Egasphase, reported herein (relative
to separated reactants), was computed as the sum of the MP2
electronic energy∆EMP2/6-311++G** and the PBE zero-point
energy,∆ZPEPBEPBE/6-31G*, while in the CH2Cl2 solution, the
solvation energy term∆EPCM (computed at the PBEPBE/6-
31G* level of theory using a dielectric constant of 8.93) was
added to the gas-phase energy to compute the total relative
energy in solution,∆Esolution. This approach provides a good
compromise between reliability and computational expense,
given that ∆ZPE and ∆EPCM calculations at the MP2/6-
311++G** level can become taxing from the computational
point of view.

Results

Figure 1a,b shows a schematic diagram of the reaction
between the macrocyclic amine previously studied in ref 19
(MCA1 herein) and the CH2Cl2 and CH3F substrates respec-
tively. It is interesting to notice that in the case of the reaction
between MCA1 and CH2Cl2, the all-electron calculations
performed in this work (with the 6-311++G** basis set) predict
an interaction energy in solution (see Table 2) for the MCA1-
CH2Cl2 complex significantly larger than the one reported in
our previous work (-76.5 kJ/mol vs-35.2 kJ/mol19), whereas
the Los Alamos pseudopotential with a double-ú basis was used
(LANL2DZ herein). This significant discrepancy can be at-
tributed to the fact that the double-ú basis set used in the

LANL2DZ calculation is not flexible enough to properly treat
the nonbonded interactions in the MCA1-CH2Cl2 complex.
This explanation seems to be supported by “single point” all-
electron calculations (not shown) of the interaction energy at
the MP2 level (not corrected by ZPE effects) using the double-ú
basis 6-31G basis and with the more extensive basis 6-311++G**
adopted in the present work that show that even in the gas phase,
the 6-31G results are significantly smaller than the corresponding
interaction energy computed with the 6-311++G** basis (-5.9
kJ/mol vs-103.1 kJ/mol).

The results listed in Table 2 indicate that the gas phase
prereactive complex between MCA1 and CH3F lies 42.7 kJ/
mol below the reactants. According to the PCM predictions,
solvation makes this process less exothermic by 14.2 kJ/mol.
This complex is connected to a transition state structure (TS)
involving the breaking of the C-F bond, which exhibits an
intrinsic barrier (going from the complex to the TS) of 92.6
kJ/mol (solvation brings down this barrier to 67.5 kJ/mol). This
barrier is found to be 1.2 kJ/mol lower than the one corre-
sponding to the reaction involving the same macrocyclic amine
and CH2Cl2 (see Table 2). The subsequent gas-phase product
lies 51.6 kJ/mol below reactants (80.7 kJ/mol in solution). Given
these results, one would expect the Menschutkin reactions
between MCA1 and the substrates CH2Cl2 and CH3F to be
competitive (at least from a thermochemical point of view),
suggesting the possibility of using MCA1 for efficient C-F
activation. However, contrary to the case of the reaction between
MCA1 and CH2Cl2, characterized by a significantly stable
prereactive complex and a TS that lies below reactants, the
potential energy surface of the reaction between MCA1 and
CH3F exhibits a relatively less stable complex and a TS energy
that lies above reactants, which would probably lead to
significantly lower reaction rates. In addition, given that the
intrinsic barrier computed for the reaction NH3 + H2O + CH3-
CH2F f [CH3CH2NH3]+ + [OH-HF]- is about 15 kJ/mol
higher than the corresponding barrier for NH3 + H2O + CH3F
f [CH3NH3]+ + [OH-HF]- (see Table 1), it is not clear how
efficient this macrocycle would be in breaking C-F bonds in
secondary and larger alkylfluorides. We reasoned that a more
powerful F- receptor would be needed to stabilize the transition
state and make the reaction more exothermic and therefore
decided to combine the nucleophilic strength of a tertiary amine
with a fluorinated calix[4]pyrrole, which has been found to bind
F- strongly.44,45 To test this premise, we performed full
geometry optimizations of reactants, prereactive complex, TS,
and products of the gas-phase reaction: fluorinated calix[4]-

Figure 2. Schematic description of the reaction between fluorinated calix[4]pyrrole, the tertiaty amine N(CH3)3, and CH3F.

Figure 3. Schematic description of the reaction between the macrocycle MCA2 and CH3F.

TABLE 2: Relative Energies (with Respect to Separated
Reactants) Computed at the MP2/6-311++G**//PBEPBE/
6-31G* Level for the Reaction between CH3F and CH2Cl2
with Fluorinated Calix[4]pyrrole and Macrocyclic Amines
MCA1 and MCA2. All Energies in kJ/mol

∆EMP2 ∆ZPE ∆Egasphase ∆EPCM ∆Esolution

MCA1-CH2Cl2 -103.1 6.2 -96.9 20.4 -76.5
TS -9.3 9.0 -0.2 -7.5 -7.8
prod -147.7 14.7 -133.0 -37.3 -170.3

MCA1-CH3F -52.4 9.7 -42.7 14.2 -28.5
TS 38.1 11.8 49.9 -11.0 39.0
prod -70.5 18.9 -51.6 -29.1 -80.7

Fluoro-calix[4]pyrrole
-N(CH3)3-CH3F

-31.1 6.9 -24.2 27.2 3.0

TS 10.2 13.1 23.3 9.6 32.9
prod -106.0 18.4 -87.6 -50.1 -137.7

MCA2-CH3F -66.2 7.5 -58.7 2.2 -56.5
TS -8.1 11.1 3.0 -16.2 -13.2
prod -153.2 16.2 -137.0 -58.3 -195.3
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pyrrole + N(CH3)3 + CH3F f Products (see Figure 2). The
intrinsic barrier in gas phase was computed to be 47.5 kJ/mol
(35.9 kJ/mol in solution), showing a significant reduction in
the intrinsic barrier when compared to the reaction between
CH3F and MCA1. In addition, the reaction was found to be
exothermic by 87.6 kJ/mol in gas phase and 137.7 kJ/mol in
solution. These results suggest the thermochemical possibility
of breaking the C-F bond in CH3F by a macrocycle containing
an amine and fluorinated calix[4]pyrrole. To construct this
macrocycle (MCA2 herein), the amine moiety and the fluori-
nated calix[4]pyrrole were connected by two linkers similar to
the ones found in MCA1 (see Figure 3). As with the previous
cases, geometries and relative energies of all the stationary points
involved in the reaction between MCA2 and CH3F were
computed. Figure 4 shows the geometries of these stationary

points in which a summary of the most relevant geometric
parameters is listed. The results show that the complex between
MCA2 and CH3F is characterized by the formation of four
hydrogen bonds between the F atom in CH3F and the acidic
protons on the calix[4]pyrrole fragment of MCA2. At the
transition state (Figure 4b), these F-H bond lengths decrease
by as much as 0.291 Å accompanied by a corresponding
decrease in the C-N distance of 0.938 Å and an elongation of
the C-F bond of 0.355 Å. In addition, the methyl group in the
CH3F moiety becomes completely planar in the TS. Figure 4c
shows that in the product, while the C-F bond is broken, the
methyl group binds to the tertiary amine of MCA2. In addition,
the incipient F- ion gets “trapped” by the nonbonded interactions
with the four acidic protons on the calix[4]pyrrole fragment.
These strong interactions between the acidic protons in calix-

Figure 4. (a) Optimized geometry (at the PBE/6-31G* level of theory) for the complex between the macrocycle MCA2 and CH3F. RC-N ) 3.093
Å; RC-F ) 1.455 Å; RF-H1 ) 2.026 Å; RF-H2 ) 2.188 Å; RF-H3 ) 2.181 Å; RF-H4 ) 2.026 Å. The Mulliken charges (in au) computed at the same
level of theory are: QF ) -0.262, QH1 ) 0.327, QH2 ) 0.321, QH3 ) 0.321, QH4 ) 0.327, QCH3 ) 0.360 and QN ) -0.357. (b) Optimized geometry
(at the PBE/6-31G* level of theory) for the transition structure for the reaction between the macrocycle MCA2 and CH3F. RC-N ) 2.155 Å; RC-F

) 1.810 Å; RF-H1 ) 1.861 Å; RF-H2 ) 1.897 Å; RF-H3 ) 1.904 Å; RF-H4 ) 1.859 Å. The Mulliken charges (in au) computed at the same level of
theory are: QF ) -0.336, QH1 ) -0.717, QH2 ) -0.717, QH3 ) -0.716, QH4 ) -0.717, QCH3 ) 0.342, and QN ) -0.368. (c) Optimized geometry
(at the PBE/6-31G* level of theory) for the products of the reaction between the macrocycle MCA2 and CH3F. RC-N ) 1.508 Å; RC-F ) 2.808 Å;
RF-H1 ) 1.698 Å; RF-H2 ) 1.706 Å; RF-H3 ) 1.706 Å; RF-H4 ) 1.695 Å. The Mulliken charges (in au) computed at the same level of theory are:
QF ) -0.443, QH1 ) 0.348, QH2 ) 0.345, QH3 ) 0.345, QH4 ) 0.348, QCH3 ) 0.287, and QN ) -0.337.
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[4]pyrrole and fluoride anions has been previously discussed
by Sessler et al.44,45 In this way, the macrocycle provides the
right environment to stabilize the fluoride anion resulting from
the Menschutkin reaction between MCA2 and CH3F, making
the whole process significantly exothermic (see below). The
increasing Mulliken charge for the F atom being cleaved as the
reaction proceeds from the complex to the products (see Figure
4) supports this conclusion. As shown in Table 2, the complex-
ation energy of MCA2 and CH3F was computed to be-58.7
kJ/mol in the gas phase and-56.5 kJ/mol in solution. The gas-
phase intrinsic barrier was computed to be 61.7 kJ/mol, and
the reaction is exothermic by 137.0 kJ/mol. Comparison with
the results obtained in the case of the prototype reaction between
fluorinated calix[4]pyrrole, the tertiary amine N(CH3)3 and CH3F
indicate that the molecule fragments connecting the fluorinated
calix[4]pyrrole and the tertiary amine must adjust slightly to
accommodate the transition state, adding strain energy to the
intrinsic barrier. Nevertheless, the results suggest that MCA2
would be much more efficient in degrading CH3F than MCA1
does. Synthesis of the non-fluorinated analogue of MCA2 is
currently in progress.

Conclusions

Highly correlated ab initio molecular orbital theory and
density functional theory have been used to probe the possibility
of designing organic macrocycles able to activate strong C-F
bonds in fluoroalkanes without the need of metal cofactors. The
results show that the macrocycle fluoro-calix[4]pyrrole-tert-
amine is very effective in breaking the C-F bond in CH3F (at
least from a thermodynamics point of view) via a Menshutkin
reaction mechanism in which the charge separation in the
products is stabilized by the formation of four hydrogen bonds
between the F- ion being formed and the acidic protons of the
calix[4]pyrrole-tert-amine. These encouraging results suggest
the possibility of using quantum chemistry calculations in the
rational design of potential C-F activating ligands.
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