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Several complexes of fluorine-substituted phthallic acid anhydrides with chloride anion have been optimized
at the RI-MP2(full)/6-3%+G** level of theory. The presence of fluorine atoms attached to the aromatic
ring increases the acidity of the aromatic hydrogen atoms. Theadudbinding affinity of titte compounds

have been studied by means of ab initio and molecular interaction potential with polarization (MIPp) calculations
and Bader’s theory of “atoms-in-molecules”.

Introduction compounds are commercially available and can be considered
as potential binding blocks for the design and synthesis of
receptors for anions, taking advantage of the reactivity of the
acid anhydride group. These compounds are also interesting for
. s . ) ; ) studying their duab/z—anion-binding properties. A combined
are important binding forces in b‘.)th chemical and biological experimental and theoretical study has been recently reported
systems, and thgy have been reviewed by Meyer &t al. that deals with the structural criteria for the design of anion
At the same time, Mascal et &l Alkorta et al.} and our  receptors based on electron-deficient aréfd@e presence of
group have demonstrated theoretically that thénteraction electron-withdrawing groups (EWG) increases the acidity of the
of anions with electron deficient aromatic rings is favorable. zrene cH donors and, consequently, it has a double effect.
Our group has used the term “anien-interaction® to describe First, the anion can interact via hydrogen bonding with the arene,
the interaction between anions and hexafluorobenzene, wheregjnce the presence of EWG strengthens theH&-X ~ interac-
the anion is positioned over the ring along g axis® The tion. Second, the anion can also interact with theloud of
anion—sz-interaction is dominated by electrostatic and anion- e arene, since the presence of EWG increases-theidity
induced polarization ternfs® The strength of the electrostatic  f the ring. A recent related work of Weber's group reports
component depends upon the valu€efand the anion-induced  jnteresting experimental results regarding the duatbinding

polarization term correlates with the molecular polarizability - tfinity of fluorinated benzenes with several anidfs.
(ay)) of the aromatic compountdRecently, aniors-complexes

have been observed experimentally, supporting the theoreticalTheoretical Methods

predictions and the promising proposal for the use of anion . o

receptors based on anien-interactionsin molecular recogniti§nt? The geometry of all the complexes included in this study was
These interactions are also important in ADN bases like fully optimized at the RI-MP2/6-31+G** level of theory
adening3 Moreover, Berryman et al. have reported structural Within the program TURBOMOLE, version 57 The RI-MP2
criteria for the design of anion receptors based on the interactionMethod®?! applied to the study of catienr- and anior-r-

of halides with electron-deficient arent¥sRecent excellent interactions is considerably faster than the MP2 method, and

reviews deal with anion-binding involving-acidic heteroaro- the interaction energies and equilibrium distances are almost
matic ringsts identical for both method®:?* The binding energy was

: " ; P ; Iculated at the same level with and without correction for the
The anionr-z-binding properties of aromatic rings substituted calc " . .
with electron-withdrawing groups that include a carboxyl group basis set s'uperp05|'t|0n error (BSSE) using thg Bajernardi
[formula CE0)X, X = N, O] are scarcely found in the counterpoise techniqué.No symmetry constrains have been
literature. An exi:eption ti’1at should be highlighted is the imposed in the optimizations, and all compounds and complexes

interesting and recent works of Matile’s group, wheracidic belong to theC; symmetry point group.

oligonaphtalendiimide rods have been proposed as transmem- The contributions to the total interaction energy have been
brane anior--slidesi®47 In this paper, we report a computa- computed using the molecular interaction potential with polar-

tional study where we analyze the geometrical and energeticizmion (MIPp) methodolog§? which !S an imp_roved generali-
features of aniors-complexes of chloride with phthallic zation of the mo!ecular eIec‘Frostath potential (M.EP)’ where
anhydridel and several fluorinated derivativés-5, with an three terms contribute to the interaction energy: (i) an electro-

increasing number of fluorine atoms in the structure. These static term identical to _t_he MEﬁ’(".) a_classmal d|sperS|0ﬁ
repulsion term, and (iii) a polarization term derived from

- - - perturbation theo/ Calculation of the MIPp ofl—5 with CI~
*C d thors. E-mail: toni.front b.es (A.F.). .
T overaiat deles lles Bajears. - onera@uib-es (AF) was performed using the HF/6-33-G*//RI-MP2(full)/6-
*ICREA and Institute of Chemical Research of Catalonia (ICIQ). 31++G** wavefunction of the aromatic rings by means of the

10.1021/jp710572f CCC: $40.75 © 2008 American Chemical Society
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Noncovalent interactions are crucial in many areas of modern
chemistry, especially in the field of supramolecular chemistry
and molecular recognitiohinteractions involving aromatic rings
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Figure 1. Top: Phthallic acid anhydridel and its fluorinated
derivatives2—5. Bottom: anior-s/g-complexess—10.

R'=R?=R%=R‘=H, 60
R'=F, R%=R%=R’=H, 7o
R'=R%=F, R?=R%H, 8¢
R'=R?=R*=F, R%=H, 90

9 .
Figure 2. RI-MP2(full)/6-31++G**-optimized complexes6—10.
Distances in A.

TABLE 2: Contributions to the Total Interaction Energy
(kcal mol~Y) Calculated with MIP p for 1—5 Interacting with
Cl~ at the Minima Located above the Molecular Plane fr)

TABLE 1: Interaction Energies at the RI-MP2(full)/
and at the Molecular Plane @)

6-31++G** Level of Theory without and with the BSSE
Corrections (E and Egssg kcal/mol) and Equilibrium

Distances from CI to the Middle of the C—C(O) Bond (Re, compd Ee Ee B & i
A) for Anion —z-Complexes G—10x and from Cl- to the 1r+Cl~- —7.35 —-10.26  0.75 -16.86 —16.90
Hydrogen Atom for e-Complexes @—9¢ and the Computed lo+CI- —15.10 —457 042 —19.25 —-21.22
Merz—Kollman Charge of Cl~ (q) for Both ¢- and 2n+ClI~ -10.35 —10.20 0.70 -19.85 —19.73
x-Complexes 20+CI~ —18.16 —5.25 190 -—-2151 —23.48
3n+Cl- —13.34 —10.12 0.72 —22.74 —22.87
compd E Basse Re ae) 3+Cl-  —2125 -577 368 —2334 —2588
67 —16.90 —10.10 2.866 —0.83 4+Cl~ —-16.97 —9.62 0.29 —-26.30 —2557
60 —21.22 —17.84 2.616 —0.95 40+ClI~ —-1791 -5.30 1.15 —22.06 —24.33
i —19.73 —-12.72 2.836 —0.82 57+Cl~ —20.41 —9.52 0.18 —29.76 —28.32
;z _ggg? _ig?g gggi _83111 @ For comparison purposes the binding energies of complexd®
8o 2588 —2206 2537 —0.93 at the RI-MP2(full)/6-3%+G** level are included.
9 —25.57 —18.04 2.797 —0.80
90 —24.33 —19.84 2.110 -0.91 increases, indicating that the presence of electron-withdrawing
107 —28.32 —20.83 2.839 —0.80 substituents augments the acidity of areneHCdonors. In

complex9o, the interaction energy is less favorable thaB8dn
because the Clinteracts only with one hydrogen atom instead
of two. In spite of this, the interaction energies of complexes

2R, is the mean distance of two-H---Cl~ distances.

MOPETE-98 program® Calculations of MIPp using the MP2

wavefunction are not availab®. The ionic van de Waals 80 and9o are similar, indicating that the acidity of the-C
parameters for Clwere taken from the literaturé. bond in9¢ is higher tharBo. Second, the interaction energy of

The topological analysis of the electron charge density the anior-z-complexesr—10m also increases as the number

performed for the complexes @f-5 with Cl~ was determined of fluorine substituents increases. These results can be related
using Bader’s theory of “atoms-in-molecules” (AIN).The !0 the value of the quadrupole moment of compoufids,
electronic density analysis was performed using the AIM2000 Which varies from 1.9 B fod to 16.9 B for5 (see Figure 1).
progrand at the MP2//RI-MP2 level of theory. The quadrupole AS Stated in the introduction, the strength of the anian
moment of compounds—5 was computed using the CADPAC |ntera_1ct|o_n_depends upon the value of @gand the_moleculgr
prograni? at the MP2/6-31G* level, since previous studfes polarizability of the arene. The effect of adding fluorine

have demonstrated that quantitative results are obtained at thigubstituents progressively augments the valueQef and,
level of theory. conversely, the values of; are almost constant (see Figure 1).

Third, the BSSE correction alters the energetic order of
complexe®r and9o. This is due to the fact that both complexes
have very similar interaction energies without the BSSE
Energetic and Geometrical Details.Table 1 reports the  correction and that the BSSE values computedifaomplexes
energies and equilibrium distances corresponding to the interac-are, in all cases, greater in magnitude than the values computed
tion of 1—-5 with chloride via either hydrogen bondin§d— for o-complexes. A likely explanation is that the geometry of
90) or anion-u (6;—1Q7) binding modes, apart frofs, where the anior-s-complex (the anion interacting with several carbon
only the 7-complex has been studied, since it does not have atoms) allows a larger basis set superposition than the geometry
hydrogen atoms in the molecule. For all complexes, the of theo-complex (the anion interacting with one hydrogen atom
interaction energies are large and negative, indicating that thein 90).
interaction of chloride with phthallic acid anhydridés-5 is In Table 1, we also include the charge of @ the complexes
favorable. From the inspection of the energetic results, severalin order to study charge-transfer effects. We have used the
interesting points arise. First, the interaction energy of the Merz—Kollman scheme for deriving atomic charges, because
o-complexeso—8o increases as the number of fluorine atoms it has been reported that this method provides high quality

Results and Discussion
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Figure 3. Top: 2D-MIPp(CI) energy maps computed fdr 3, and5 computed &3 A above the molecular plane. Isocontour lines are plotted

every 2 kcal/mol. Dashed lines correspond to negative values and solid lines to positive values of the potential energy. The minimum is represented
by a star. Axes units are A and energies in kcal/mol. Bottom: 2D-MIPp(&hergy maps computed fdr 3, and4 computed at the molecular

plane. Isocontour lines are plotted every 2 kcal/mol. Dashed lines correspond to negative values and solid lines to positive values of the potential
energy. The minimum is represented by a star.

[ ] o . TABLE 3: Electron Density (p) and Its Laplacian (v?p) in
_ . \ - Atomics Units at the Critical Points (CP) Originated upon
@one < ) T el e A ¢ Complexation and the Number ) of Each CP in the
@1t |
. _ - . & o Complex
L B
. . . ° compd n CP 16p 107V%
b o 9o 6o 1 (3,-1) 1.7935 5.6690
Figure 4. Schematic representation of the critical points that emerge 60 2 3,-1) 1.2410 4.2127
upon complexation of the anion for complex@&s, 8o, and9o. 1 (3,+1) 0.7984 3.7885
i 1 (3,-1) 1.9227 5.9773
charges$ It can be observed that the charge transfer in anion fo i 8;3 égg? j-ig}lg
n-co_mpl_exe_s is about 0.2 e and it increases as the level of ar 1 (3:_1) > 0265 6.1471
fluorlnatlon increases. Moreover, charge-transfer gffects arelless S 2 (3,-1) 1.4289 4.8043
important (<0.1 e) ino-complexes and the variation trend is 1 (3,+1) 0.9141 4.4568
parallel to that of ther-complexes. 97 1 (3,-1) 2.2238 6.5894
The geometries of complexés-10 are represented in Figure 90 1 3,-1) 3.0803 7.3545
107 1 3,-1) 2.1832 6.5113

2. For the aniorsz-complexes, it can be observed that the
chloride anion is not located over the center of the aromatic MIPp Analysis. With the purpose of analyzing the nature
ring. In all cases, it is located above the-C(O) bond. In the of the anion-sr/o-interaction in the phthallic acid anhydride and
unfluorinated phthallic acid anhydride complekz, it is its fluorine-substituted derivatives and understanding the im-
positioned almost equidistant from both carbon atoms of the portance of electrostatic and polarization terms, we have
bond. As the number of fluorine substituents increases, the performed the calculation of MIPp df-5 interacting with Ct
chloride anion slightly moves to the aromatic carbon atom. For using the HF/6-3%+G**//RI-MP2(full)/6-31++G** wave-
hydrogen-bonded complexés—8o the CI~ interacts simulta- function. In the calculation, the Clion was considered as a
neously with two hydrogen atoms. Bifurcated hydrogen bonds classical nonpolarizable particle. In Figure 3 we represent the
to two neighboring CH groups are energetically favored over bidimensional MIPp (2D-MIPp) maps obtained for-5. For
linear hydrogen bonds to a single CH group, in agreement with compoundsl—4, we have computed two 2D-MIPp maps, one
experimental results in unfluorinat®dand fluorinated ben- at the molecular plane and the other at 3.0 A over the molecular
zenes'® The mean distance measured from the chloride anion plane and parallel to it, in order to study the anion-binding ability
to two hydrogen atoms shortens as the number of fluorine of 1—4, first via hydrogen bonding using the hydrogen atoms
substituents increases, indicating an augmentation of the acidity.of the ring and, second, via an anien-interaction, respectively.
For complex9o, the equilibrium distance is the shortest because For compound, we have only computed the 2D-MIPp maps
the chloride anion interacts with the single hydrogen atom.  at 3.0 A over the molecular plane. For compourids3, the
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Figure 5. Regression plots between the charge density 1(%) at the bond critical point and the equilibrium distan&of the anion-x (left)
complexesr—107 and anior-o (right) complexesso—90.

2D-MIPp energy maps computed at the molecular plane presentamportant, specially in compoundsr, 277, and3z. The energetic

one global minimum as a result of the interaction of @lith value of the electrostatic term increases as the number of fluorine
two hydrogen atoms. The energy of these minima varies from atoms increases and it clearly dominates the interactid@xin
—19.25 kcal/mol ofl to —23.34 kcal/mol of3 (see Table 2). The MIPp energy at the minimum agrees well with the binding
For compound4, the 2D-MIPp energy map computed at the energy computed at the RI-MP2 level of theory without he BSSE
molecular plane presents one global minimum as a result of correction, which is also included in Table 2 for comparison
the interaction of Ct with the single hydrogen atom. The 2D- purposes.

MIPp energy maps computed over the molecular plane present AIM Analysis. Topological analysis of the charge density

a unique global minimum located approximately over the center p(r) distribution and properties of critical points (CP) were
of the C-C common bond of the two rings. The energy at the determined for complexe&-10using Bader's theory of “atoms-
minimum varies from—16.86 kcal/mol forl to —29.76 kcal/ in-molecules”, which provides an unambiguous definition of
mol for 5 (see Table 2). It is worth mentioning that the position chemical bonding® using the MP2(full)/6-3%++G** wave-

of the MIPp minimum in the 2D-MIPp maps computed at the function. The AIM theory has been successfully used to
molecular plane agrees with the geometry of the optimized characterize aniofr interactions:” For complexe$o—8, the
complexesso—90. In addition, the interaction energy computed exploration of the CPs revealed the presence of two bond CPs
at the MIPp minimum is similar to the complexation energy that connect the anion with two hydrogen atoms. As a
computed at the RI-MP2/6-31+G** level of theory, which consequence of the geometry of the complexes, one ring CP is
gives reliability to the MIPp method. In contrast, the position also generated. In Figure 4 we represent the distribution of CPs
of the MIPp minimum in the 2D-MIPp maps computed at 3.0 that are generated upon complexation of the anion in complex
A above the molecular plane does not coincide with the position 8¢, as a representative example @tomplexeséo—8o (see

of CI~ in the optimized complexes. It should be mentioned that Figure 4, middle). For compleSo, the exploration of the CPs
the potential energy surface is very flat. The interaction energiesrevealed the presence of one {31) CP that connects the anion
computed at the MIPp minimum and at the position that the with one hydrogen atom (see Figure 4, right). For complexes
CI~ adopts in the complex are very similar, as can be deduced6z—10x, the exploration of the CPs revealed the presence of
by the topology of the lowest isocountour line in the 2D-MIPp  only one bond CP that connects the anion with one carbon atom
maps. A likely explanation of the disagreement between the of the ring (see Figure 4, left). Quantitative values f(r) and
location of the MIPp minima and the geometry of the optimized v2y(r) at the CPs give hints on the character and strength of
complexes is that the MIPp analysis has been performed usingthe interaction. The Laplacian of the (3,1) CPs is positive,

the HF wavefunction, since it is a requirement of the MOPETE indicating a depletion of the electron density, as is common in
program, and the complexes have been computed using the Rlclosed-shell interactions. For each series of complexen(

MP2 method. To verify this hypothesis, we have computed the ) the interaction energies correlates with the values(dfat
complexes at the HF/6-31+-G** level of theory and the  the cage/bond CPs (see Table 3). We have found an interesting
position of the anion coincides with the location of the MIPp and strong i = 0.998) relationship between the charge density
minimum. It is interesting to note the variation of the lowest at the bond CP and the equilibrium distances of the complexes
contour size in the 2D-MIPp maps (dashed bold line) with the for each series (see Figure 5). These relationships indicate that
level of fluorination. Inl (Figure 3, top left), itis mainly located  the value of the charge density at the bond CP can be used as
over the five-membered ring. Conversely, for compouitsp, a measure of bond order in both interactions. These linear
middle) and5 (top, right), the lowest isopotential contour line  correlations are probably due to the small range of distances

includes both rings and for the most part the six-membered ring. present in these complexes. An exponential relationship is
In order to understand the physical nature of the anioh expected in a large range of distanéés.

o-bonding in1-5 interacting with Ct, we have explored the

electrostatic ), polarization Ep), van der WaalsH,y), and Conclusion

total (E;) interaction energies at the MIPp minima. The results,

summarized in Table 2, point out the importance of the In summary, results derived from this study reveal that the
electrostatic contribution to the total interaction energy in the perfluorinated phthallic acid anhydrides a promising binding
o-complexes. As the number of fluorine atoms increases, the block for the design and synthesis of anion receptors. We have
Ee term becomes more negative, whereasBhéerm does not studied the duab/z-binding ability of the fluorinated derivatives
vary. In the m-complexes, the polarization term is very of phthallic acid anhydridd and we have demonstrated that



1626 J. Phys. Chem. A, Vol. 112, No. 7, 2008

both interactions strengthen as the level of fluorination increases.

Estarellas et al.

(13) Garca-Raso, A.; AlbefiF. M.; Fiol, J. J.; Tasada, A.; Barcelo

The MIPp analysis indicates that the polarization effects are Oliver, M.; Molins, E.; Escudero, D.; Frontera, A.; Qoimero, D.; Deya

more important in anions than in hydrogen-bonding com-

P. M. Inorg. Chem 2007, 46, 10724.
(14) Berryman, O. B.; Bryantsev, V. S.; Stay, D. P.; Johnson, D. W.;

plexes and that the latter are more directional than the former. Hay, B. P.J. Am. Chem. So2007, 129, 48.

Finally, from the AIM analysis, we learn that the value of the

charge density at the bond CP is a good measure of the bon

order of both interactions.
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