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Abstract: The basis for unprecedented noncovalent bonding between anions and the aryl centroid of
electron-deficient aromatic rings has been demonstrated by an ab initio study of the interaction between
1,3,5-triazine and the fluoride, chloride, and azide ion at the MP2 level of theory. Minima are also located
corresponding to C—H---X~ hydrogen bonding, reactive complexes for nucleophilic attack on the triazine
ring, and z-stacking interactions (with azide). Trifluoro-1,3,5-triazine also participates in aryl centroid
complexation and forms nucleophilic reactive complexes with anions. This novel mode of bonding suggests
the development of new cyclophane-type receptors for the recognition of anions.

Introduction negative end of the dipole is directed toward @eaxis of the
ring. Our interest in both the hosguest chemistry of cyclo-
phane8 and anion recognitionled us to consider whether the
more synthetically versatile yet stili-deficient 1,3,5-triazine
ring (1) might also associate with anions, thereby possibly
defining a new noncovalent design principle for their recogni-
tion

The practical scope for recognition and binding of anions is
considerably narrower than that for catidn®ne reason for
this is because concentrations of negative potential are more .
accessible and manageable on the molecular scale than con-
centrations of positive potential. Thus while examples of electron
wells abound in the form of easily manipulable heteroatom or
7 cloud arrays, localized electron deficits involve Lewis acidic Reguits and Discussion
sites (organomercury, tin, boron) which are less conveniently
integrated into receptor design than the common nonmetals, and The study of comparatively weak complexes is fraught with
are generally incompatible with the only other vectorial non- issues of reliability of theoretical methods, appropriateness of
covalent interaction relevant to anions, i.e., hydrogen bonding. basis sets, and applicable corrections thereto. Looking to the

S|mp|e ion pairing of anions with ammonium centers in literature inVOIVingﬂf'deﬁCient aromatics, DOUgherty et%’\/ere
macrocycles has been applied both on its own and in conjunctionable to reproduce the experimental benzemexafluorobenzene
with hydrogen bonding to the effective complexation of halides stacking geometry most reliably using the second-order Mgller
and various oxyanions, and although several such macrocycleglesset energy correlation (MP2), and they also used this method
are Cyc|0phanesy in no case does the aromatigystem in their investigation of the above-mentioned watbhexafluo-
participate in the coordinatich.Indeed, for complexation ~ robenzene complekAlkorta et al., in their study involving
purposes aromatic rings are intuitively regarded as sources ofhexafluorobenzenegonsidered both MP2 and the hybrid HF-
electron density and are thus expected to interact repulsivelydensity functional method Becke3LYRo be more effective
with anions. However, DougherdBesnard’, and Alkort® and for weak complexes than methods without electron correlation.
co-workers have recent]y produced theoretical evidence of In our handS, DFT failed to locate minima previously confirmed
electrostatic bonding between hexafluorobenzene and the hetWith MP2, and we therefore felt the latter was the method of

eroatom in molecules such as® HCN, and HF wherein the ~ choice. We performed ab ipitio molecular orbital c_alcule}tions
at the MP2 level of theory with the 6-31G* basis set, including
*To whom correspondence should be addressed. E-mail: mascal@ counterpoise corrections for basis set superposition error
chem.ucla.edu or a.armstrong@ic.ac.uk. (BSSE)! for the interaction of both 1,3,5-triazinel)( and
T University of California.
* Imperial College of Science.
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described by DougherfyNo such structure involving chloride

JH\ Nj\ could be found.
- |N - {\l Optimization from geometries close to another anticipated
H)% )\ )\\N/‘\ minimum, i.e., that involving a €H---X~ hydrogen bonding
N F interaction, resulted in the observation of complexes with all
1 2 three anionsd{a—c). The H-bonds are of a good quality, with
short X---C distances and X-H—C angles at or near 180
(Figure 2c). The energies of these interactions are comparable
- - in magnitude to those of conventional hydrogen bo¥idsyd
although the participation of ions in gas-phase chemistry
inevitably leads to bond energies which seem exaggerated vis-
S>—N avis familiar solution values, they may still be relevant to
F chemistry in the interior of a receptor.
3 a Finally, the azide anion was also found to participate in an
apparentt—sr stacking interaction witt, i.e., 8 (Figure 2d).
The close approach of the two fragments (2.8 A mean interplanar
- - distance) is consistent with the substantial complexation energy
H & E X calculated for8 (Table 1).
NZ‘jN\>/_H N?‘:N\>LF Although in regards to receptor design trifluorotriazihés
H>_N F>—N a functional dead-end, we thought it apt to consider the extent
to which further electron withdrawal in the triazine system would
5 6 enhance complexation. As can be seen in Table 1, even stronger
anion complexes of the same kind as those describeddould
generally be located fd2. The energies and close contacts in
the aryl centroid complexe$ in particular are comparable to
NZ_N\>—H----X_ alkali cation—zr complexes of benzene calculated at the same
>N level of theory!* Fluoride shows a strong-type interaction
with 2 (4b) which, like 3b, is distinguished by a single negative
7 frequency €33.0i), the animation of which connects it to the
analogous “attack” structurgb. Complex6b differs from the
other “attack” structures in Table 1 in that it is symmetric about
the F--C---F “reaction center”, i.e., a Meisenheimer complex
of the incipient KAr reaction!® The cesium salt oBb has been
observed experimentally.
We chose two representative complexes, i.e., the—aryl
centroid and H-bonding complexes biwith chloride @a and
7a, respectively), for evaluation with the highly accurate
Complete Basis Set method CBS!Qwhile the structures of
the optimized complexes change very little, the complexation
energies;—6.2 kcal mot™ for 3aand—8.7 kcal mof? for 73,

. . . . " fall between the uncorrected and counterpoise corrected MP2
and indeed the predicted interaction was demonstrated for . . . .
values. This seems reasonable in the light of suggestions that

with chloride and azide (Figure 2a). The fluprtdaryl centroid MP2 BSSE energies may in fact be overestimated in some
complex on the other hand was characterized by the presence

,18
of a negative vibrational frequency (16.8i), and represented aca;e§. d th fth . . falls off sharol
shallow inflection point on a surface connected to a second 'hs gxpectq , the (Iangrgy(? these m'ge.ractloSs. a S'I(') S arpy
geometry, i.e the “attack” structu (Figure 2b)!* This new with increasing polarity of the medium. Using Tomasi's

minimum was suggestive of a reactant complex, with the halide polarized contlnuum SOIVer_‘t mod’él_,smple comparison of
“attacking” close to the Bigi—Dunitz trajectory!? The G-F (uncorrected) MP2 single point energies of the chlotittiazine

distance irbb (1.5 A) is only slightly longer than a typical{@— ;:omplex 6a) ir;] thelgas phase—(?.S)l,l heptane{OAi(, cflﬂorol-
fluorine bond, and the attendant lengthening of theNCbonds orm (2.1), ethanol (2.8), and finally water (3.2 kcal my
and the considerable stabilization 86 relative to the other (13) For gas-phase hydration energies of the halides, see: Arshadi, M.;

triazine complexes in Table 1 all point to a stramgomplex. Yamdagni, R.; Kebarle, Rl. Phys. Chem197Q 74, 1475.

H inti ic (14) Caldwell, 3. W.; Kollman, P. AJ. Am. Chem. Sod.995 117, 4177.
However, a much looser complex of this general descrlptlon IS (15) For an in-depth theoretical study of theA® reaction, see: Glukhovtsev,

a,X=Cl;b,X=F;c, X=N3

trifluoro-1,3,5-triazine 2) with the chloride, fluoride, and azide
anions, the results of which are summarized in Table 1.

The molecular electrostatic potential (MEP) map4 @Figure
1la) and2 (Figure 1b) clearly indicate an area of positive charge
concentrated on theC; axis of the ring, similar to that
demonstrated in Alkorta’s comparison offg with benzené.
In seeking to locate aryl centroichnion structure8, we first
optimized with the anions starting near the proposed minimum

also observed between azide dn@e, 5c), which more closely M. N.; Bach, R. D.; Laiter, SJ. Org. Chem1997, 62, 4036.
resembles the off-axis watehexafluorobenzene minimum (16) ChgmbergbR. D.; Philpot, P. D.; Russell, PILChem. Soc., Perkin Trans.
11977 1605.
(17) Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJJEhem. Phys.
(11) Optimization in Gaussian 98 using the “tight” convergence option did not 1996 104, 2598.
affect the negative frequency, although the impositiorCaf symmetry (18) For a review of the subject of basis set superposition error, see: Kestner,
caused it to shift to a low positive value (5.3 th N. R.; Combariza, J. E. IReviews in Computational Chemistriipkowitz,
(12) (a) Bugi, H. B.; Dunitz, J. D.; Shefter, El. Am. Chem. Sod.973 95, K. B., Boyd, D. B., Eds.; John Wiley and Sons: New York, 1999; Vol.
5065. (b) Bugi, H. B.; Lehn, J.-M.; Wipff, G.J. Am. Chem. Sod 974 13, pp 99-132.
96, 1956. (19) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117.
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Table 1. MP2/6-31+G*//MP2/6-31+G* Energies (kcal mol~1) and Noncovalent Bond Distances (A) and Angles (deg) for Complexes of
Triazine (1) and Trifluorotriazine (2) with Chloride, Fluoride, and Azide lon

species Ep2+zpE) Ewp2+zre-BssE) ro

triazine+ chloridesn (3a) -8.3 —-4.8 3.2,90.8
triazine+ fluoride 7 (3b) —12. —-9.2 2.6,90.0
triazine+ azidesx (3¢) -7.6 —4.5 2.8,90.0
triazine+ fluoride “attack” Gb) —25.0 —-185 1.5,106.6
triazine+ azide “attack” b¢c) -9.0 -5.9 2.8,97.0
triazine+ chloride H-bond 7a) -9.6 -7.4 3.4,180.%
triazine+ fluoride H-bond 7b) —18.4 —16.5 2.8,180.0
triazine+ azide H-bond7¢) -8.0 —-6.5 3.1,175.0
triazine+ azide “stack” 8) —10.6 —6.4 2.8
Fstriazine+ chlorides (4a) —-19.7 —14.8 3.0,90.0
Fatriazine+ fluoride 7 (4b) —27.7F —24.0 2.4,90.0
Fstriazine+ azider (4¢) —=17.9 —13.9 2.6,90.0
Fstriazine+ chloride “attack” 6a) —22.1 =111 1.9,107.9
Fstriazine+ fluoride “attack” ©b) —56.1 —48.8 1.4,108.2
Fstriazine+ azide “attack” 6¢) —27.0 -17.5 1.5,109.1
Fstriazine+ azide “stack” 9) —20.0 —14.3 2.P

aTher and @ values int complexes represent the™X-aryl centroid distance and the angle of the-Xaryl centroid axis to the plane of the ring,
respectively? Stationary point with one imaginary frequenéyThe r and 6 values in “attack” complexes represent the-XC distance and the mean
X~+--C—N *“attack” angle, respectively’ Ther and @ values in H-bond complexes represent theXC distance and the %:-H—C angle, respectively.
e Ther value represents the mean distance of the N atoms in the azide fragment to the plane of the ring.
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Figure 2. Modeled representations of (a) the triazirazide aryl centroid
complex3c; (b) the triazine-fluoride “attack” complex5b; (c) the triazine-
Figure 1. Calculated 6-3+G*//6-31+G* electrostatic potential surfaces  chloride H-bonding compleXa; and (d) the triazineazide “stack” complex
for (a) 1,3,5-triazine and (b) trifluoro-1,3,5-triazine. Electrostatic potential 8.

surface energies range frorl5 (red) to+15 (blue) kcal mot? for 1,3,5- Methods

triazine and-35 (red) to+35 (blue) kcal mot? for trifluoro-1,3,5-triazine.

All calculations were performed with the Gaussian 98 program
t(revision A-9¥° with default optimization procedures. Symmetry was
disabled in all calculations by use of the nosymm keyword. Frequency
calculations were performed at the same level of theory as the

To our knowledge, this is the first theoretical demonstration optimizations (MP2/6-3+G*) to determine zero-point energy (ZPE)
of an interaction between a formally negatively charged species corrections, which were applied unscaled. Counterpoise corrections were
and therr system of an aromatic ring, and complex energies on calculated for optimized structures by using the method of Boys and
the order of those shown in Table 1 suggest that the aryl Bernardil® CBS-Q calculations were performed according to the method
centroid-anion bond should be applicable as noncovalent design ©f Petersson et a.
principle, and the triazine ring incorporated as a new anion  Acknowledgment. The authors are indebted to Prof. Kendall
recognition module in cyclophane chemistry. N. Houk for helpful advice. This research was supported in part
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suggests that the practical manifestation of these forces will mos
likely be in the context of anion containment.
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