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The gas phase basicities and p K, values in acetonitrile of azacalix[3](2,6)pyridine and its derivatives are determined by the B3LYP DFT method.

It is found that all compounds of this series are neutral organic superbases. The proton attacks the inner pyridine N(sp

2) atom, thus forming

a bifurcated intramolecular hydrogen bond. The most powerful superbase is provided by the hexakis(dimethylamino) derivative of the title

compound. Its gas phase proton affinity is 296.6 kcal mol %, its basicity is 291.3 kcal mol 1, and its p K3(MeCN) is 30.9 units.

Design of neutral organic bases and superbases and theito their inorganic counterpart$:2° Various structural and
synthesis attracted a lot of attention and efforts recénly  electronic motifs have been used in tailoring strong and
because they exhibit some advantageous features compareditrastrong bases. The intramolecular hydrogen bonds
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(IMHBs) belong to the most important ones since the || NG

introduction of the first proton sponge, 1,8-bis(dimethyl-
amino)naphthalene (DMAR)?21, depicted in Figure 1. The R
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Figure 1. Schematic representation of DMAN, TMGN, and HMPN

proton sponges. Figure 2. Pictorial representation of moleculd§R; = H, R,

Me), 5 (R; = R; = Me), 6 (R; = NMe,, R, = Me), and7 (R,
R, = NMe;,) and numbering of pivotal atoms.

protonated nitrogen is denoted by an asterisk. Its absolute

proton affinity (APA) is 245.3 kcal mot, which represents of its derivatives. The title systedhwas prepared with R

the threshold for the superbasicity ladé®An important 4 34 R = Me. In addition, we shall consider derivatives
extens!o'n of Alder’'s work is mtrpduonn of the tetrameth- 5 (R. = R, = Me), 6 (Ri = NMey, R, = Me), and7 (Ry =
ylguanidinyl and hexamethyl(triaminophosphazenyl) sub- R, =

stituent_s instziad of dimethylamino groups jha_m_d 3, pyridine rings with nitrogens pointing to the center of the
respectively:** They possess higher kinetic basicity than .oy cle might lead to a strong IMHB possessing a three-
paradigmatic DMAN since the basic sites are less sterically center character. Furthermore, the amino junctions of the
protected_._ . L macrocycle should enable an efficient propagation of the

An additional degree of freedom in optimizing the Systems .qyionic’ resonance effect upon protonation. Hence, it is
1_,3 is offered by a pos§|b|l|ty of changing the_ naphthalene anticipated that systengs-7 should exhibit high basicities.
moiety by other aromatic spacers, thus varying the-N The presented results corroborate this conjecture.

distance of the proton pincér-*" It should be strongly The computational method of choice is the B3LYP/6-
emphasized that the concept of the IMHB proved particularly 3114+G(2df,p)//B3LYP/6-31G(d) approach, which represents

uszful II]IC utilized in a mefJItlpIIe fséshlon. Thendthe glooperglt_lve a reasonable compromise between reliability and practicality,
and collective IMHB effect leads to a considerable stabiliza- being applicable to quite large systef#& We shall not

: ; ) 0
tion of the corresponding conjugate acfs®We shall use e[ on its characteristics and on formulas used in calcula-
the intramolecular hydrogen bonding here in a different tions APA and GB values because they are available
context. The H-bonding will take place inside the ring of elsewheré?

the macrocycle, which in turn represents a promising  1he most basic sites are provided by pyridine nitrogens.
molecular framework for organic superbases. In the presentrpq energetic data are given in Table 1. It appears that the
work, we discuss in some detail high basicity properties of

N-(p-tolyl)3(2,6)pyridine4 (Figure 2) synthesized by Kan-
bara, Yamamoto, and co-workers receritigs well as some _

Table 1. Absolute Gas Phase Proton Affinities APA(g) and

NMey). It is intuitively expected that proximity of the

(17) Oediger, H.; Méller, F.; Eiter, KSynthesi972, 591—-598. Basicities GB(g) and the APAs in the MeCN Solutions.
185155321"'éggertv F.; Hunte, K. P. RI. Chem. Soc., Perkin Trans.1283, Theoretical pk Values Are Estimated by Equation 2 Using
(19) SchWesinger, RChimia 1985,39, 269—273. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Scheme

(20) Pietzonka, T.; Seebach, Bhem. Ber1991,124, 1837—1843.

(21) Alder, R. W.; Bowman, P. S.; Steele, R. W. S.; Winterman, D. R. compound APA(g) GB(g) APAMeCN) pKi(MeCN)
Chem. Commurl968, 723—724. 4 2 92 92 24
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of 296.6 kcal mat!. Compound$ and6 exhibit respectable

tached to Ny and Nsy amino nitrogens close dihedral angles

basicities as evidenced by APAs of 279.0 and 289.6 kcal of 86 and 77°with the Ggy—Nu)—Cs) and Gz—Ni)—Cpy

mol 1, respectively. It follows that triple para-GHubstitu-
tion at three pyridine moieties increases APA by kcal

planes, respectively. On the other hand, dihedral angles of

these phenyls againsidz-Nu)—Cs and Gz—Ni)—Cy are

mol~%. Subsequent replacement of the methyl groups by correspondingly 70 and 83Deviations from full orthogo-

NMe; substituents at three phenyls amplifies basicity by an
additional 10 kcal mol*, thus being more significant. This
is in accordance with a strong basifying effect of the NMe
group, which proved extremely useful in tailoring organic
superbase¥:?’ The reason behind this is that the amino group

nality are important because it enables transmission of the

s-electron effect. Pyramidalization (DP%) of amino nitrogens

is very low as evidenced by the valueg)(2.6%), Ns)(2.0%),
and Ne)(0.0%), implying that they are practically planar.
Protonation at ¥y causes dramatic structural changes. The

undergoes significant planarization in the conjugated acids conjugate acidiH* becomes highly symmetric (Figure S2).

in order to ensure efficacious cationic resonance. It is,

More importantly, protonation at any of three pyridine

therefore, of interest to examine the salient structural featuresnitrogens leads to the same final protonated structure of
of the studied compounds. We selected the parent compounaimostCs symmetry. The amino nitrogensd) Nes), and N

4 and the most basic derivativeas well as their protonated
form depicted in Figure 3 since a full account of all

NM92
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Figure 3. Schematic representation of the protonated fofds
and7H*.

compounds lies outside the scope of this Letter. More details

can be found in Supporting Information in Figures-8iL

We shall make use of the pyramidalization parameter called

degree of pyramidalizatio#, for this purpose, since it
describes (non)planarity of the directional covalent bond
emanating from a particular atom.

DP (%)= [360° — zizf °]/0.9° (1)

are perfectly planar. The macrocycle is planar within the
accuracy of the method, and all three phenyl rings are
perpendicular to the molecular plane. It is important to stress
that the hydrogen bond is symmetrically shared Iy &hd

N@ atoms as evidenced by structural data. A distance
between the proton denoted by'Hand N and Ng) nitrogen

is 1.745 A. Further, the nonbonded distances between
Ny Nz and Nay+*Nz) are identical at 2.568 A. They are
considerably shortened relative to the neutral b&s&he
same holds for the p-+*N, distance, which is 2.612 A.
The IMHB Ngy—H%"+++N(z) and Njy—H?*++-N) angles are
identical (131.5°). It follows that the IMHB idH" is an
ideal bifurcated hydrogen bond, where the proton is equally
shared by two nitrogens § and Ngs). It is plausible to
conclude that it significantly contributes to the stability of
4H" and to enhanced basicity df The cationic resonance

is reflected in lengthening &y—C() and Ns)—C7) bonds and
some shrinking of G—Ns) bonds (as well as their symmetric
counterparts) in an alternating fashion. Interestingly, even
the Ng—Cuy and Ng—Cs bond distances are slightly
shortened, whereas thgs\-Cg) bond is stretched. It means
that the wholetH" cation is influenced by protonation. The
bond lengths in the unprotonated pyridines Il and 1l are
slightly affected, but some very small changes are noticeable
(Figure S2). The structure of the superb&sis similar to
that of the parent compoundél concerning nonplanarity of
the macrocycle (viz. Figure S3). A notable difference is given
by the NMe groups. Their nitrogens are pyramidalized by

Here summation goes over three apical angles of the4—5%. This is changed upon protonation at the Bitom,

pyramidalized atom. It appears that the sys#ris over-

and the heavy atoms of the NMdragment (C—N—C)

crowded and the repulsion between pyridine nitrogens leadsPecome practically coplanar with the host pyridine and

to nonplanarity of the inner macrocycle. Taking,)Nit the
ring | as a pivotal nitrogen and pyridine, respectively, it
appears that rings Il and lll are shifted up and down by
dihedral angles M_C(z)_N(s)_C(l) and Ng)_C(5)_N(4)_C(6)
of 46°. Consequently, the ®}+*N) and Niy**N) non-

phenyl rings, thus enabling efficient cationic resonance.
Concomitantly, the €N bond distances between the NMe
substituents and six-membered rings are lower&tHn (viz.
Figures S3 and S4), implying that the positive charge is
dispersed by the cationic resonance over all the conjugate

bonded distances are practically equal 2.660 A, whereas theacid including the most remote parts. The macrocycledr

N +*N one is 2.705 A. Thus, the nitrogenNliffers from
N and Ng), whereas the latter are placed in very similar

is not quite planar as in théH* case (Figure S4), but
considerable planarization is introduced by protonation. The

chemical environments (Figure S1). The phenyl rings at- carbor-nitrogen bond lengths of the amino junction centers

(33) Kovacevit, B.; Maksi¢, Z. BChem. Commur2006, 1524—1526
and references therein.

(34) Maksic¢, Z. B.; KovacevicB. J. Chem. Soc., Perkin Trans1899,
2623—-2629.
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of the carbocycle reveal a typical resonance picture in which
bonds are stretched and shrunk in an alternating way. The
IMHB has a characteristic bifurcated feature, but it is not

perfectly symmetrical as idH*. Hence, Np--H°" and
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N --H?*t distances slightly differ at 1.736 and 1.729 A, These pKvalues should be taken with a due care because

respectively. They are smaller than the corresponding formula 2 is obtained by using molecules without intra-

distance indH* (1.745 A), indicating a stronger bifurcated molecular hydrogen bonds.

IMHB, which is compatible with the amplified basicity of To summarize, the titte compound and its derivatives

7. represent neutral organic superbases in the gas phase. Their
It is important to have at hand some information on the apApas (GBs) are extended between 275 (268) and 297 (291)

basicity of these interesting compounds in acetonitrile. The kcal mol-t. The most basic system is given by the hexakis-

polarized continuum model (PCM) introduced by Scrocco, (dimethylamino) substituted syste The origin of the

Tomasi, and Miertu’&2° proved useful in this respect. The  pronounced basicity of this family of molecules is identified

molecular surface of the solvated system is obtained by the 35 the cationic resonance in the conjugate acids and three-

isodensity shell of 0.0004eB, thus providing the isodensity  center intramolecular hydrogen bonding within the cavity

(IPCM) pc_>|arized continuum quéﬂ.The dielectric.constant induced upon protonation. The latter is of a bifurcated

€(MeCN) is 36.64. The calculations of the APAs in a solvent H-bridge type. It is perfectly symmetric in the protonated

are much more demanding because the IPCM model requiresparem compoundH* and hexamethy! derivativeH*. In

several iterations. Hence, a more economical B3LYP/6- protonated polyamino substituted azacalix[3](2,6)pyridines

311+G(d,p)//B3LYP/6-31G(d) computational scheme is g+ and7H, it is almost symmetric. An equal or almost

necessary. The calculated APA(MeCN) can be correlated ¢qya] sharing of the proton carrying an effective ldharge

with the available experimental pidata for 10 substituted 5 opviously energetically very beneficial. It can be safely

pyridines, yielding the following linear relation obtained by concjuded that the strength of the IMHB increases along the

the least-square fitting method: series, thus contributing to the enhanced basicity. THe p

(MeCN) values of4, 5, 6, and7 are 24.7, 25.7, 29.3, and
PK(MeCN)= 0.5751x APA(MeCN) — 144.4 units (2)  30.9 units, respectively, providing conclusive evidence that
these compounds are strong superbases in MeCN solutions.

The correlation is excellent as evidenced by the coefficient The synthesis 06 and7 is therefore recommended.

R? = 0.993 and the average absolute error of 0.1 unit. The
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