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Noncovalent interactions of anions have garnered much
interest with the goal to design anion-specific molecular
sensors and receptors!'™ for applications in biological and
medicinal chemistry, e.g., transmembrane “anion—m slides”.P!
Three independent theoretical studies, ! confirming that the
recently recognized noncovalent contacts between anions and
charge-neutral electron-deficient aromatic rings, namely,
anion— interactions,*'! are attractive, have been comple-
mented by mounting experimental evidence for their exis-
tence in the solid state!”'*1?l and in solution.*"'"] For m-acidic
arenes such as hexafluorobenzene, the anion typically resides
directly over the electron-deficient aromatic ring cent-
roid."31%12 Tn highly electron-deficient arenes, however,
e.g., tetracyanopyrazine,'>'”l tetracyanobenzene,® and
others, "2 X_ray crystal structure determinations and the-
oretical studies!'?%+?!! reveal that the anion is preferentially
located over the periphery of the ring. In the aforementioned
systems, the m-acceptor/anion interaction involves charge-
transfer (CT),!"2%) which in several cases is accompanied by
the appearance of highly colored solutions or crystals,!*1%1°]
rendering them promising candidates for designing selective
anion-sensing receptors.!”

Herein, our studies target an extended m electron-
deficient molecular unit with multiple sites available for
interactions with anions, namely HAT(CN), (1) (1,4,5,8,9,12-
hexaazatriphenylene-hexacarbonitrile, Scheme 1). The high
m-acidity of 1, due to the conjugated cyano groups, its high
molecular polarizability, and positive quadrupole moment,
render 1 a particularly attractive heterocyclic system to
establish anion- or lone pair-m contacts.”?) Our previous
attempts to reduce 1 with [nBu,N][I] unexpectedly resulted in
the isolation of {([nBu,N][1]);[HAT(CN);],}-3 CsHy (). The
intensely colored crystals of 2 and the low-lying degenerate
LUMOs of 1,! which undergoes three reversible redox
processes,”” suggested that indeed 1 has excellent m-accept-
ing capabilities to engage in CT complexes with appropriate
electron donors. In light of these observations, we undertook
a study of the interactions between 1 and the halide salts
[#Bu,N][X] (X=CI", Br7, I") which were unequivocally
confirmed in solution by UV/Vis, “C, and halogen NMR
spectroscopy, in the gas phase by ESI-MS experiments, and in
the solid state for the iodide (2)®! and bromide (3)*!
isostructural analogues {([nBu,N][X]);[HAT(CN)],}-3 CsHg,
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Scheme 1. Structure of 1 and its electron spin polarization (ESP) map
[kcal mol™"].

(X~ =I",Br"). The CT complexes of 1 are not only distinctly
and intensely colored but also exhibit association constants
Kcrx higher by two orders of magnitude as compared to
complexes of typical arene acceptors.'’ The features of the
halide associates with 1, stemming from multicentered anion
binding in an unprecedented n’n’-fashion, taken together
with the exceptional m-acceptor strength of 1 render it a
sensitive, selective molecular scaffold for the effective recog-
nition of anions and a promising colorimetric anion sensor. To
our knowledge, this is the first study of its type wherein a
neutral  electron-deficient aromatic unit is demonstrated to
exhibit concomitant multisite anion interactions, namely, both
CT and anion—x types, in solution and the solid state; notably,
the anions are the driving elements for the self-assembly of
the complexes through CT interactions. Additionally, *C and
halogen NMR spectroscopy as well as ES-MS are employed
for the first time to detect CT interactions in solution.

The structures of 2! and 3 consist of four layers ABCD
that propagate along the ¢ axis with units of the m acid
alternately interspersed with anions (three or one per layer;
Figure 1a—c). The linear growth of the chains
(ALIX]F[X]{[AL.[X]sF[X]™ is dictated by contacts
between the anions and entities of 1. The prominent influence
of the anions in the packing of 2 and 3 can be appreciated by
comparison to the X-ray structure of 1 which does not stack;
instead, units of 1 are considerably off-set from one another
and form staircase-like or interpenetrating chains.®! In 2!
and 3, each face of 1 is closely associated with a single anion
on one side and three anions on the opposite face with three
partially occupied halide ions at the four sites; thus the ratio
of 1to Br or I ions in 2 or 3is 2:3. The single anion in layer
D resides along the axis perpendicular to the benzene
centroids and establishes two anion-m contacts with 1 in
layers A and C; the distances dx_.. Of each single anion to
the centroids of 1 are not equal, nonetheless they are both
shorter than the sum of the van der Waals (vdW) R 4w C--X or
vdW/ionic R;,,;. C---X™ radii (Table 1). The vdW contraction
for the central ring centroid, Co,e = Ryqw—Rx_centn ) for both
halides (layer D), is 0.26-0.35 A (Table 1), which is diagnostic
of anion— interactions in 2 and 3.'*!%1) It is notable that
Caniont (6%) > Cunionwsr (3%), an indication of stronger
anion—r interactions in 2 due to the higher polarizability of I”
as compared to Br~. Furthermore, in 2171 and 3, each of the
three equivalent X~ ions in layer B is located over the
periphery of entities of 1 in layers A and C (Figure 1). In
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Figure 1. Repeat layers ABCD of 3: a) down and b) along ¢ axis,

c) forming 1D vertical stacks (cations omitted for clarity); atom colors:
C gray, N dark blue, Br red, H white. d) Multi-site anion contacts with
Cox in {[1LIX1}

particular, each anion X~ is equidistant from the pyrazine
external carbon atoms C., of 1, in an w?n’-fashion (Fig-
ure 1d), at distances by up to 0.35 A shorter than the sum
R, 4w C---X from layers A and C (Table 1; average contraction
factors Cr.cra7% point to relatively strong contacts). The
observed off-center geometries of the anions, their close
contacts to C,,, and the appearance of highly colored solids,
all collectively point to dominant CT interactions in 2 and 3.
The shorter distances of the peripheral anions to C.,, as
compared to the central anions from C;,, of the central ring,
imply that the anion—m interactions are clearly weaker than
the CT contacts in 2 and 3.['"2%

In the UV/Vis solution studies, addition of a colorless
solution of [#BuNN][X] (X =17, Br, Cl") to a yellow
solution of 1 in THF induces the spontaneous appearance of
new intense absorption bands, that progressively grow with
increasing concentration of salt at 630, 419, or 408 nm,

Table 1: Intermolecular closest contacts for 2 and 3.1

respectively (Figure 2a and S4, S5 in the Supporting Infor-
mation). These bands correspond to the electronic transitions
from the HOMO of the electron donors to the low-lying
LUMO of acceptor 1. The transition energies (hver) are
directly related to the HOMO —LUMO energy gap of the
[X~, HAT(CN)4] complexes; for the common acceptor 1, they
increase linearly with the oxidation potential®! of the donor
in the order CI~ > Br~ > I" (Figure 3),!*!*"] which establishes
the unequivocal CT nature of the associations. Furthermore,
the shift of the 1,,,, for the new absorption band of each halide
to a shorter wavelength in CH;NO, (557, 406, and 390 nm for
I", Br—, and Cl™, respectively; Figure 2b, S6, S7) as compared
to THF (negative solvatochromism behavior), supports
dependence of the transition energies on solvent polarity,
which is characteristic of CT bands.

In the Job plots, which are not symmetric, the absorption
intensity maxima for the halide complexes with 1, at ratios
[XTV(X]+[1]) x100=60 (Figure 2, insets), provide evi-
dence of a 2:3 (or 1:1.5) molar stoichiometric ratio of
[1]:[X7] in the CT complexes in THF and CH;NO, solutions,
which corroborates the solid state ratio for 2 and 3.
Quantitative analyses of the new absorption intensities, as a
function of the respective concentration [X~] were performed
to determine the Kcrx and ecrx values of the complexes
(Table 2).P' In both solvents, K¢t > Kerg, > Kerp, Which is in
accord with the order of Lewis basicity and thus the electron-
donating ability of the donors, CI">Br >1". The K¢rx
values for the complexes of 1, however, are five times
higher than those typical of CT complexes (Kcrx=1-
10M 1) with the same donors in solvents of comparable
polarities and, are approximately two orders of magnitude
higher in THF (Kcpyx=1-4x10°M™"). The unusually high
Kcrx values, especially in THF, and thus the high stability of
the CT complexes of 1 are attributed to its exceptional
acceptor strength. Apart from Kcrx, the electronic coupling
elements H""? (Table2) are directly correlated to the
spectral properties and offer a means for evaluating the
stabilities of the CT complexes. The Hq; values for the
complexes indicate considerable orbital interactions in THF
which become weaker in CH;NQO,. In both solvents, however,
the Hy values increase in the order ClI- > Br™ > 1", in accord
with the expected increasing orbital overlap with decreasing
anion size. In support of the aforementioned contention are
the calculated values Kcrx (CH3NO,) < Kerx (THF), which
suggest that the position of equilibrium for complex forma-
tion is greatly affected by solvent
polarity.?®

The positioning of the halide

X ‘kﬂ"" %[";‘]' XA“'C‘"‘ Co/a”ifc?*" X“'Ee“A gvdw (é“'))((iorA CO/R*[Cd']f anions in the associates of 1 was

Al Al [Al [%] or Rer [A] ionic C-+X™ [A] [%] probed in solution by “CNMR

|t 3.3371 0.343 3.635!" 7 3.3341 3.68 9 spectroscopy. The aromatic region

[e] [e] [e] .

;i;z”‘] gig;lhl ;2?:} 2[h] ;451(2)8[“1 3.90 glh] for each complex in [Dg]THF or

_ ' ’ ' ’ CD;NO, exhibits three resonances
Br 3.245!1 0.305 3.543(1 3 3.23911 3.55 9 . 1

32808 0270 35798 2 3.3541 3.66 6 for the peripheral “C., central

32620 0.288"M 3 56M 30 3296/ 71h] BC, and cyano Cgy (Table 3).

[a] Each halide ion in contact with two units of 1. [b] Ceany = Ryaw—0xcentr  [€] Canionn = (1~ Rexp/ Rionic) X
100; for R, the X---C,, distance was used; Rgq C-+X~=vdW/(C) +ionic radius (X7).*" [d] Cp_cr=
(1—Rer/Ryaw) x 100.'%) [e] Ref. [23]. [f] Distance to layer A; n>binding to two C atoms (Figure 1d).

[g] Distance to layer C; m*-binding to two C atoms. [h] Average value.
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This indicates that the positions of
the halide ions are related by a C;
rotation axis in the complexes.
These findings also suggest that the
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Figure 2. Spectral changes upon addition of [nBu,N][l] solutions to 1
in: a) THF; [nBu,N][l] in mm, line color: 0 (black); 0.311 (blue); 0.463
(orange); 0.776 (red); 1.09 (light blue); 3.55 (green); concentration of
1: 0.130 mm. b) CH;NO,; [nBu,N][I] in mM, line color: 0 (black); 5.54
(blue); 8.27 (orange); 13.8 (green); 19.3 (red); 27.6 (light blue);
concentration of 1: 0.950 mm. Insets: Job plots for 1 with (@) chloride,
(m) bromide, and (A) iodide ions in a) THF; b) CH;NO,.

26

241 cr

Br-

X 10%/em” —»

14 . . . .
10 12 14 16 18 20 22
Eo/V —»

Figure 3. Mulliken dependence of 7¢; for CT complexes of 1 in THF
with the oxidation potentials of the halides.
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Table 2: Spectroscopic features for halide associates® of 1.

cl~ Br~ I~ Solvent

Amax [NMN] 408 419 630 [b]
Ker [M71H 3780 2200 940 [b]
eer[Mem™] 12785 8258 4437 [b]
AGg [k) mol™']d —20.4 -19.1 -17.0 [b]
Rer A 3.146 3.239 3.334/1

Her [10° em ']l 5.8 4.5 2.9 [b]
Her [eV] 0.72M 0.55 0.36 [b]
Amax [NM] 390 406 557 1]
Ker M7 71 48 20 i
ecr[MTem™ 3513 3354 2431 1]
AGc [k) mol '] -10.6 -9.6 -7.4 [
Her [10° em ']l 3.3 2.8 2.2 i
Her [eV] 0.411 0.35 0.27 [

[a] As [nBu,N]* salts. [b] THF. [c] At 25 °C; for K estimated relative error
+10%. [d] Shortest distance X---C,,, from X-ray data was used (Table 1).
[e] Estimated value for ClI~ complex from Cpcr of 3 (9%) with Coor=
(1—Rct/Ryaw) x 100 and vdW radii sum C---Cl=3.45 A% [f] Ref. [23].

[g] Refs [19],[27]. [h] Calculated with estimated Rerq. [] CHsNO,.

Table 3: C NMR resonances [ppm] for 1 and CT associates® of 1.

0BC, AS M O0"C, A O0"Ch Ad®  Solvent
1 143.69 - 136.63  — 11435 - ]
Cl~ 14477 1.08 13601 —0.62 11478 0.43 [d]
Br~ 14452 0.83 136.25 —0.38 11470 0.35 [d]
I~ 14449 0.7 136.37¢  —0.26 114.64 0.29 ]
1 14290 - 136.46 — 114.04 - ]
Cl~ 14572 282 13445 —195 11489 0.85 [f]
Br~ 14547 257 13468 —1.78 114.84 0.80 [f]
I~ g - 13561  —0.85 11481 0.77 [f]

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] As [nBu,N]" salts. [b] A0 =0dcr comple—Omarienye- 1] CDsNO,. [d] Very
broad resonance due to proximity of "I nuclei.’” [e] Sharp resonance.
[f] [Dg]THF. [g] Not observed.k®

three anions are positioned over the centers of the C.,—C.
bonds of 1 in an 1’ fashion, in agreement with the findings
from the solid-state data for 2 and 3 (Figure 1d). Additionally,
the same resonances remain in the *C NMR spectrum of each
complex at —60°C in [Dg]THF which indicates that the ions
are not shared among the three C.—C,, positions at room
temperature. The CT interactions of the halides with C,, are
also supported by the downfield shifts of the *C,,, resonances
by Ade~1-3ppm as compared to 1 (Table3) in both
solvents. Despite the expected upfield shift of the “C,,
resonances, they move downfield as the C atoms in proximity
with the halides become deshielded by their electron-with-
drawing effect.’”) Furthermore, the breadth of the *C,, NMR
resonance of the iodide complex in CD;NO, and its invis-
ibility (due to severe broadening) in [Dg]THFE*" indicate
proximity of the I nuclei to C,, (Figure 1d). On the
contrary, the *C;,, NMR resonances shift upfield®"! and
remain sharp, which precludes halide nuclei above the central
ring centroid.

In order to further characterize the CT complexes, halide
NMR spectra were collected for [nBu,N]|[X] (X~ =Cl", Br™,
I") and their complexes with 1 (Table 4). **CI, ®Br, and '7'I
NMR spectroscopy are rarely used and, to our knowledge,
have not been previously applied to study CT contacts. The
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Table 4: *Cl, ®'Br, and "I NMR chemical shifts [ppm] of [nBu,N][X] and
associates with 1 at 22°C.

Nucleus o for O for associates Solvent
nBu,NX of 1
*cl 25.8 33.16 [b]
gy 50.6 63.2 [b]
127} 68.6 84.71 [b]
*cl 27.3 53.714 [d]
81Br 66.7 117.0¢ [d]
b [e] [e] (d]

[a] Single resonance 0=33.4 ppm remains at —27°C. [b] CD;NO,.
[c] Extremely broad. [d] [Dg]THF. [e] Data could not be acquired; see
Ref. [32].

three halogen nuclei have appreciable nuclear quadrupole
moments (/> 1/2) rendering NMR data collection particu-
larly challenging, especially in the case of I (I=5/2).*
Despite the issues involved, we were successful in collecting
the halogen NMR spectrum of each CT complex,® which
exhibits a single resonance, shifted considerably downfield
with respect to the corresponding free halide ion (Table 4;
Figure S9); this is indicative of a single type of halide
interaction in each complex and deshielding of the donor
nuclei™ due to CT, thus confirming the structure depicted in
Figure 1d in solution.

The appearance of a single resonance in the *CI NMR
spectrum, even at —27°C, further supports CT as the sole
interaction between 1 and chloride ions in solution (Fig-
ure S10). The downfield shifts of the complex resonances are
considerably greater in [Dg]THF as compared to CD;NO,
(Table 4) due to the lower dielectric constant of THF. In both
CD;NO, and [Dg]THF, AS(*Cl) > A6(*'Br) > Aé (**'I), which
corroborates the strength of the interactions established from
BC.u« NMR, i.e., Ad Ceo(Cl) > AS Cy (Br) > Ad C. (1), and
the spectroscopic findings (K¢, Her). The strength of the
latter CT interactions is also supported by the unusually high
negative values for AGq; (Table?2), especially in THF,
attributed to the large increase in enthalpy from the multi-
site CT interactions of each anion (four per anion; Figure 1d),
which compensates for the entropy loss associated with the
multi-ion chelate complexation.”®! The negative changes in
AG¢y reflect the spontaneous character of the association
which proceeds in solution with formation of {[1],[X];}*~
assemblies. Remarkably, the anions are the directing ele-
ments™ for the self-assembly of the entities, which is
unprecedented for CT interactions to our knowledge.

Finally, ES-MS data also provided strong evidence that
CT interactions between halide ions and 1 persist in solution
and in the gas phase by observation of
{[1][X]}” for (X~ =Cl7, Br, I") at m/z 419.00, 464.95, and
510.93, respectively (Figures S11-S13). The fact that species
such as {[1],[X]s}>~ were not detected by ESI-MS is not
surprising given the charge repulsion of three negative
charges in close proximity in the gas phase. Furthermore,
the addition of [nBuyN][X] to any one of the other halide
complex solutions in THF resulted in new peaks at m/z
419.00, 464.95 or 510.93, indicating the presence of {[1][X]}~
(Figures S14-S18).
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In conclusion, dominant multisite CT interactions, sur-
passing the typical arene acceptors studied to date, were
detected for 1 both in solution and the solid state. In 2 and 3,
the CT interactions in the {[1],[X];}>~ units (X" =Br~,1") are
clearly indicated by close 1*,n*-contacts of the halide ions to
the peripheral C,,, of 1. To our knowledge, 1 is a unique case
of a m electron-deficient entity that exhibits concomitant CT
and anion—n type contacts in the solid state. In solution, the
spontaneous formation of {[1],[X];}>~ assemblies, with periph-
eral 2, n>-positioning of the anions and the unambiguous CT
nature of the associations with 1 are fully supported by the
UV/Vis, ®C, halogen NMR, and ES-MS data. The high
stability of the distinctly colored complexes assembled with
the anions as directing elements and the simultaneous
multisite CT interactions in which 1 engages are unique in
the literature of this area and are highly desirable features for
the design of anion-sensing receptors. Studies of interactions
of 1 with other anions are underway and will be reported in
due course.
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