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ABSTRACT

The synthesis of novel pyrazine derivatives bearing pyrrolic substituents is reported; the ability of these systems to bind certain biologically
relevant anions in dichloromethane is also detailed.

Stimulated in part by a growing awareness of the environ- The latter systems offer the advantage of being easy to
mental and clinical importance of aniochspnsiderable effort ~ prepare and allowing for the direct, so-called naked eye
has been devoted recently to the design and synthesis of nevdetection of fluoride and, in certain cases, phosphate-type
anion-binding agents. Nonetheless, despite impressive ad-anions. Generalization of the dipyrrolylquinoxaline (DPQ)
vances, there remains a need for anion receptors displayingstrategy could lead to receptors with different intrinsic
higher binding affinities and improved binding selectivities. binding properties. In this paper, we report the synthesis of
This need reflects not only the relative newness of the field a new set of DPQ analogues, the pyrazine-oligopyr@ies

but also the fact that, in contrast to cations, anions are and show that certain members of this class (&)ghind
characterized by a variety of geometries, including many that biologically relevant anions such as chloride, dihydrogen-
are nonspherical, and a full range of charge-to-size ratios. phosphate, and mono- and dicarboxylates in dichloromethane

Over the last 10 years or so, our group has developed awith selectivities that differ from those of the corresponding
variety of pyrrole-based anion receptors, including ones basedDPQ derivative (i.e.8).°

on calixpyrroles, sapphyring,and dipyrrolylquinoxaline&®
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The synthesis of the pyrazine oligopyrrole recepftor
begins with 1,2-bis-(#-pyrrol-2-yl)ethane-1,2-dionel,®
which upon reaction with diaminomaleonitrile (DAMN)
yields 5,6-bis(H-pyrrol-2-yl)pyrazine-2,3-dicarbonitril2 in
55% vyield. Vilsmeier formylation of this simple DPQ
analogue using 1.2 equiv of the formylating agent produces
the monoformylated speciésin 62% yield. The diformy-
lated derivative4 is obtained, again via a Vilsmeyer
procedure, in 71% yield when 3 equiv of the formylating
agent is used (Scheme 1).

In analogy to what proved true in the DPQ sefi@s)ce
in hand, the formylated intermediat&and 4 could be
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Scheme 1

aKey: (a) DAMN, BREL,O, CHCI,, rt, 12 h; (b) (i) PO,
DMF, 1,2-dichloroethane, reflux, 2 h; (i) NaOAc, reflux, 1 h.

reacted with pyrrole in the presence of a catalytic amount
of TFA to give the tetra- and hexapyrrolic specteand7

in yields of 50% and 84%, respectively (Scheme 2). The
symmetrical tetrapyrrolylpyrazin@is obtained by reducing

Scheme 2

aKey: (a) pyrrole, TFA, rt, 2 h; (b) LikBpyrr, THF, rt, 6 h1?
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the dialdehydet to the corresponding dialcolohnd then
reacting immediately with pyrrole in the presence of a
catalytic quantity of TFA; this yields the desired tetrapyr-
rolylpyrazine6 in 28% yield (cf. Scheme 2).

The solid-state structure of the basic dipyrrolypyrazine
(DPP) core was determined by subjecting single crystals of
2 to X-ray diffraction analysis (Figure 1). The two pyrrole

Figure 1. X-ray structure o2 with all heavy atoms labeled. The
thermal ellipsoids were scaled to the 50% probability Iével.

NHs are pointing away from each other, as observed in the
original dipyrrolylquinoxaline systems.

There are two crystallographically independent molecules
of 2 per asymmetric unit. These molecules alternate along
the a axis and are found in the form of an extended two-
dimensional array. This array and likely the conformations
of the individual DPP molecules are stabilized by comple-
mentary hydrogen bonds between the pyrrole NH (N1) and
cyano N (N18) moieties of a first molecule & and
the corresponding pair (N20N13, respectively) of a
second molecule. The geometry of these interactions are:
N1—H1---N18 (related by = x, 1 —y, 1 — 2); N---N 2.958-

(2) A, H--*N 2.12(2) A, N-H-**N 161(2F; N1'-H1'+--N18
(related by 2-x, 1-y, 1-z); N-N 3.136(3) A, H:*N 2.30(2)
A, N—H-+*N 165(2F; N13-H13-::N20 (related by 1— x,

2 —y, 1 — 2); NN 3.063(2) A, H-*N 2.31(2) A,
N—H--N 152(2f. (Dashed lines are indicative of a H-
bonding interaction.)

To probe the possible solution-state conformational prop-
erties of the DPPs, NOESY experiments were performed
using the unsymmetric derivativé. No coupling was
observed between the fogrpyrrole hydrogens, indicating
that the conformation where the two internal pyrrole moieties
point away from each other, likely exists only in the solid
state. This lack of coupling can be ascribed to the ability of
the pyrroles in these “claw-like systems to rotate freely in

(7) Collins, C. J.; Fischer, G. B.; Reem, A.; Goralski, C. T.; Singaram,
B. Iniasinssussmingtt1997 38, 529.
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solution at room temperature. An important consequence of particular, it is characterized by a charged carboxylate “head”
the resulting, inferred, low barrier to rotation is that it should that could fit between the “pyrrolic claws”, as well as by a
allow each pyrrole subunit present in receptors suchtas methyl “tail” that could function as a cap for the hegfuest
adjust their spatial orientation individually so as to adopt ensemble by isolating the complex and its anionic “head”
collectively a conformation that is conducive to anion from solvent or reducing interactions with the tetrabutylam-
binding. monium countercation.

The interaction o7 and8, its DPQ analogue, with several Although admittedly speculative, the above rationalizations
biologically relevant anions, including mono- and dicar- cannot be effectively evoked in the case of the other anions
boxylates, was studied in dichloromethane solution using considered in this study. Thus, a closer correspondence
UV —vis spectroscopy. The relative host/guest stoichiometries between charge density and affinity is expected. In fact, with
were determined via Job plots. In both cases, standardthe exception of acetate, the relative affinitybélecreases
protocols, as used previously by our gréfigand others), with increasing anion size as follows: chloride/dihydrogen-
were employed. In analogy to previous studies, the anions phosphate/oxalate/malonate/succinat®14:562:453:40:1.
were used in the form of their corresponding tetrabutylam-  Here, it is important to note that the binding constant for
monium salts. Because they were not available commercially,the succinate anion used to determine this set of ratios was
the ditetrabutylammonium salts of oxalic, malonic, and taken as the square root of the productaf x Ka, since
succinic acids were prepared in accord with literature Job-plot analysis for the interaction Bfvith succinate anion
procedures? revealed a 2:1 binding mode. By contrast, the other anions

As revealed by inspection of Table 1, receplatisplays  were all found to be bound in a 1:1 stoichiometry, as judged
a higher affinity for acetate aniorkg 176 000+ 11000  from such analysis (Table 1). Needless to say, the malonate/

succinate selectivity is much lower if th& for malonate is

I || compared to effective equilibrium constait.() associated

Table 1. Affinity Constants (M) for Anion Binding with the binding of the first anionic equivalent of succinate
Receptors? and8 As Determined from UV-vis Spectroscopic to receptor7. Using these values, a malonate/succinate
Titrations in CHCl,. The Anions Were Studied in the Form of ~ Selectivity of 1.1:1 is obtained.

Their Tetrabutylammonium Salts To provide a basis for comparison between this new series

of receptors and the DPQs reported earlier, the anion
recognition behavior of recept@& was analyzed using the
same series of anions. Whereas the interactions bet®&een
and both Ct and PO, have been reported, its ability to
bind mono- and dicarboxylate anions was not previously
considered. As revealed by the findings summarized in Table
7 8 1, this functionalized DPQ derivative binds carboxylate-type
anions well. However, in contrast ¥ the affinities for this

anion Ka (7/guest)® Ka(8lguest)® class of anions are found to be nearly invariant to structure
cr 48 000 + 2700 5800° and a 1:1 anion-to-receptor stoichiometry was observed.
H2PO.~ 30000 <+ 1500 300 000° Also, in further contrast to what is true f@r it is phosphate,
acetate 175 000 + 11 000 46 000 =+ 4600 ; . SN S
oxalate 24 000 4 1300 30 000 & 2100 not chloride, that is bound with highest affinity within the
malonate 2100 + 200 21 000 + 2800 series of studied anions.
succinate 2000 + 150° 53 000 + 8000 Comparing the two receptors, and 8, supports the

aTheR? values for the curve fits used to determine the affinity constants emerging notion that small changes in the overall molecular
range between 0.969 and 0.998n the case of succinate 7, a 2:1 binding  architecture can have a significant influence on the binding
ineraction e the caloulated equilbrium constant for the second binging. C@pablties of a given type of anion binding moif. In the
event is 1.4+ 0.5 M™% ¢ From ref 6. present instance, the more rigid nature of the bridging
aromatic unit (quinoxaline vs pyrazine) presenticould
render differences in anion size less important (due to existing
M~1) compared to the other anions subject to study (i.e., preorganization imposed by the spadét)ikewise, the larger
chloride, dihydrogenphosphate, oxalate, malonate, and sucnature of the overall hostguest ensemble could mitigate
cinate). While acetate anion is neither the smallest of the the beneficial effects of the protective methyl “tail” present
anions analyzed nor the one with the highest charge density,in the acetate complex. In any case, it is important to
it does have a size and shape that differs from the others. Inappreciate that “fine-tuning” of anion affinities and selectivi-

ties is possible in the context of dipyrrolylquinoxaline-type

(8) Crystallographic data f&: Cyg His Cly N1, My, = 605.45, triclinic, receptors
P-1,a=7.3374(1) A = 79.514(1), b = 12.8235(2) A5 = 80.208(1), ) .
c=15.6794(3) Ay = 84.107(13, V = 1425.60(4) & D, = 1.410 g cm’3, In summary, a new set of polypyrrole-based anion recep-

Z = 2,R=0.0464, GOF= 1.023 ( > 20(l)), Ry = 0.1186 (all data),  tors has been synthesized. While X-ray diffraction analysis
CCDC 217630. See the Supporting Information for CIF files.
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Aemiiaesemine ©001, 123 2099. Sessler, J. L.; Camiolo, S.; Gale, P. A. (11) LiHzBpyrr = lithium pyrrolidinoborohydride was synthesized ac-
2003 240, 17. cording to the literature; see: Thomas, L. S.; Collins, C. J.; Cuzens, J. R;;
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reveals that the two pyrroles in the basic dipyrrolypyrazine even more effectively. By contrast, the corresponding
core are oriented in opposite directions, NOESY experiments hexapyrrolic quinoxaline derivativ®, binds acetate no more
provide support for the notion that pyrrolic subunits are free strongly than oxalate, malonate, or succinate (again in
to rotate in solution and hence interact effectively with dichloromethane solution). This disparate set of findings
anionic species. In accord with such a conclusion, solution- supports the conclusion that small changes in structure can
phase anion-binding studies (dichloromethane) reveal thatjead to oligopyrrolic receptors with different anion binding
the hexapyrrole pyrazine derivativeis an effective anion  properties and sets the stage for further design and synthesis
receptor. It binds oxalate with high selectivity relative t0 gfforts in the pyrrole-based anion recognition area.
malonate and succinat&{ ratio of 450:40:1 in CHCI,).
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