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Abstract: The synthesis, structure, and anion binding properties of chromogenic octamethylcalix[4]pyrroles
(OMCPs) and their N-confused octamethylcalix[4]pyrrole isomers (NC-OMCPSs) containing an inverted pyrrole
ring connected via o'- and f-positions are described. X-ray diffraction analyses proved the structures of
two synthesized isomeric pairs of OMCPs and NC-OMCPs. The addition of anions to solutions of
chromogenic OMCPs and NC-OMCPs resulted in different colors suggesting different anion-binding
behaviors. The chromogenic NC-OMCPs showed significantly stronger anion-induced color changes
compared to the corresponding chromogenic OMCP, and the absorption spectroscopy titrations indicated
that chromogenic OMCPs and NC-OMCPs also possess different anion binding selectivity. Detailed NMR
studies revealed that this rather unusual feature stems from a different anion-binding mode in OMCPs and
NC-OMCPs, one where the g-pyrrole C—H of the inverted pyrrole moiety participates in the hydrogen-
bonded anion—NC-OMCP complex. Preliminary colorimetric microassays using synthesized chromogenic
calixpyrroles embedded in partially hydrophilic polyurethane matrices allow for observation of analyte-
specific changes in color when the anions are administered in the form of their aqueous solutions and in
the presence of weakly competing anions.
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OMCP has been applied in fabrication of HPLC supports for
anion separatioff,ion extractant! and, most notably, optic&i46
and electrochemicl~>1 anion sensors. This is mainly because

. . . . . =N — =N
calix[4]pyrroles, despite binding anions via hydrogen bonds, N @ o N @ o
show unique affinity for biologically important anions such as (.)N' N
chloride and phosphate, even in the presence of competing Azo-1 Az0-2

media such as water and electrolyté®Recently, N-confused
calix[4]pyrrole (NC-OMCP2), an isomer containing an inverted
pyrrole ring connected via'- andS-positions, was also reported

CN /~NH CN
2
by Dehaer?: A~eN L AN
CN CN
TCE-1 TCE-2

Figure 1. Structures ofAzo-1, Azo-2, TCE-1, andTCE-2.

Scheme 1

1 2
ﬂ o CH3$O3H
Our recent work on electrophilic aromatic substitution of ™~y N CH30H
OMCP led us to investigate the reactions of OMCP with various H rt, 24 h

electrophiles, including tetracyanoethene and diazonium salts 3 )
to obtain chromogenic OMCP derivativé&=>3 165%) 2(15%)
In their independent studies, Dehaen and co-woPkexiso
synthesized a series of azo-substituted NC-OMCPs (&zg-,
2) and demonstrated changes in color of these chromogenic NC-
OMCPs in the presence of anions that indicated formation of
anion—receptor complexes. We have been intrigued by the , : ; ]
possibility to synthesize pairs of regular and N-confused calix- SPonding OMCPs. Previously we have synthesized chromogenic
[4]pyrrole receptors and sensors and compare their anion-binding®MCPs such a3CE-142andAzo-1°" by electrophilic substitu-
behaviors because we believed that both OMCPs and theirtion reaction and studied their anion binding properties.

corresponding NC-OMCPs could show unique features stem- Particularly TCE-1 demonstrated its strong anion binding
affinity and selectivity as well as ability to act as colorimetric

(33) Lee, C.-H.; Lee, J.-S.; Na, H.-K.; Yoon, D.-W.; Miyaji, H.; Cho, W.-S.;  sensors for anior. For this study, we have developed a new

ming from a different structure and differeniKpof hydrogen-
bond donor$>56

Here we report on syntheses, structures, and anion-binding
properties of chromogenic NC-OMCPs together with corre-

Sessler, J. LJ. Org. Chem2005 70, 2067-2074. : . : :

(34) Panda, P. K.; Lee, C.-H. Org. Chem2005 70, 3148-3156. high-yielding synthesis of NC-OMCP, adopted the above
(gg) Eandé, z. KN; L%e, IE.—\P;Drg. LDett\.A%O(\)lz\tl 6, 6D?la67éh WS Lyneh v modifications for the preparation of NC-OMCP-based conge-

ee, C.-H.; Na, R.-K.; Yoon, D.-W.] on, D.-H.; o, SO, ncn, V. H H H H H
(36) M. Shevchuk. S. V.- Sessler, J. I Am. Chem. So@003 125 7§01_ ners, and compared anion-binding properties of the chromogenic
a7 5306. bW H e Lee. Cota - it E002 41 OMCP and NC-OMCP as well as the parent OMCP and NC-
(37) Yoon, Dow-i Hwang, H. Lee, C.-Hingew. Chem., Int. 2 4L OMCP. The structures of the isomer paizo-1, Azo-2, TCE-
(38) Sato W.; Miyaji, H.; Sessler, J. [Tetrahedron Lett200Q 41, 6731— 1, and TCE-2 are shown in Figure 1.

736.

(39) Bucher C.; Zimmerman, R. S.; Lynch, V.; Sessler, JJLAm. Chem. . .
Soc.2001, 123 9716-9717. Results and Discussion

(40) Sessler, J. L.; Gale, P. A.; Genge, J. @hem—Eur. J.1998 4, 1095-
1099

9. _ Both the regular octamethylcalix[4]pyrrold)(and N-con-
(41) Levitskaia, T. G.; Marquez, M.; Sessler, J. L.; Shriver, J. A.; Vercouter,

T.. Moyer, B. A. Chem. Commur2003 2248-2249. fused octamethylcalix[4]pyrrole2f were obtained from con-
(42) lehlyabu R.; Anzenbacher, P., JrAm. Chem. So2005 127, 8270~ densation of acetone and pyrrole in a MeOH/MgB@ystem
(43) M|yaJ| H.; Sato, W.; Sessler, J. Angew. Chem., Int. E@00Q 39, 1777 in 40% and 6% yield, respectively (Scheme?2j.For the

1780. purpose of this study an adaptation of this method yielding

44) Miyaji, H.; Sato, W.; Sessler, J. L.; Lynch, V. Metrahedron Lett200 . . . .
@9 41y1]369—1373 Y ¢ multigram yields of the starting NC-OMCP was developed. This

(45) lAgzzegrébSatihgegéf., Jr.; JUeevg K.; Sessler, J. LJ. Am. Chem. So200Q methodology, described in the Supporting Information, provides

(46) Miyaji, H.; Anzenbacher, P., Jr.; Sessler, J. L.; Bleasdale, E. R.; Gale, P. reliable yields of 65% and 15% for OMCP and NC-OMCP,

A. Chem. Commurl999 1723-1724. ;
(47) Nielsen, K. A.; Jeppesen, J. O.; Levillain, E.; BecherAdgew. Chem., rESpeCtlve!y' . . .
Int. Ed. 2003 42, 187—191. To obtain unambiguous evidence supporting the structural

(48) Ga'e P.A. Bleasdale, E. R.; Chen, GStipramol. Chen2001, 13, 557~ assignment of, we attempted the preparation of crystals2of

(49) Gale P. A.; Hursthouse, M. B.; Light, M. E.; Sessler, J. L.; Warriner, C.  for X-ray diffraction analysis from several organic solvents, but
N.; Zlmmerman R. STetrahedron Lett2001, 42 6759-6762.

(50) Krd, V.; Sessler, J. L.; Shishkanova, T. V.. Gale, P. A.; Volf, RAm. the very similar sizes of €H and N—-H pyrrole moieties ir2
Chem. Soc1999 121, 8771-8775. ) resulted mostly in highly disordered crystals as the inverted
(51) Sessler, J. L.; Gebauer, A.; Gale, P.Gazz. Chim. 1tal1997 127, 723~
726.
(52) Depraetere, S.; Smet, M.; Dehaen, Agew. Chem., Int. EAL999 38, (55) Nechita, M. T.; Lotrean, S.; Radecki, J.; Radecka, H.; Depreatere, S.;
3359-3361. Dehaen, WPol. J. Food. Nutr. Sci2003 12 (S| 2), 81-87.
(53) Nishiyabu, R.; Anzenbacher, P., Jbstract Book 13th International (56) Piotrowski, T.; Radecka, H.; Radecki, J.; Depraetere, S.; DehaaviaWt.
Symposium on Supramolecular Chemistry, Notre Dame, IN, Jui326 Sci. Eng., C2001, C18 223-228.
2004; P-3-48. (57) Wex, B.; Anzenbacher, P., Kbstracts of paper223rd National Meeting
(54) Gu, R.; Depraetre, S.; Kotek, J.; Budka, J.; Wagner-Wysiecka, E.; Biernat, of the American Chemical Society, Orland, FL, AprT1, 2002; American
J. F.; Dehaen, WOrg. Biomol. Chem2005 3, 2921-2923. Chemical Society: Washington, DC, 2002; ORGN-245.
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NH
J NHCN /N
L AN - / CN
TCE-2 TCE-2C

Figure 3. Tautomerization off CE-2 to its cyclic formTCE-2C explains
three broadH NMR resonances attributed to NH moieties and one sharp
singlet attributed to the imine=NH.

Figure 2. X-ray crystal structure o2 (thermal ellipsoids are scaled to the A =

A - 1 o Y e @
30% probability level; the methyl hydrogen atoms have been removed for \___r m;._;--'--.".f - “'-»'-ﬂi-:'—» ':—t\/v ?
clarity). (Left) Structure of the receptd®. (Right) Inclusion of the two J" \ ] & o
DMSO molecules that stabilize the conformation of the receptor in the Y _]'“t‘l;, 5 | __/“"ai-"“\_. &G
crystal. Vi St i R T
b J‘! \, \\ ;'f{ )\llfdh":\)
N_o—o NN .
Scheme 2 —--» —t. Az . S N &y
i T~ :—»]\ R Ej-_“r, 1<
NH NC CN NH CN Figure 4. X-ray crystal structures of CE-1 (left) and TCE-2C (right)
4 _ + = 4 _ (ORTEP, the displacement ellipsoids are scaled to the 50% probability level;
NC CN THF CN the hydrogen atoms have been removed for clarity).
reflux, 12 h
TCE-2 o o T
,g%,/ N L)

T .l[
pyrrole was not always found in a crystallographically unique w_/&, X s .
position. This, together with the lack of stability afdue to a r;\_ ;,/\/\ %i lf \{‘*f”
free _reactlvax-pyrrole moiety??2 made it difficult to grow X-ray ' W, ’”‘"“-"“Z; !\! i j,
quality crystals. After numerous, largely unsuccessful attempts & ¢
we realized that binding betwe@rand a suitable hydrogen bond . 5 X al struct Azo-1 (left) and Azo-2 (right)

A . . gure 5. -ray Ccrystal structures ORzO- € an Z0- rng
acpeptor could lock the receptor ",1 a bu!kler and more spatially (ORTEP, the displacement ellipsoids are scaled to the 50% probability level;
unique complex. Consequently diffraction grade crystal® of  the methyl hydrogen atoms have been removed for clarity).
were grown in dimethyl sulfoxide to obtain hydrogen bonded
complex2:2DMSO. The single-crystal X-ray analysis clearly The crystal structure revealed tHa@E-2C contains the bicyclic
showed the structure &f in which one pyrrole ring is linked  pyrrolizin-3-ylideneamine moiety (Figure 4).
through itsa’- and S-positions instead ofi- and a’-positions Azo-substituted OMCzo-1) and NC-OMCP fzo-2) were
in 1 (Figure 2). also prepared by electrophilic substitution with 4-nitrobenzene-

Tricyanoethylene substitutetl (TCE-1) was prepared by diazonium tetrafluoroboraf&:>*57Electrophilic substitution of
electrophilic substitution ofl with tetracyanoethylen®. The 2 with 4-nitrobenzenediazonium tetrafluoroborate in THF in the

same reaction using gave TCE-2 (Scheme 2) where the Presence of triethylamine yieldetizo-2 in 30% yield, while
tricyanoethylene moiety was attached at the more electron-rich e same reaction usiriggave a complex mixture of products

a-position. This reaction yielded only one product (36% yield) ncludingAzo-1in lower yield (9%). The observed lower yield
as a purple solid. of Azo-1 could be attributed to a large number of equally

reactive pyrroles-positions as well as to lower reactivity of
the S-position in1 compared to thex-position in 2.8061 The
single crystals 0fAzo-1 and Azo-2 were obtained fronN,N-
dimethylformamide and dichloromethane/ether, respectively.
The crystal structures &zo-1 andAzo-2 are shown in Figure

Interestingly,"H NMR spectrum of the obtained compound
assumed to b8 CE-2 showed only three broad pyrrole NH
singlet signals (8.53, 9.19, and 9.45 ppm in DM8§)instead
of four broad pyrrole NH singlets. The disappearance of the
o-pyrrole CH proton signal indicated substitution of the
a-pyrrole position with the tricyanoethylene moiety, and a mass
spectrum of this compound showed a molecular ion peak
corresponding with that ofFCE-2. The NMR spectra suggested
that the obtained compound was A@E-2 but its cyclic form,
resulting from intramolecular cyclization of the tricyanoethylene
moiety with inverted pyrrole nitrogen (Figure $)3° Indeed,
in the NMR spectrum of the obtained compound there was one
sharp singlet at 11.16 ppm that could be assigned to the imine
=NH proton inTCE-2C.

The final confirmation of the structure assignmenfT6&¥E-
2C came from single-crystal X-ray analysis. The crystal structure
of TCE-2C is shown in Figure 2 with the structure ®CE-1.

The attachment of dye precursors 20also converts the
originally colorless species into chromogenic materials, which
show changes in color upon binding of an anion. Both the naked-
eye observation and the absorption spectroscopy revealed
different anion binding behaviors of chromogenic OMCPs and
NC-OMCPs (Figures 6 and 7).

The synthesized isomeric pairs were tested for their ability
to bind anions, first by using strongly binding(Fand then by
weakly binding (Ct) anions. Absorption spectra @iCE-1 in
the presence of fluoride in DMSO showed a moderate spectral
change and a pink-to-orange color change, while that of chloride
showed a small spectral change without a noticeable color

(58) Fares, V.; Flamini, A.; Poli, NJ. Am. Chem. Sod995 117, 11580~ (60) Depraetere, S.; Dehaen, Wetrahedron Lett2003 44, 345-347.
11581. (61) Bulter, A. R.; Shepherd, P. 7. Chem. Soc., Perkin, Trans188Q 113—
(59) Collange, E.; Flamini, A.; Poli, Rl. Phys. Chem. 2002 106, 200-208. 116.
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Figure 6. Absorption spectra of CE-1 (left) andTCE-2C (right), both 5.0x 1075 M in DMSO, in the absence of anion (black), with 10 equiv of fluoride
(red), and with an excess of chloride (green). Insets: Solutiod&C&-1 and TCE-2C in the absence of anion and with fluoride (10 equiv) and chloride
(excess). BeNT (TBA) salts of anions were used.
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Figure 7. Absorption spectra ofzo-1 (left) and Azo-2 (right), both 5.0x 10~° M in DMSO, in the absence of anion (black), with 10 equiv of fluoride
(red), and with an excess of chloride (green). Insets: Solutiom&zofl and Azo-2 in the absence of anion, with fluoride (10 equiv), and with chloride
(excess). BeNT (TBA) salts of anions were used.

change (Figure 6, left? The solution ofTCE-2C in DMSO Table 1. Association Constants for TCE-1, TCE-2c, Azo-1, and
showed a vivid pink color. The addition of fluoride ®CE- éégftrgggog; '%rtlrsat'g,?s'\fso 8t 22 °C Determined by Absorption
2C resulted in enhanced absorption in the 500 nm region, with ~mion Association Constant K/ M
a corresponding dramatic pink-to-orange color change. On the -
. S . TCE-1 TCE-2C | Azo-1

other hand, the addition of chloride into tA€E-2C solution 7 S10° 107 S10° =
resulted in a small spectral change but an easily discernible pink- o 1370 319 7 e
to-purple color change (Figure 6, right). _ A 242 000 >10° FEZT 16 600

Absorpuon spectroscopic tltratlong,e_to-l andAzo-_Z with _ HPO, 5230 810000 | 3330
anions were also performed. In preliminary qualitative experi- HP,O." 584 000 n. d. 92200 5650
ments, the addition of fluoride and chloride anions into DMSO K, K, 176 >10 000 12 330
solutions ofAzo-1resulted in the formation of two new maxima K, 1Ko 46 25 3 39

IO(.:ated at 385 and 467 nm and yellow-to-orange COI.Or C.hanges a Anions were used in the form of their Bd* (TBA) salts. The errors
(Figure 7, left). Conversely, as Dehaen reported, titrations of j, i fits are <15%.? See ref 42¢ Association constants were calculated
Azo-2 with fluoride showed a large bathochromic shift with a on the assumption that pyrophosphate forms a dimer in D¥fSO.
dramatic orange-to-blue change in color, possibly due to the
deprotonation of the inverted pyrrole NEiIFurthermoreAzo-2 the twisted conelike conformation available to the N-confused
showed upon the addition of chloride an orange-to-red color OMCP receptor and the corresponding sensors is better suited
change (Figure 7, right). The quantitative titration experiments for anions that can bind through more than one atom, for
allowed us to determine the apparent binding constants of theexample, two oxygen atoms in the delocalized carboxylate anion.
present chromogenic OMCPs and NC-OMCPs with anions, and  Thus comparison of binding affinities faiCE-1 and TCE-
the respectivé,s values are listed in Table 1. 2C shows that both compounds strongly bind fluoride (F) and
The data in Table 1 suggest that the sensors based on thecetate (AcO) and both bind chloride (Cl) weakCE-1, like
regular OMCP receptorTCE-1 and Azo-1) favor spherical other regular calix[4]pyrroles, does not bind dihydrogenphos-
anions such as fluoride and chloride. This is rationalized by phate (HP) strongly, but shows high affinity for hydrogenpy-
the symmetry of the respective sensanion complex. The rophosphate (HPP). By comparisohCE-2C that adopts a
symmetrical conelike conformation of the OMCP receptor distorted conelike conformation binds dihydrogenphosphate as
appears to be more suited for binding of the spherical anions.well as acetate with high affinity. The specific order of the
In contradistinction, sensors based on the N-confused OMCPbinding affinities is as follows:TCE-1: F> HPP > AcO >
receptor TCE-2/2C and Azo-2) cannot adopt the almost H,P > Cl and TCE-2C: AcO > F > H,P > CI (while the
perfectly symmetrical conelike conformation. We believe that binding of pyrophosphate follows a complex pattern that cannot

J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006 11499
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a) OMCP (1) b) NC-OMCP (2)
e NH B-CH ree |\l|-|,- NH a-C.:H; B-CH B-c.:H;

i A le i
0.4 eq. 0.5eq. o .

A Jo M A | A
0.8 eq. 1.0eq. . M/\_
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AN
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Figure 8. H NMR titrations (selected regions) of 1:010-2 M solutions of (a)1 and (b)2 with chloride in DMSOég. The inverted pyrroléH resonances
in 2 are labeled as follows: NHred), a-CH; (green), ang3-CH; (blue).

be easily numerically evaluated). Similarly, bo#fzo-1 and
Azo-2 show affinity for fluoride, acetate, and hydrogenpyro-
phosphate, albeit weaker compared to THeE-sensors. The
specific order of the binding affinities is as follow#zo-1: F

> HPP > AcO > H2P > Cl andAzo-2. AcO > F > HPP>

state and the respective receptanion complex. The fact that
the changes in color, understood as a change in absorption
wavelengths as well as a change in the absorption coefficient,
which are not the same for all of the sensanion combinations,
adds another dimension to the potential application of the
H.P > Cl. reported sensors as they may be perhaps used for qualitative
Interestingly, both N-confused sensofCE-2/2C andAzo- substrate determination in a naked-eye regime. Table 1 therefore
2) show a dramatic increase in selectivity toward the acetate not only shows the actual values of affinity constants but also
anion over chloride and phosphate compared to their counter-provides a qualitative indication of the colors of the sensors
parts TCE-1 and Azo-1) as evidenced by the respective and their complexes with anions.
selectivity coefficients expressed as ratios of binding constants  Originally, we believed that the different affinities and
Kaco—/Kci— andKaco—/Kn,po,—. FOr example, the affinity for  selectivities between OMCP and NC-OMCP-based sensors for
acetate over chloride increased more than 50 timed G- anions are due to the inverted-pyrrole effects on adopting a
2C vs regularTCE-1 and 28 times forAzo-2 vs the regular symmetrical cone conformation of the receptor, while the
Azo-1. The aspect of carboxylate-chloride selectivity is of chromophore responsible for color change is attached to the
potential practical importance, as this feature may allow sensing a-position, which is closer to the pyrrole NH hydrogen bond
of carboxylate in biological milieu where the chloride and donor then it is in the regular OMCP-based sensors where the
phosphate usually abound in high concentrations. chromophore is attached to tifieposition. Later we realized
From the combination of the spectroscopic investigations and that the dramatic changes in color response are unlikely to be
binding data expressed as relative affinity constants (Table 1), due to a simple distance effect but most likely due to a different
one can see that the relative strength in the respective colordistribution of the frontier molecular orbitals and the corre-
transitions observed for the sensors and their complexes withspondingz—zx* transitions in the chromophores. This feature
anions does not necessarily correlate with the recefaoion is discussed later in this paper.
affinities (Ka9. That is most likely because the extent of the Further insight into anion complexation was achieved by
color transitions relates to the magnitude of the change in the examination of anion binding df and2 by 'H NMR titrations.
transition dipole moment between the sensor in the resting stateTitration of 1 by chloride showed a concerted downfield shift
and in the complex. The magnitude of the change in the of four pyrrole NHs and an upfield shift of pyrrolé-proton
transition dipole moment does not generally correlate with the signals corresponding to the formation of a symmetrical cone
thermodynamic association constants but rather with the degreeconformation (Figure 82)81213This is explained by the pyrrole
of difference in the frontier orbital density between the resting NHs appearing close to the anion, while fhgrotons face away
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Figure 9. 'H NMR titrations (selected regions) of 1:0 1072 M solutions of (a)Azo-1 and (b)Azo-2 with chloride in DMSOes. The inverted pyrroléH
resonances izo-2 are labeled as follows: NHred) andg-CH; (blue).
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from the anion andr-electrons of the other pyrroles. To our 9 < e
surprise,’H NMR titration of 2 revealed a different pattern:

the three noninverted pyrroles show the usual behavior (a ¥ BT
downfield shift of NHs and upfield shift of the pyrrolg-H , ‘QJ

signals), while the inverted pyrrole shows a concerted upfield
shift of the inverted pyrrole NH signal as well as a strong Figure 10. Calculated structures of1-TMAF  (calix[4]pyrrole:
downfield shift of thep-pyrrole proton (Figure SbBH NMR tetramethylammonium fluoride) ariTMAF complexes with 1:1 binding
. . . mode. Gaussian 68was used for all calculations presented. For geometry
titrations ofAzo-1, Azo-2, TCE-1 (see Supporting Information),  qptimizations the first guesses were fully optimized by PM3 semiempirical
andTCE-2C (see Supporting Information) with chloride show  Hamiltonian. Then, the models were reoptimized at the B3LYP/6-31G*
the same type of behavior 4sand 2, respective|y' Suggesting level of theory. The TMA is omitted here for clarity (for more details see

the same binding behavior (Figure 9). Supporting Information).

These results imply that the NC-OMCP receptopAzo- NC-OMCPs prefer a more symmetrical, close to conelike

2, and TCE—2C bind anions via a different binding mode conformation involving hydrogen-bond-like interaction to a less
compared to OMCP and OMCP-based sensors. Further insight ion Involving hycrog Kel '

into the binding mode was obtained from the density functional acidic f-pyrrole CH, rather than adopting the conformation

theory (DFT) study. From the combination of NMR data, and utlIlZlngt 6:” f?#r pyrrole_ NH?' IThE DFT t(?alculztlor?s also Ien?_ |
DFT energy-minimized structures, it appears that this binding support to the experimental obseérvation showing a spatia

mode, new in calixpyrrole-anion binding, utilizes theyrrole ?rre?:]gementlflgr thé'T];MAF t(_:ompclgax with aln e%eégy m'”'m‘:m |
C—H in close interaction with the anidi¥:53Density functional or the conelike conformation. Lonversely, geometrica

theory (DFT) calculations were carried out for both OMCP and optlmlzauons aimed a_t _det(_erml_natlon of an energy minimum
NC-OMCP and their respective complexes with tetramethyl- with all four NHs participating in the fluoride anion binding

ammonium fluoride (TMAF). The energy-optimized structures Lane_d as such cor?forma;ron_sdare too stralneld. The bt'.nd'tn% %f
of complexesl-TMAF and 2-TMAF are shown on computer- lgslichaéutc_)tnst_suc asa uo? elanlc(;nzwas s_soollnv_?ﬁ Ilgli'l? y
generated models in Figure 10. itration experiments of and2 combined wi

One might think that2 would prefer distortion of the calculations. Titration ofL by fluoride showed a decrease in

receptor-anion complex to make all four pyrrole NHs available intensity of the NH proton signal of fre¢, while a new,

for hydrogen bonding. We found that the anion complexes of downfield-shifted NH proton signal corres_pon_ding o t_he
receptor-fluoride complex appeared. In these titrations coupling

(62) Chu, F.; Flatt, L. S.; Anslyn, E. \d. Am. Chem. S0d.994 116, 4194 between those protons bfand the bound fluoride was observed.
4204. ; P i 32,1 1

(63) Camiolo, S.; Gale, P. A.; Hursthouse, M. B.; Light, M. @&g. Biomol. The reSpeCtlv_e couplu_wg constant is 39.9%42: 3T_he_ HNMR
Chem.2003 1, 741-744. titration of 2 with fluoride afforded results very similar to those
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Figure 11. (a) Calculated DFT-GIAO magnetic shields for NC-OMCP and NC-OMGB/PAF in 1:1 binding mode at the B3LYP/6-31G* level of theory.
(b) 'H NMR of 2 (1.0 x 102 M) in DMSO-ds before and after the addition of 1.85 equiv of TBAF. For details see Supporting Information.

for the 'H NMR titration of 2 with chloride (see Supporting  bathochromic shifts, we have observed a hypsochromic shift in
Information). Here too, the concerted shifts of the three absorption spectra ofCE-2C in the presence of 1 equiv of
noninverted pyrrole NHs together with thepyrrole C-H fluoride. We assume that this is because the deprotonation of
resonance confirm the presence of alC—anion interaction the imine moiety results in the simultaneous opening of the
contributing to the recepteifluoride complex. pyrrolizine moiety to formTCE-2 (Figure 3)%°

In the absence of the X-ray structure confirming the proposed Deprotonation ofAzo-2 by fluoride was also proposed by
binding mode, we performed an extensive DFT study aimed at Dehaen, based on the similarity in shapes of absorption spectra
interpretation of shifts in NMR spectra corresponding to the of Azo-2in the presence of fluoride and hydroxiefe!H NMR
energy-minimized model for NC-OMCP in the resting state and titrations ofAzo-2 with fluoride showed that the azo-substituted
in the complex with anions. Here we show the DFT-GIAO pyrrole NH signal as well as the three noninverted pyrrole NH
magnetic shields calculated f@rand 2-TMAF in the energy signals broadened and disappeared (see Supporting Information).
minimum (a conelike conformation involving the-pyrrole While the disappearance of the azo-substituted pyrrole NH and
hydrogen). The calculation shows the same tendency (shifts ofthe bathochromic shift in the absorption spectrum suggest
the 'H-resonances) upon complexation @&f with TMAF deprotonation, the disappearance of the three regular pyrrole
observed in théH NMR titration experiments fo? with TBAF NHs indicates rapid interconversion of multiple conformations
in DMSO-ds (Figure 11). compared to NMR time scale. The courseéldfNMR titration

Specifically, all three NH resonances from the three regular of Azo-1andAzo-2 with fluoride is included in the Supporting
pyrroles AO) and theB-hydrogen of the inverted pyrrole (pink  Information.
dot) shift downfield, while thgs-hydrogens of the three regular Among the most important issues in anion sensing is the fact
pyrroles (black dot) and the NH resonance from the inverted that anions occur mostly as solutes in water or aqueous media.
pyrrole (green) show an upfield shift. These shifts in resonancesWhile a number of anion sensors that are soluble in water-
were calculated from the structure corresponding to energy miscible solvents such as DMSO or MeCN tolerate a small
minima shown in Figure 10 and are in excellent agreement with percentage of water in the medium, the fact remains that most
the data recorded for N-confused calixpyrrole and its fluoride simple receptors and sensors that utilize hydrogen bonding to
complex. We feel that these studies lend additional credibility establish the complex do not operate successfully in vfater.
to the binding mode anion proposed for N-confused calix[4]-  We have previously demonstrated that some polyurethanes
pyrroles. are capable of extracting anions from water and aqueous

Interestingly, the'H NMR titrations of TCE-2C andAzo-2 buffers#2:6¢ Such materials doped with anion sensors utilizing
with fluoride showed a slightly different behavior of chemical hydrogen bonding to establish receptanion complexes may
shift changes from that a with fluoride. Upon the addition  then be successfully used in conjunction with polymer matrices
of fluoride to aTCE-1 solution, four NH proton singlet signals  thereby yielding anion sensors compatible with pure wéiét.
of a freeTCE-1 disappeared and four new NH proton doublet Based on this premise, we have developed a sensing assay using
signals appeared corresponding to the formation of a complex80 (8 x 10) wells (230+ 10 um @, 230+ 10 um deep, Figure
(Figure 12a}? On the other hand, titrations GCE-2C with 13) microwell plates. Polyurethane doped with sensors were
fluoride showed that the imine proton signal disappeared and solution-cast to create ca. a 5000 um coating in each
three pyrrole NH signals in noninverted pyrrole rings did not respective hole. Figure 13 shows ax48 section of the assay
show appreciable changes in chemical shifts (Figure 12b). We
believe that this is due to deprotonation of the imine proton by (64) Fiisch, M. J. et. alGaussian O3revision B.04; Gaussian, Inc.: Pittsburgh,
a fluoride anion. The high acidity of the imine hydrogen is (65) Steed, J. W.; Atwood, J. [Supramolecular ChemistryViley: Chichester,
indirectly confirmed by its downfield shift (11.16 ppm in 0
DMSO-dg). While the deprotonation usually results in significant

(66) Aldakov, D.; Palacios, M. A.; Anzenbacher, P., Ghem. Mater 2005
17, 5238-5241.

11502 J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006



Calix[4]pyrrole Isomers ARTICLES

a) TCE-1 b) TCE-2C
NH B-CH « imine NH; B-CH B-CH; »

"~ - l " AJU L
llL 1 A_AM U

0.4 eq. 0.3 eq. | .
0.6 eq. 0.5eq. N
— e A A A __,\_A_,V\J\J\_r)\_ __L_JLM_ A A
1.0 eq. 0.8 eq. .

1.5

1.3 eq. Seq.
I I | I I I L | ! I I 1 I I I ! I I I I ! I I I
14 13 12 11 10 9 62 60 58 56 54 11 10 9 58 56 54 52 50 48

&/ ppm &/ ppm

Figure 12. *H NMR titrations (selected regions) of 1:0 10-2 M solutions of (a)TCE-1 and (b)TCE-2C with fluoride in DMSO+s. The inverted pyrrole
1H resonances iTCE-2C are labeled as follows: imine NHred) ands-CH; (black).
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Figure 13. Microassay utilizingAzo-1, Azo-2, TCE-1, andTCE-2C doped 1 1mM HzP Q4 - 6 1mM CI-

2 1mM HzPQs - + 1mM AcO
3 1mM HzPQs - + 10mM AcO-
4 1mM HaP Oy - + 20mM AcO-
§ 20mM AcC-

polyurethane. The respective anions were administered in pure water (200
nL, 10 mMm).

7 1mM CI + 1mM AcO-
8 1mM CI + 10mM AcO-
9 1mM CI+ 20mM AcO-
10 20mM AcCr

that accommodates sens@zso-1, Azo-2, TCE-1, andTCE- ] - ) o
Figure 14. Competitive microassay utilizingzo-1, Azo-2, TCE-1, and

2C (horlzon'tal_llnes) and blan_k (Water)_, and_ six different  ;5c5c doped polyurethane. Assay A: Sensing of acetate2(® mM)
aqueous anionic analytes (fluoride, chloride, dihydrogenphos- administered as an aqueous solution containing 1 mQ4~. Assay B:
phate, hydrogenpyrophosphate, acetate, and benzoate) in th&ensing of acetate {20 mM) administered as an aqueous solution

vertical lines. The anions used in this assay were added ascontaining 1 mm Ct.

aqueous solutions (200 nL, 10 mM). Interestingly, changes in co|orimetric sensors for aqueous anions, for practical purposes
color observed in the DMS©water solutions (Table 1) e were interested in the possibility of sensing the anions in
correspond in most cases to the color changes observed in thgne presence of competing electrolytes. The selectivity coef-
microassay where purely aqueous anion solutions were usedficients (see Table 1) suggest that it should be possible to sense
While the changes in color in the assay may be clearly observedcarhoxylates in the presence of chloride or phosphate. However,
by a naked eye, one can use a variety of absorption spectroscopyecause these selectivity coefficients were derived from as-
and imaging techniques to record the sensory response generategyciation constants calculated from titration experiments using
by the array. Also, the techniques of evaluating the response i”only one anion, we performed the microarray experiments aimed
the nonspecific sensor arr&ysitilizing pattern recognitiof-%* at sensing of acetate in the presence of dihydrogenphosphate
may provide insight into an analysis of anionic analytes. The (H2P) (Figure 14, assay A) and chloride (CI) (Figure 14, assay
color changes in the array utilizing calixpyrrole-based sensors B), respectively. Both assays confirmed that, indeed, acetate
Az0-1, Azo-2, TCE-1, andTCE-2C suggest that these simple  ay e sensed in water and in the presence of competing anionic
materials may be potentially used for sensing of anions gpstrates. From Figure 14 it is clear that changes in color start
administered as purely aqueous solutions. to be observable at an equimolar concentration of the target
While the previous microassay experiment indicated that analyte/competitor (assay A: column 2 vs column 1) and (assay
materials Azo-1, Azo-2, TCE-1, and TCE-2C can act as  B: column 7 vs column 6). Further increase in the analyte (AcO)
compared to the competitor concentration (assay A: column
2-5), (assay B: column -10) shows a gradual increase in
the color change confirming that the change in color is due to
the presence of the acetate analyte. This result is also significant

(67) (a) Schena, MMicroarray Analysis Willey-Liss: Hoboken, NJ, 2003. (b)
Vlasov, Y.; Legin, A.; Rudnitskaya, A.; Di Natale, C.; D’Amico, Rure
Appl. Chem2005 77, 1965-1983.

(68) Lavigne, J. J.; Anslyn, E. VAngew. Chem., Int. ER001, 40, 3118~
3130.
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for potential application of anion sensing in biological media, order F > HP,0~ > AcO~ > H,PQ,~ > CI-, while the
where chloride and/or phosphate are often present. For examplematerials based on NC-OMCP show the following order of
human blood plasma contains 2 mM phosphate (K#PCand affinities: AcO~ > F~ > HP,0O;8~ > H,PO,~ > CI~. This

6 mM carboxylic acids/carboxylatés. change in the affinity order is understood in terms of symmetry
_ of the receptor and the receptaanion complex, while the
Conclusion difference in color responses between OMCP and NC-OMCP

Six years after being first describ&\-confused octamethy derivatives _is attributed to di_fferent distriputions and _energies
calix[4]pyrrole was prepared on a multigram scale and unam- of the front!er molecular orbitals responsible fqr the intramo-
biguously characterized by X-ray crystallography. As expected, quular partial charge trgnsfer benyggn the resting state and the
the inverted pyrrole of NC-OMCP reacts preferentially at the 2nion complex. The different affinities and color responses
unsubstituted-position in electrophilic aromatic substitutions. between_ OM_CP' and_ NC-OI\/_ICP_-based SEnsors can b_e h_ar-
Most importantly, the anion binding studies using N-confused N€SSed in anion sensing applications. Model colorimetric mi-
calix[4]pyrroles revealed different anion selectivity compared croassays were presented to sense sele_cted anions ad_m_lnlstered
to calix[4]pyrrole. Detailed NMR studies indicated that this " the form ,°f thelr purely aqueous solutions Wh'le p.rowdlng a
rather unusual feature stems from a different binding mode, in cl€@rly distinguishable change in color as a signaling output.
which the anion is bound via three regular pyrrole NHs and Prehmmary_compeutlve assays suggest that these microassays
appears to be in close contact with theCH of the inverted may _p_otentlally be u;efu_l as anion sensors for carboxylates.
pyrrole in a conelike conformation. The materials utilizing the ACtivities toward application of the above sensors for carbox-
N-confused calix[4]pyrrole receptor exhibit a different binding Y!até Sensing in biological milieu are currently under way in
preference compared to the parent octamethylcalix[4]pyrrole OUr laboratory.

receptors. Thus a small difference in structure induces significant Acknowledgment. P.A. gratefully acknowledges support from
changes in supramolecular behavior. Finally, two pairs of o Affred P. Sloan Foundation, BGSU (Technology Innovations

chromogenic calix[4]pyrrole isomers were synthesized and Enhancement grant), Kraft Foods, Inc., and the NSF (NER No.
characterized including X-ray crystallography. The anion bind- 0304320, SENSOR No. 0330267)

ing assays revealed an interesting response of these potential

anion sensors to various anions and was shown to follow the  Supporting Information Available: X-ray crystallographic
binding behavior observed for the respective parent receptors.data (CIF files)!H NMR and absorption spectroscopic titration
Thus, regular OMCP-based materials show the anion affinity data for anion binding study (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

(69) Schmidt, R. F.; Thews, Gluman Physiology2nd ed.; Springer-Verlag:
Berlin, 1989. JA0622150
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