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Chromogenic Bis(urea) Spherands: Synthesis and Complexation of Lithium 
and Sodium Ions 
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Syntheses of two novel 18-membered bis(urea) spherands bearing 2,4,64rinitroanilino and 4-(diethyl- 
amino)phenylazo chromophores are described. The UV-vis spectral changes in the presence and absence of Na+ 
and Li+ ions are reported at pH optima. Chromogenic spherand 2 exhibits selectivity for Na+ over Li+ in 
chloroform-water extractions. In contrast, Li+ ions are bound better than Na+ by both spherands in homogeneous 
aqueous media. The pK, values are determined for spherand 2 with Na+ and Li+ in 10% aqueous diethylene 
glycol monoethyl ether (DEGMEE). The extraction constants (Kex) for K+, Na+, and Li+ are determined for 
2 in chloroform saturated with water, and the extraction selectivity order is Na+ > Li+ > K+. 

Introduction 
Chromogenic indicator systems based on macrocyclic 

hosta have been investigated wide€y for more than a dec- 
ade.1-3 More recently, several chromoionophores derived 
from powerful binders, such as spherands4 and crypta- 
hemispherands? were reported. The high preorganization 
for binding present in cryptahemispherands made their 
complexation with alkali metal ions less solvent dependent6 
and, for the first time, allowed practical application of such 
systems for determination of sodium and potassium in 
aqueous mediae7+ 

It was demonstrated by Cram that appropriate incor- 
poration of anisyl and cyclic urea units into macrocyclic 
structures provided hosta preorganized for strong com- 
plexation of alkali metal and ammonium ~ations.~*'~ Due 
to our continuing interest in chromogenic ionophores for 
determination of physiologically important ions in blood 
and other biological fluids, we focused our attention on a 
recently reported bis(urea) sperand l .13 The lgmembered, 
highly preorganized host 1 incorporates three p-methyl- 
anisyl and two cyclic urea units and binds Na+ almost as 
strongly (-AG(CDCl,) = 19.1 kcal-mol-') and selectively 
as some of the ~ryptahemispherands.'~ 

Earlier, it had been shown that the strong binding and 
selectivity observed for nonchromogenic hosta was largely 
retained by closely related ~hromoionophores.4~~ Thus, we 
decided to synthesize chromoionophores derived from 1 
to study their potential application for colorimetric de- 
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Chapoteau, E.; Czech, B. P.; Gebauer, C. R.; Helgeson, R. C.; Kumar, A.; 
Leong, K. Technicon Instruments Corp. US Patent US 4.858.606 Aug 22, 
1989. 
(8) (a) Czech, B. P.; Chapoteau, E.; Zazulak, W.; Gebauer, C. R.; Ku- 

mar, A. Anal. Chim. Acta 1990, 241, 127. (b) Czech, B. P. Technicon 
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(11) Cram, D. J.; Dicker, I. B.; Lauer, M.; Knobler, C. B.; Trueblood, 
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termination of sodium and lithium in aqueous solutions. 
In the past, the ionizable picrylamine chromophore was 
used extensively in combination with various types of 
macrocyclic ionophores. The nonionizable azo-type 
chromophore was usually associated with chromogenic 
indicators containing phenol To our knowledge, 
a combination of the azo-type chromophore with nonion- 
izable cyclic ionophores has been studied rather sparsely? 

In this paper we wish to report synthetic strategies which 
were employed to incorporate 2,4,6-trinitroanilino and 
4-(diethylamino)phenylazo chromogenic groups into the 
core spherand structure as well as to discuss chromogenic 
properties of the new indicators 2 and 3. 

Results and Discussion 
Syntheses. The known acid 415 was treated with a 

HN03-H2S0, mixture to give nitro compound 5 in 80% 
yield. A clean conversion of 5 to acid chloride 6 (84%) was 
accomplished at  room temperature with oxalyl chloride in 
benzene. Refluxing 6 with SOCll gave 6 contaminated with 
byproducta. A simplified literature procedure13 was ap- 
plied to convert acid chloride 6 into bis(acy1azide) 7. Due 
to potential explosiveness, azide 7 was directly rearranged 
to bis(isocyanate) 8, which again, without isolation, was 
treated with 2 equiv of known amine 913 to produce bis- 

(15) (a) Burton, D. E.; Clarke, K.; Gray, G. W. J. Chem. Soc. 196S, 438. 
(b) Ho, S. P. Ph. D. Dissertation, University of California, Loa Angeles, 
1985. 
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Table I. UV-vis Spectral Characteristics (A,-, nm and 
((A,-)) of Chromogenic Compounds 2 and 3 in 

H2O-DEGMEE (90 + 10, V/V) 

compd form' A,, nm 4&llu) 
2 L- 446.6 16 700 

HL 380.0 13 700 
3 L 474.0 27 680 

H+L 525.0, 340.0 4760, 19860 

a L- is fully ionized ligand 2 and L is fully deprotonated ligand 3 
in 0.1 M (TMAIOH; HL is nonionized ligand 2 and H+L is pro- 
tonated ligand 3 in 0.1 M HCl. 

z 
M NO, 

17 NH. 
i '  

Br NO2 

A two-phase reaction of 10 with 1,3-propanediol dito- 
sylate run for 7 days at room temperature, in a NaOH- 
H20-benzene system and with benzyltriethylammonium 
bromide as a catalyst, afforded bridged bis(urea) com- 
pound 11 in 48% yield. When the same reaction was run 
for 3 days at reflux the elimination reaction prevailed and 
only a very complicated mixture of products was obtained. 
The nitro group of 11 was reduced to the amino group of 
12 (55%) with Fe(CO)& Amine 12 was treated with picryl 
chloride in NaHC03-CH30H to give 13 (82%). Bromi- 
nation of 13 with HBr gas in CHC13 afforded dibromide 
14 in 91% yield. 

The macrocyclic ring formation which involved high 
dilution reaction of dibromide 14 with Na&9H20 in eth- 
anol-benzene produced spheraplex 2nNaBr in 41% yield. 
Spherand 2 was fully characterized as ita complex with 
LiBr. 

A different strategy was applied to synthesize the second 
chromogenic spherand 3. Benzyl ether 11 was treated with 
HBr in CHC13 to provide dibromide 15 (95%). High di- 
lution cyclization of 15 with Na2S-9H20 gave spheraplex 
16-NaBr in 35% yield. Treatment of 16 with Fe(C0)516 
afforded amine 17 (34%) which was then diazotized with 
NaN02-HC1 and coupled with NJV-diethylaniline to 
produce the monohydrate of spherand 3 in 60% yield. 
Spherand 3 was fully characterized as ita complex with 
NaBr. 

Spectral Characteristics of Chromogenic Com- 
pounds 2 and 3. Wavelength maxima (A,& and molar 
absorptivities (4 of the acid and base forms of the chro- 

(16) Abbayes, H.; Alper, H. J. Am. Chem. SOC. 1977,99,98. 

Table 11. Spectral Responses of Chromogenic Spherands 2 
and 3 to Sodium and Lithium at pH Optimuma and pK, 

Values of Spherand 2 and Its Complexes in H20-DEGMEE 
(90 + 10, v/v) at 25 OC 

optimum 
compd pH formb X,,nm e(X,) PK,c 

2 9.0 Lf 406 12 OOO 8.95 f 0.07 
NaL 424 12 240 8.83 f 0.03 
LiL 435 13 070 8.63 f 0.01 

3 2.5 Lf 527; 343 4670; 19230 NDd 
NaL 520; 337 5550; 19690 ND 
LiL 522; 338 5700; 18930 ND 

' Buffers: pH 9.0, 0.1 M CHES ((cyclohexy1amino)ethane- 
sulfonic acid); pH 2.5, 0.1 M MES (2-(N'-morpholino)ethane- 
sulfonic acid. *Lf is the uncomplexed ligand; NaL and LiL ie the 
compound in the presence of large excess of sodium and lithium 
ions, respectively. cpK, values are averages of three determina- 
tions standard deviation. 

mogenic spherands 2 and 3 are recorded in Table I. To 
suppress ionization of the N-H bond in 2 and to ensure 
protonation of azo and/or amine nitrogens in 3 and 
thereby to obtain the HL and H+L spectra, respectively, 
absorbances were determined in 0.1 M HCl. Likewise, full 
ionization of the N-H bond in 2 and deprotonation of 3 
was ensured by using 0.1 M TMA(0H) when obtaining L- 
and L form spectra, respectively. 

The chromophore system of spherand 2 exhibited the 
absorption maximum for the acid form at 380 nm which 
upon full ionization shifted bathochromically to -447 nm 
with an increase in the molar absorptivity. It is interesting 
to note that two absorption maxima at 525 and 340 nm 
were obse~ed for the acid form of spherand 3. According 
to the literature datal7 concerning similar aminoazobenzene 
systems, the shorter wavelength maximum should be as- 
signed to the amino nitrogen-protonated system while the 
azo nitrogen-protonated system gives rise to the absorption 
at the longer wavelength. It is apparent that for compound 
3 in 0.1 M HC1 the amino nitrogen-protonated form dom- 
inates over the azo nitrogen-protonated species. 

The deprotonated form (L) of 3 showed only one ab- 
sorption maximum at 474 nm and a substantial increase 
in the molar absorptivity. 

Cation Responses. Due to our interest in the colori- 
metric determination of physiologically important sodium 
and lithium, responses of the two novel chromogenic 
spherands 2 and 3 to the presence of large excesses (100- 
200-fold) of sodium and lithium ions in 10% aqueous di- 
ethylene glycol monoethyl ether (DEGMEE) were deter- 
mined. Absorption maxima and molar absorptivities at 
the pH optima are presented in Table 11. (The pH op- 
timum is defined as the pH at which the largest shift is 
observed between the absorption maxima for the sodium 
(NaL) and lithium (LiL) complexes.) At pH 9.0 for 
chromogenic spherand 2, there is an 11-nm shift in the 
absorption maximum to longer wavelength and a slightly 
higher molar absorptivity for LiL form versus the NaL 
form. A similar trend but with much smaller changes in 
the molar absorptivities at the wavelength maxima of both 
complexes (520 nm for Na+ and 522 nm for Li+) is observed 
at pH 2.5 for chromogenic spherand 3. The Li+ preference 
was also confirmed by the pK, values determined in 10% 
aqueous DEGMEE for spherand 2 (see Table 11). Thus, 
Li+ exhibits greater N-H acidifying power than Na+ 
shifting the pK, from 8.95 for the free ligand (L) to 8.63 
for the LiL complex. 

Not determined. 

(17) Zollinger, H. Color Chemistry: Syntheses, Properties and Ap- 
plications of Organic Dyes and Pigments; V C H  New York, 1987; pp 
106-107. 
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*.O Table 111. Cation Responses of Chromogenic Spherand 2 at 
pH 7.5 and 6.5 in CHCls-HIO 

PH formc LX, nm €(A,..) 

(PI 

7.50 Lf 396.0 12 100 
KL 430.0 14 920 
NaL 446.0 20 150 
LiL 445.0 19 170 

6.5* Lf 385.0 13 500 
KL 388.0 13 400 
NaL 441.0 16 OOO 
LiL 429.0 13 950 

a 0.1 M HEPES (N-(2-hydroxyethyl)piperazine-N'-2-ethane- 
sulfonic acid). * 0.1 M MES (2-(N'-morpholino)ethanesulfonic 
acid). 'Lf is the uncomplexed ligand; KL, NaL, and LiL are the 
compound in the presence of large excess of potassium, sodium, 
and lithium ions, respectively. 

Table IV. Extraction Constantsa (K, and pK,,) of 
Chromogenic Spherand 2 for Potassium, Sodium, and 

Lithium Chlorides at 25 OC in CHC1, Saturated with Water 
K+ Na+ Lit 

K,, 1.03 x io* (*0.2) 1.10 x 104 (ko.1) 1.08 x 10-5 (10.2) 
pK,, 5.99 3.96 4.97 

piperazine-N'-2-ethane~ulfonic acid). 
CHC1,-H20 (pH 7.5; 0.1 M HEPES (N-(2-hydroxyethy1)- 

The data reported above obtained with aqueous systems 
seemingly contradict Cram's observations which reported 
sodium selectivity for the nonchromogenic spherand 1 in 
CHC13-water  extraction^.'^ In fact, when our chromogenic 
spherand 2 was tested in CHC1,-water extractions, it also 
exhibited preference for sodium over lithium confirming 
the earlier results. For comparison, UV-vis spectra of 
sodium and lithium responses in 10% aqueous DEGMEE 
and CHCl,-H,O systems are presented in Figure 1. Re- 
sponses of chromogenic spherand 2 t~ potassium, sodium, 
and lithium at pH 7.5 and 6.5 in CHCl, are recorded in 
Table 111. As the pH of the aqueous phase decreases the 
selectivity of Na+ over Li+ becomes more pronounced since 
sodium is bound more tightly than lithium. Extraction 
constants (KeJ of spherand 2 for potassium, sodium and 
lithium chlorides were also determined (Table IV) and 
showed that the extraction selectivity order is Na+ > Li+ 
> K+. Thus, the dependance of selectivity on the solvent 
becomes apparent. It has been shown before that in the 
absence of other guesta a molecule of water strongly com- 
plexes with spherands containing bis(urea) units spanning 
the two inward-facing carbonyl groups.13 Examination of 
CPK molecular models indicates that to complex sodium 
efficiently both the host spherand and the guest sodim 
cation must be dehydrated. It seems plausible that in 
largely aqueous systems the water molecule strongly bound 
to the host stays there and coparticipates with other 
binding sites in the complexation of lithium ion and that 
is why spherand 2 binds lithium preferentially over sodium. 
In conclusion, chromogenic epherand 2 exhibita potential 

for the colorimetric determination of sodium using pro- 
cedures allowing the extraction mode. Due to the lack of 
adequate selectivity for lithium over sodium in largely 
aqueous solutions the new chromogenic spherands 2 and 
3 are unsuitable for direct colorimetric determination of 
lithium in clinical samples. Disappointingly, the chro- 
mogenic performance of spherand 3 containing the azo- 
type chromophore was inferior to that usually observed 
for the picrylamine-functionalized binders. 

Experimental Section 
General Methods. All melting points are uncorrected. The 

'H and 'W NMR spectra were recorded at 200 and 50 MHz. Fast 

Wsvrknplh lnm) 

0 

Wavelength (nm) 

Figure 1. UV-vis spectra of sodium (NaL) and lithium (LiL) 
responses in (a) 10% aqueous DEGMEE and (b) CHC13-Hz0. 

atom bombardment (FAB) mass spectra were determined using 
m-nitrobenzyl alcohol (NOBA) as the matrix. 

Materials. Unless specified otherwise, reagent-grade reactants 
and solvents were used as received from chemical suppliers. 
Benzene was dried over molecular sieves (4 A). Pyridine was dried 
over KOH pellets. 2-Methoxy-1,3-benzenedicarboxylic acid (4)'" 
and 2-methoxy-3-(methoxymethyl)-5-methylbenzeneamine (9)13 
were prepared according to literature procedures. 
2-Methoxyd-nitro-l,3-benzenedicarboxylic Acid (5). 2- 

Methoxy-l,3-benzenedicarboxylic acid (4) (7.00 g, 35.7 "01) was 
cooled to  0 O C ,  and a cold nitrating mixture (15 mL) made of 
concentrated HzSOl and fuming 90% HN03 (1.81, w/w) was 
added dropwise. After the addition was completed, the mixture 
was stirred at room temperature for 3 h. The yellow viscous liquid 
was poured over ice and the resulting aqueous solution was ex- 
tracted with ether (3 X 20 mL), the combined extra& were dried 
(MgSO,), and the solvent was removed in vacuo to afford a 
pale-yellow solid. The crude product was treated with CHZCl2, 
sonicated, and filtered to give diacid 5 (6.9 g, 80%) as a white 
solid with mp 185.5-187.5 "C: 'H NMR (DMSO-d6) 6 3.91 (8,  
CH,O, 3 H), 8.55 (a, ArH, 2 H). Anal. Calcd for C9H,N0,: C, 
44.83; H, 2.93. Found C, 44.88; H, 3.06. 

2-Methoxy-5-nitro- 1,3-benzenedicarboxylic Acid Chloride 
(6). Oxalyl chloride (13.5 g, 106 mmol) and two drops of dry 
pyridine were added to a suspension of diacid 5 (6.38 g, 26.5 "01) 
in dry benzene (290 mL). The mixture was stirred for 24 h at 
room temperature, an additional 6 mL of oxalyl chloride and two 
drops of pyridine were added, and stirring was continued for 
another 4 days. The mixture was filtered, and the solvent and 
excess oxalyl chloride were removed in vacuo at room temperature 
to produce acid chloride 6 (6.17 g, 84%) as a pale-yellow liquid: 
'H NMR (CDC13) 6 4.05 (a, CH30, 3 H), 8.99 (a, ArH, 2 H). 
N,N"- (2-Met hoxy-5-nitro- 1,j-phenylene) bis[ N'-[ 2-meth- 

oxy-3-(methoxymethyl)-5-methylphenyl]urea J (10). A mod- 
ification of a literature procedure was used. A solution of NaN3 
(3.20 g, 49.2 mmol) in water (27 mL) was added dropwise to a 
solution of acid chloride 6 (5.34 g, 19.2 "01) in acetone (180 mL) 
at 0 "C. The mixture was stirred at this temperature for 50 min, 
poured over ice, filtered, and washed with water. The wet diazide 
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7 was immediately redissolved in toluene, and the organic layer 
was separated from residual aqueous layer and dried (MgS04) 
over 1 h. The drying material was filtered, and the drying was 
repeated. After filtration, the solution was concentrated to about 
110-mL volume by removing excess toluene in vacuo at room 
temperature. The resulting solution was heated at 90 OC for 45 
min, and a solution of aniline derivative 9 (7.66 g, 42.3 "01) in 
toluene (40 mL) was added dropwise to the formed diisocyanate 
8. The mixture was heated at 90 OC for 3 h and stirred overnight 
at room temperature. The precipitate was filtered and washed 
several times with toluene and petroleum ether to yield compound 
10 (7.87 g, 69%) as an amorphous white solid with mp 240-242 
OC dec: 'H NMR (DMSO-dB) 6 2.26 (8 ,  ArCH,, 6 H), 3.32 (8, 
ArCH20CH3,6 H), 3.70 (8,  CH,O,6 H),3.82 (s,CH,O,3 H),4.41 
(8,  ArCH,, 4 H), 6.83 (8 ,  ArH, 2 H), 7.96 (8, ArH, 2 H), 8.82 (8,  
ArH, 2 H), 9.12 (8, NH, 2 H), 9.34 (8, NH, 2 H). Anal. Calcd for 

1,1'-(2-Methoxy-5-nitr0-1,3-phenylene) bis[ tetrahydro-3- 
[ 2-met hoxy-3-( methoxymethyl)-5-methylphenyl1-2( l a ) -py-  
rimidinone] (11). A mixture of urea compound 10 (7.85 g, 13.1 
mmol), 1,3-propaneditosylate (12.7 g, 33.0 mmol), and benzyl- 
triethylammonium bromide (2.7 g, 10 "01) in benzene (260 mL) 
was combined with a solution of NaOH (37.7 g, 0.94 mol) in water 
(77 mL) and vigorously stirred under argon, at Mom temperature, 
over a week. The organic layer was separated, and the aqueous 
layer was extracted with CHzClz (2 X 20 mL). The combined 
organic layers were dried (MgS04), and the solvent was removed 
in vacuo. The dark residue was chromatographed twice on 
deactivated neutral alumina with petroleum ether-EtOAc (1:l) 
to give 11 (4.24 g, 48%) as a pale-yellow glass. Anal. Calcd for 

1,l'- (2-Met hoxy-5-amino- 1,a-phenylene) bis[ tetrahydro- 
3-[ 2-met hoxy-3- (methoxymet hy1)-5-met hylphenyll-2 ( la)- 
pyrimidinone] (12). A mixture of cyclic urea 11 (4.20 g, 6.20 
mmol), Fe(COI5 (2.99 g, 15.2 mmol), 1 N NaOH (120 mL), and 
benzene (120 mL) was vigorously stirred under argon at room 
temperature for 18 h. Benzene (50 mL) was added, and the 
organic layer was separated. The solid residue and the aqueous 
phase were extracted with CHzClz (2 X 20 mL), the combined 
extracts were filtered through Celite and dried (K2C03), and the 
solvent was removed in vacuo. The residue was flash chroma- 
tographed on silica gel with CHzCl2-CH3OH (91) to afford amine 
12 (2.22 g, 55%) as a white solid with mp 265 OC dec: 'H NMR 
(CDCl,) 6 2.10-2.25 (m, CH2CH2CH2, 4 H), 2.26 (8, ArCH,, 6 H), 
3.39 (s,CH20CH3, 6 H), 3.55-3.75 (m, CH, + NH, 10 H), 3.78 (8,  
CH,O, 3 H), 3.82 (8,  CH,O, 6 H), 4.45 (8, ArCH20, 4 H), 6.50 (8, 
ArH, 2 H), 7.05 (8,  ArH, 4 H). Anal. Calcd for CBH4N50,: C, 
64.90; H, 7.00. Found C, 64.97; H, 6.74. 

l,l'-[2-Met hoxy-5-(2,4,6-trinitroanilino)-1,3-phenylene]- 
bis[tetrahydro-3-[2-methoxy-3-(methoxymethyl)-5-methyl- 
phenyl]-2(lH)-pyrimidinone] (13). A mixture of amine 12 (2.30 
g, 3.55 mmol), NaHCO, (0.31 g, 3.69 mmol), and picryl chloride 
(0.88 g, 3.55 "01) in methanol (200 mL) was stirred under argon 
for 3 h. The solvent was removed in vacuo, and the residue was 
flash chromatographed on silica gel with CH2C12-MeOH (955) 
to yield 13 (2.52 g, 82%) as a red glass: 'H NMR (CDCl,) 6 
2.12-2.30 (m, ArCH, + CH2CH,CH2, 10 H), 3.37 (8, CH,OCH&, 
6 H), 3.55-3.80 (m, CHzN, 8 H), 3.74 (8, CH30, 6 H), 3.83 (8, CH,O, 
3 H), 4.41 (8,  ArCH20, 4 H), 6.91 (s, ArH, 2 H), 6.95 (8, ArH, 2 
H), 7.05 (e, ArH, 2 H), 8.91 (s, ArH, 2 H). Anal. Calcd for 
CllHIN8013: C, 57.34; H, 5.40. Found: C, 57.08; H, 5.54. 

1,l'-[ 2-Met hoxy-5- (2,4,6-trinitroanilino)- 1,3-phenylene]- 
bis[tetrahydro-3-[2-methoxy-3-(bromomethyl)-5-methyl- 
phenyl]-2( la)-pyrimidinone] (14). Hydrogen bromide gas was 
bubbled through a solution of 13 (2.52 g, 2.93 mmol) in CHC1, 
(250 mL) for 30 min. After being stirred for additional 45 min, 
the solution turned cloudy. More CHCI, (300 mL) was added, 
and the resulting clear solution was poured into 600 mL of water 
and stirred vigorously for 20 min. The organic layer was separated 
and dried (MgS04), and the solvent was removed in vacuo. The 
crude product was flash chromatographed on silica gel with 
CH2C12-MeOH (97:3) to afford dibromide 14 (2.56 g, 91%) as an 
orange-red foam: 'H NMR (CDCl,) 6 2.18-2.33 (m, ArCH, + 
CH,CH2CH,, 10 H), 3.60-3.80 (m, CH2N, 8 H), 3.85 (8 ,  CH,O, 3 
H), 3.88 (8, CH,O, 6 H), 4.49 (s, CH,Br, 4 H), 6.97 (8, ArH, 2 H), 
7.00 (8,  NH, 1 H), 7.01 (8 ,  ArH, 2 H), 7.06 (8, ArH, 2 H), 9.03 (s, 

CZgHBN509: C, 58.28; H, 5.90. Found C, 57.94; H, 5.91. 

C35HaN509: C, 62.03; H, 6.39. Found: C, 62.05; H, 6.54. 
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ArH, 2 H). Anal. Calcd for C39H&!r2NBOll: C, 48.97; H, 4.21. 
Found: C, 48.39; H, 4.25. 

29,30,32-Trimet hoxy-9-( 2,4,6-trinitroanilino)-19,27-di- 
methyl-23-thia-2,6,12,16-tetraazahexacycl0[23.3.1.1~~~.1~~~~.- 
1 12J6.1 17J1]t?itriaconta-l (29),7,9,11(32),17,19,21(30),25,27-n0- 
naene-31,33-dione (2). A solution of dibromide 14 (0.45 g, 0.47 
mmol) in benzene (22 mL) was added via syringe pump to a 
vigorously stirred suspension of NazS-9Hz0 (0.37 g, 1.56 mmol) 
in absolute EtOH (135 mL) over 13 h. After the addition was 
completed, the mixture was stirred an additional 12 h, the solvent 
was removed in vacuo, and the residue was flash chromatographed 
on silica gel with CH2C1,-MeOH (952 - 8020) containing 1% 
(wt/v) NaBr to get spherand 2.NaBr (0.18 g, 41%) as a dark red 
glass: 'H NMR (CDCl,) 6 2.21 (8, ArCH,, 6 H), 2.25-2.55 (m, 
CH2CH2CH2, 4 HI, 3.78-4.06 (m, CHzN + CH2S, 12 H), 4.13 (8, 
CH30, 3 H), 4.15 (8, CH30, 6 H), 6.85 (8, ArH, 2 H), 6.92 (a, ArH, 
2 H), 6.95 (8, ArH, 2 H), 8.96 (8,  ArH, 2 H); MS (FAB, NOBA) 
m / e  851 (M + Na+, 27). 

The free macrocycle 2 was obtained by extensive washing of 
a CHzClz solution of 2-NaBr with deionized water: "MR (CDClJ 
6 2.10 (8, ArCH,, 6 H), 2.15-2.40 (m, CH2CH2CH2, 4 H), 3.60-4.05 
(m, CHzN + CH2S + CH30, 21 H), 6.79 (brs, ArH, 6 H), 8.96 (8,  
ArH, 2 H). 

A lithium spheraplex 2.LiBr was obtained by mixing 1 and 
LiBr in methanol: 'H NMR (CDCl,) 6 2.20 (8 ,  ArCH,, 6 H), 
2.25-2.35 (m, CH2CH2CH2, 4 H), 3.75-4.20 (m, CH2N + CHPS 
+ CH30, 21 H), 6.84 (8,  ArH, 2 H), 6.91 (8 ,  ArH, 2 H), 6.97 (8,  
ArH, 2 H), 8.94 (8, ArH, 2 H); 13C NMR 6 21.03 (CH,), 23.07 

(CH30), 118.97, 127.61, 128.41, 130.72, 131.29, 135.38, 136.34, 
137.15, 138.36, 138.63, 139.22, 152.32, 152.63 (Ar), 155.48 [N- 
(C=O)N]. Anal. Calcd for C3gHa8011S-LiBr: C, 51.16; H, 4.40. 
Found: C, 51.14; H, 4.52. 

l,l'-(2-Methoxy-5-nitro-l,3-phenylene)bis[ tetrahydro-3- 
[ 2-met hoxy-3- (bromomet hyl) -5-met hy 1 p heny l l-2( 1 H) -pyri- 
midinone] (15). Hydrogen bromide gas was bubbled for 45 min 
through a solution of 11 (3.80 g, 5.61 mmol) in CHCl, (500 mL) 
and stirred for 1 h at room temperature. Water (500 mL) was 
added, and the mixture was stirred vigorously for 30 min. The 
organic layer was separated and dried (Na2S04), and the solvent 
was removed in vacuo. The crude product was recrystallized from 
petroleum ethepEtOAc (1:l) to afford dibromide 15 (4.2 g, 95%) 
as pale-yellow crystals with mp 148-150 "C: 'H NMR (CDC1,) 
6 2.18-2.35 (m, ASH3 + CH2CH2CH2, 10 H), 3.60-3.85 (m, CH2N, 
8 H), 3.92 (8 ,  CH30, 6 H), 3.97 (s, CH30, 3 H), 4.50 (8, CHzBr, 
4 H), 7.05 (8,  ArH, 2 H), 7.08 (8 ,  ArH, 2 H), 8.10 (8,  ArH, 2 H). 
Anal. Calcd for C33H37Br2N50,: C, 51.11; H, 4.81. Found: C, 
51.17; H, 4.66. 

29,30,32-Trimet hoxy-9-nitro- 19,27-dimet hyl-23-t hia- 
2,6,12,16-tetraazahexacyclo[23.3.1.12~6.17~11.1 1z,16.117J1]tritria- 
conta- 1 (29),7,9,11(32),17,19,21(30),25,27-nonaene-3 1,33-dione 
(16). A solution of dibromide 15 (0.77 g, 1.00 mmol) in ethanol 
(50 mL) was added to a suspension of Na2S.9H20 (0.80 g, 3.33 
mmol) in ethanol (300 mL) during 20 h. The reaction mixture 
was stirred at room temperature for an additional 24 h. The 
solvent was removed in vacuo, and the residue was flash chro- 
matographed on silica gel with CH2C12-MeOH (93:7) to produce 
sodium spheraplex 16 (0.23 g, 35%) as a yellow foam: 'H NMR 
(CDClJ 6 2.24 (s,ArCH3, 6 H), 2.30-2.60 (m, CH,CH2CH2, 4 H), 
3.80-4.18 (m, CH2N + CH2S, 12 H), 4.23 (8,  CH,O, 6 H), 4.30 (8, 
CH3, 3 H), 6.90 (s, ArH, 2 H), 6.95 (8, ArH, 2 H), 8.03 (s, ArH, 
2 H). Anal. Calcd for C33H37N507S-NaBr.0.5 H20: C, 52,18; H, 
5.04. Found: C, 52.09; H, 5.42. 
29,30,32-Trimethoxy-19,27-dimet hyl-9-amino-23-thia- 

2,6,12,16-tetraazahexacyclo[23.3.1.1z~6.17~11,1 12,16.117J1]tritria- 
conta- 1 (29),7,9,11(32),17,19,2 1 (30),25,27-nonaene-31,33-dione 
(17). 1 N NaOH (0.84 g, 21.0 mmol) and Fe(CO)5 (0.36 mL, 2.73 
mmol) were added to a solution of 16 (0.55 g, 0.86 mmol) in 
benzene (21 mL), and the mixture was stirred under argon at room 
temperature for 16 h. Benzene (20 mL) was added, and after 
stirring for 30 min the organic layer was separated and dried 
(NazS04) and the solvent was removed in vacuo. The crude 
reaction product was flash chromatographed on silica gel with 
CH2Cl2-MeOH (82) containing 1% (wt/vol) NaBr to give amine 
17 (0.17 g, 34%) as a beige foam: IH NMR (CD,OD) 6 2.17 (e, 
ArCH3, 6 H), 2.20-2.30 (m, CHzCHzCHz, 4 H), 3.65-4.05 (m, CHzN 

(CH2CHZCH2), 36.18 (CHZS), 48.38, 48.65 (CHZN), 65.19, 65.67 
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+ CH2S, 12 HI, 3.90 (8, CH30, 6 HI, 4.03 (8,  CH30, 3 HI, 6.39 (8, 
ArH, 2 H), 6.84 (8,  ArH, 2 H), 6.90 (8, ArH, 2 H). Anal. Calcd 
for C&I&50&N&~.5H20 C, 53.66, H, 5.59. Found: C, 53.74; 
H, 5.78. 

29,30,32-Trimethoxy-S-[ (4-nitrophenyl)azo]-l9,27-di- 
met hy l-234 hia-2,6,12,16-tetraazaheracyclo[ 23.3.1 .1*ve. 1's l.- 
112J6.11721]tritriaconta-l (29),7,9,11(32),17,19,21(30),26,27-no- 
naene31,33dione (3). A solution of amine 17 (0.20 g, 0.32 mmol) 
in a mixture of glacial acetic acid (6 mL) and 1 N HC1 (1 mL) 
was cooled to 0 OC, and a solution of NaN02 (40 mg, 0.58 "01) 
in a small amount of water was added. After the solution was 
stirred for 10 min a solution of Nfl-diethylaniline (0.10 g, 0.67 
mmol) in THF (4 mL) was added dropwise, and the mixture was 
stirred overnight at room temperature. The acid was neutralized 
with solid NaHC03, the solvent was removed in vacuo, and the 
residue was flash chromatographed on silica gel with CH2C12- 
MeOH (91) to give a fraction which was redissolved in CH2C12 
and washed extensively with deionized water. The solvent was 
removed in vacuo to produce a monohydrate of spherand 3 (0.15 
g, 60%) as a light brown glass: 'H NMR (CDClJ S 1.19 (t, 

(m, CH2CH2CH2, 4 H), 3.40 (9, CH2CH2N, 4 H), 3.65-4.10 (m, 
CH2N + C H a  + CH30, 21 H), 6.66 (d, ArH, 2 H), 6.83 (8, ArH, 
4 H), 7.62 (8, ArH, 2 H), 7.73 (d, ArH, 2 H); I3C NMR S 12.85, 

(CH$J), 61.19,62.19 (CH30), 111.43,120.53,125.40,128.94,129.92, 
132.83, 133.03, 143.68, 148.75, 150.27, 154.29, 154.83 (Ar), 157.83 
[N(C=O)N]. 

The sodium spheraplex 3.NaBr was obtained by mixing 3 with 
NaBr in methanol, followed by short column chromatography 
(silica gel; CH2C12-MeOH (9:l)): 'H NMR (CDCl3) S 1.20 (t, 
CH3CH2, 6 H), 2.19 (8, CH3Ar, 6 HI, 2.30-2.50 (m, CH2CH2CH2, 
4 H), 3.41 (q, CH3CH2N, 4 H), 3.75-4.25 (m, CH2N + CH2S + 
CH30, 21 H), 6.67 (d, ArH, 2 H), 6.82 (e, ArH, 2 H), 6.93 (8, ArH, 
2 H) 7.61 (8, ArH, 2 H), 7.76 (d, ArH, 2 H); '3c NMR 6 12.82,20.99 

65.37,65.67 (CH30), 111.47,119.47,128.43,130.52,131.25,136.13, 

(C-O)N]; MS (FAB NOBA) m/e 800 (M + Na+, 63%). Anal. 
Calcd for CaHS1N7O&NaBr.0.5 HzO: C, 58.03; H, 5.89. Found 
C, 57.89; H, 5.63. 

UV-vis Spectroscopic Properties of Chromogenic Com- 
pounds 2 and 3 and Determination of pK, Values. Chro- 
mogenic compounds 2 and 3 were dissolved in diethylene glycol 
monoethyl ether (DEGMEE) to make a stock solution of 1.0 X 
le2 M. For the nonionized form, solutions were made from 0.02 
mL of the stock solution (2), 0.2 mL of DEGMEE, and 1.8 mL 

CH3CHa 6 H), 1.91 (bre, H20,2 H), 2.12 (8, M H 3 , 6  H), 2.Xk2.50 

20.76 (CH3), 23.89 (CH,CH2), 33.87 (CHZS), 44.92,48.67,48.75 

(CH3), 23.16 (CH2CH2CH2), 36.17 (CHzS), 45.00,48.67 (CHZN), 

137.33, 137.76, 143.31, 151.03, 152.52, 154.30 (Ar), 155.65 [N- 

Chapoteau et  al. 

of 0.1 M HC1 and 0.01 mL of the stock solution (3), 0.2 mL of 
DEGMEE, and 1.8 mL of 0.1 M HC1 and scanned in a 1-cm- 
pathlength cuvette from 700 to 300 nm with a Cary-3 spectro- 
photometer. Molar absorptivities (e) at wavelength maxima (A-) 
were calculated according to Beer's law. A similar procedure was 
applied for the ionized form where 0.1 M HCl was substituted 
by 0.1 M TMA(0H). 

For the pK, determinations, absorbances were measured at the 
acid and base wavelength maxima of the chromogenic compounds 
in B zwitterionic buffer ((cyclohexy1amino)ethanesulfonic acid 
(CHES)) at  pH values equal to the pK, and the pK, f 0.5 units. 

Responses to Sodium and Lithium in 10% Aqueous 
DEGMEE. The reagents for obtaining sodium and lithium re- 
sponses consisted of 1.0 X lo-' M (2) and 5.0 x lob M (3) in 10% 
(v/v) DEGMEE/water and an appropriate buffer (Table II). Final 
concentrations of sodium and lithium ions in each cuvette was 
1.0 x M. 

Responses to Potassium, Sodium, and Lithium in 
CHCl,-Water. Equal volumes (3.0 mL) of a chloroform solution 
of 2 (1.0 x lo-' M) and an aqueous solution made of an appropriate 
buffer (0.1 M MES (2-(N'-morpho1ino)ethanesulfonic acid) for 
pH 6.5 and 0.1 M HEPES (N-(2-hydroxyethyl)piperazine-N'-3- 
propanesulfonic acid) for pH 7.5) containing from 0 to 0.04 M 
KCl, NaCl, and LiCl, respectively, were vortexed in a test tube 
for 2 min. The organic phase was separated and scanned from 
700 to 300 nm on a Cary-3 spectrophotometer (Table 111). 

Determination of Extraction Constants. Chloroform so- 
lutions of chromogenic spherand 2 (4.0 X 106-2.0 x lo-' M) were 
vortexed with solutions of 0.1 M HEPES (pH 7.5) containing fixed 
concentrations of metal ions ([K+] 3.3 X lo", [Na+] 5.0 X 
[Li+] 4.8 x lo-'). Absorbances were recorded a t  wavelength 
maxima of the complexes, i.e., at  445 nm for NaL and LiL and 
at  430 nm for K&. Baaed on these data the extraction constants 
were calculated for 2 according to the literature procedure.18 
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