
7414 

(3) (a) Y. Shahak, D. M. Chipman, and N. Shavit, Proc. Int. Congr. Photosynth., 
3d, 859 (1974); (b) G. L. Tolman, J. R. Barrio, and N. J. Leonard, Bio
chemistry, 13, 4869 (1974). 

(4) Abbreviations following the IUPAC-IUB Commission on Biochemical No
menclature recommendations [J. MoI. Biol., 55, 299 (1971)] are used 
throughout. The abbreviation "«" stands for etheno, so that e-Cyd is 
3,W'-ethenocytidine or 5,6-dihydro-5-oxo-6-/3-D-ribofuranosylimidazo[ 1,2-
c]pyrimidine, e-Cyt is S.W-ethenocytosine, E-NCD+ is nicotinamide 
S.W-ethenocytosine dinucleotide, and c-Ado is l./v^-ethenoadenosine. 

(5) J. C. Greenfield, N. J. Leonard, and R. I. Gumport, Biochemistry, 14, 698 
(1975). 

(6) N. K. Kochetkov, V. N. Shibaev, and A. A. Kost, Tetrahedron Lett., 1993 
(1971). 

(7) (a) J. R. Barrio, J. A. Secrist III, and N. J. Leonard, Biochem. Biophys. Res. 
Commun., 46, 597 (1972). (b) The fluorescence lifetime reported therein 
for e-Cyd-HCI was in error. 

(8) A. P. Razjivin, A. A. Kost, and V. N. Shibaev, Stud. Biophys., 51, 29 
(1975). 

(9) R. D. Spencer, G. Weber, G. L. Tolman, J. R. Barrio, and N. J. Leonard, Eur. 
J. Biochem., 45, 425 (1974). 

(10) A. H.-J. Wang, J. R. Barrio, and I. C. Paul, J. Am. Chem. Soc, preceding 
paper in this issue. 

(11) D. T. Browne, J. Eisinger, and N. J. Leonard, J. Am. Chem. Soc., 90, 7302 
(1968). 

(12) D. L. Cole, Ph.D. Thesis, University of Illinois, 1975. 
(13) R. D. Spencer and G. Weber, Ann. N. Y. Acad. ScI., 158, 361 (1969). 
(14) R. D. Spencer, W. M. Vaughn, and G. Weber in "Molecular Luminescence", 

E. C. Lim, Ed., W. A. Benjamin, New York, N.Y., 1964, p 607. 
(15) (a) W. L. Mosby, Chem. Heterocycl. Compd., 12,460(1961); (b)J.D. Bower, 

J. Chem. Soc, 4511 (1957). 
(16) W. W. Paudler and H. L. Blewitt, J. Org. Chem., 31, 1295 (1966), showed 

that alkylation of imidazo[1,2-a]pyridines takes place on N1. 
(17) t-Cytidine proved resistant to hydrolysis even in 2 M HCI at reflux.12 Cy-

clization of cytidine with chloroacetaldehyde appears then not to have 
affected the stability of the glycosidic linkage. Cytidine itself is stable, in 
contrast to purine ribonucleosides, in 1 M HCI at 100 "C (G. A. Robinson, 
R. W. Butcher, and E. W. Sutherland, "Cyclic AMP", Academic Press, New 
York, N.Y., 1971, p 61). 

(18) D. M. Jameson, R. D. Spencer, and G. Weber, Fed. Proc, Fed. Am. Soc 
Exp. Biol., 33,557(1974). 

(19) N. K. Kochetkov, V. N. Shibaev, A. A. Kost, A. P. Razjivin, and A. Yu. Bo-
risov, Nucleic Acid Res., 3, 1341 (1976), report the pKa for 6, with R' = 

Macrocyclic polyethers have drawn attention in both 
chemistry and biology to selective complexation of various 
metal cations.1,2 These compounds are characterized by a 
hydrophilic cavity in their centers in which metal cations are 
selectively bound depending on their ionic diameters. Such a 
cavity is covered with hydrophobic alkyl chains which are also 
indispensable for the complex with metal cations to go through 
lipophilic biological membrane. Most synthetic ligands are 
composed of the linear -CH2OCH2- unit as a principal chain 
component. We also know that some of the antibiotic iono-

5'-phosphoribosyl and Y = CH3, as 4.6, and with R' = 5'-phosphoribosyl 
and Y = C6H5, as 3.3. 

(20) A. J. Pesce, C. G. Rosen, and T. L. Pasby, "Fluorescence Spectroscopy", 
Marcel Dekker, New York, N.Y., 1971. 

(21) E. R. Blout and M. Fields, J. Am. Chem. Soc, 70, 189 (1948). 
(22) W. Hug and I. Tinoco, Jr., J. Am. Chem. Soc, 95, 2803 (1973). 
(23) W. Hug and I. Tinoco, Jr., J. Am. Chem. Soc, 96, 665 (1974). 
(24) C. A. Parker in "Photoluminescence of Solutions", Elsevier, Amster

dam-London-New York, 1968. 
(25) See, for example, G. J. Karabatsos and F. M. Vane, J. Am. Chem. Soc, 

85,3886(1963). 
(26) P. J. Black, M. L. Heffernan, L. M. Jackman, Q. N. Porter, and G. R. Un

derwood, Aust. J. Chem., 17, 1128 (1964). 
(27) M. Fraser, A. Melera, B. B. Molloy, and D. H. Reid, J. Chem. Soc, 3288 

(1962). 
(28) W. W. Paudler apd J. E. Kiffler, J. Org. Chem., 31, 809 (1966). 
(29) M. Martin-Smith, S. T. Reid, and S. Sternhell, Tetrahedron Lett., 2393 

(1965). 
(30) K. Takahashi, T. Kanda, F. Shoji, and Y. Matsuki, Bull. Chem. Soc. Jpn., 

38,508(1965). 
(31) C. D. Jardetzky and O. Jardetzky, J. Am. Chem. Soc, 82, 222 (1960). 
(32) CICD2CHO was prepared by hydrolysis of chloroacetaldehyde dimethyl 

acetal in 50% sulfuric acid in D2O. Deuteration was established by the NMR 
spectrum of the 2,4-dinitrophenylhydrazone derivative. 

(33) J. A. Secrist III, J. R. Barrio, N. J. Leonard, and G. Weber, Biochemistry, 
11,3499(1972). 

(34) (a) M. Yanai, S. Takeda, T. Baba, and K. Kitagawa, Yakugaku Zasshi, 94, 
1503 (1974); (b) D. G. Bartholomew, P. Dea, R. K. Robins, and G. R. Re-
vankar, J. Org. Chem., 40, 3708 (1975); (c) D. G. Bartholomew, J. H. 
Huffmann, T. R. Matthews, R. K. Robins, and G. R. Revankar, J. Med. Chem., 
19, 814 (1976). (d) Both groups failed to observe long-range couplings that 
are common to the 3-H and 8-H resonances. 

(35) lmidazo[1,2-a] pyridine appeared to us to be a closer model than imid-
azo[1,2-c]pyrimidine. Even though protonation gives predominantly one 
cation (protonation at N1) in imidazo[1,2-c]pyrimidine, the possible con
tribution of cationic species protonated on the less basic nitrogen (N6) [W. 
L. F. Armarego, J. Chem. Soc, 2778 (1965)] would introduce uncertainty 
into the analysis of the fluorescence results. 

(36) The ultraviolet and emission fluorescence spectra of the neutral species 
of imidazo [ 1,2-a] pyridines are very similar to those of indolizine, but red 
shifts in both spectra are observed with the latter [D. A. Lerner and E. M. 
Evleth, Chem. Phys. Lett., 15, 260 (1972)]. 

phores, e.g., actins, nigericin, and monensin, contain tetrahy
drofuran units. Tetrahydrofuran is thought to have a potential 
utility as a macrocyclic chain component because of its greater 
donor ability as well as its hydrophilic and lipophilic bal
ance. 

In this paper, we describe the preparation of some new 
macroheterocycles containing tetrahydrofuran as a main 
constituent with a variation of ring size.3 These compounds are 
demonstrated to extract alkali metal cations including am
monium and silver ions into organic media with preference 
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Scheme I 
H1C 

R Ri R 

3a, R = R1 - H 
b, R = R1 — CH3 
c, R = CH3; R1 = CH2CH2CO2Et 

6a, R = R1 = R2 = H 
b, R = R1 = R, = CH3 

c, R = R1 = CH3; R2 - CH2CH2CO2Et 

9a, R = R1 = R2 = H 
b, R = R1 — R̂  = CH3 
c, R = R1 = CH, R2 = CH2CH2CO2Et 
d, R = CH3; R1 = R2 = CH2CH2CO2Et 

toward metal ions that fit into the cavity. Kinetic study on the 
transport of alkali metal ions through model liquid membrane 
revealed an interesting tendency that the best carrier for a given 
metal ion is a ligand that gives a loose complex rather than a 
strong one in the extraction. 

Results and Discussion 

Synthesis of Macrocycles. The acid-catalyzed condensation 
of furan and acetone or other ketonic compounds was studied 
intensively by Brown et al.3a,b who isolated linear oligomers 
of two to four furan units as well as cyclic tetra- and hexamers 
in the reaction with acetone. We extended this reaction to the 
preparation of potentially important macrocycles possessing 
four, five, and six furan units with variation of the carbonyl 
component. 

Furan and acetone or acetaldehyde were condensed in eth-
anol in the presence of concentrated hydrochloric acid to give 
linear oligomers possessing two, three, and four furan units (1, 
2, and 3, respectively). Linear pentamer and hexamer (4 and 
5) were prepared from their smaller fragments 2 and 3 through 
their condensation with acetone. These linear oligomers were 
cyclized with acetaldehyde, acetone, or ethyl levulinate in the 
presence of hydrochloric acid to provide the macrocyclic 
compounds 6-8. In the preparation of some cyclic tetramers, 
the addition of lithium salts raised the cyclization yield con
siderably possibly by the so-called template effect.30 The furan 
unit of these macrocycles was hydrogenated over ruthenium/ 

carbon or ruthenium-rhodium/carbon in ethanol to yield 
isomeric mixtures of the designed macrocyclic compounds 
9-11 composed of tetrahydrofuran unit. No attempt was un
dertaken here to separate these isomers. Combination of ru
thenium-rhodium catalyst greatly diminished the hydroge-
nolysis of macrocycles containing ester functionality. Scheme 
I illustrates the whole aspect of the present syntheses. 

Complexation Studies in Organic Solvent. The ability of 
these macrocycles to bind metal cations was examined by 
equilibrating a chloroform solution of each macrocycle with 
aqueous picrate solutions. Metal picrates, nearly insoluble in 
chloroform except for lithium picrate, are extracted with 
complex formation, and the decrease in absorbance of the 
picrate in aqueous phase was taken to be a measure of ef
ficiencies of macrocycles as a complexing agent for the cation.4 

The results are listed in Table I. 
A clear tendency to be noted is the close relation between 

the hole size of macrocycles and the ionic diameter of metal 
cations to be partitioned most favorably. The smallest cyclic 
tetramer 9 discriminates between lithium or sodium and the 
other cations with preference for lithium. It should be worth 
emphasizing that there is a complete discrimination between 
sodium and potassium ions in the cases of 9a and 9b. The 
pentamer 10 maximally complexes potassium with less com
plexation of the adjacent sodium and rubidium ions and rejects 
both the smallest lithium and the biggest cesium ions. Cyclic 
hexamer 11 is no longer effective for the binding of most alkali 
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300 350 400 450 
Wavelength ( nm ) 

Figure 1. Change of the absorption of lithium picrate on the addition of 
the ring 9b. The ratio ring 9b-lithium picrate is varied as follows: 0, 0.00; 
1, 0.16; 2, 0.32; 3, 0.64; 4, 0.80; 5, 0.96; 6, 1.12. 

Table I. Extraction of Metal Picrates from Aqueous to Organic 
Phase (%)"-b 

Li+ 

Compd (0.60)c 

9a 96 
9b 84 
9c 39 
9d 6 

10'' ~0 
11 ~0 

Na+ 

(0.95) 

66 
36 
4 
3 
9 

~0 

K+ 

(1.33) 

~0 
~0 

3 
0 

23 
~0 

Rb+ 

(1.48) 

~0 
~0 
~0 

6 
~0 

Cs+ 

(1.69) 

~0 
~0 
~0 

~0 
13 

NH4
+ 

(1.48) 

12 
4 

Ag+ 

(1.26) 

5 

52 
17 

a [Ring] = 7.0 X 10"4 M in chloroform, [metal picrate] = 7.0 X 
10-5 M, [metal nitrate] = 0.1 M. * Blank experiments exhibited no 
observable extraction for all metal picrates. c Values in parentheses 
are the ionic diameter of the metal ions. d [Ring] = 1.0 X 10-3 M. 
Other conditions are identical with those for the remaining runs. 

metal cations and only weakly binds cesium ion. These rela
tionships for alkali metal cations also hold for ammonium and 
silver ions which are bound most favorably by cyclic pentamer 
as expected from their ionic diameters. 

The substituent of the cycle coming from the carbonyl 
component has a significant effect on the extent of metal ion 
extraction. Of a series of cyclic tetramers, the least substituted 
ring 9a has the best complexing ability. Introduction of methyl 
or carbethoxyethyl substituents decreases the extent of ex
traction, and ligand 9d is almost ineffective. This effect is not 
fully understood but might be attributable to steric inhibition 
by the substituent of the host cycle assuming a geometry fa
vorable to coordination. 

These results might be best explained by assuming 1:1 
complex formation between macrocyclic ligands and mono
valent metal cations. This was confirmed for the combination 
of 9b and lithium picrate as a typical example. The ultraviolet 
spectrum of lithium picrate exhibited two absorptions at 334 
and 410 nm in chloroform solution. On addition of 9b, the 
spectrum changed gradually to a single absorption at 375.5 nm 
with a shoulder near 420 nm (Figure I).5 Variations in the 
absorptions at 320, 375.5, and 395.5 nm with the mole ratio 
of ring to lithium picrate are shown in Figure 2, which clearly 
indicate the 1:1 complex formation. An equilibrium constant 
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Figure 2. A plot of the absorbance vs. the ratio ring 9b-lithium picrate at 
different wavelengths: O, 375.5 nm; 9, 395.5 nm; C, 320 nm. 
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t (h r ) 

Figure 3. Amount of metal picrates in aqueous phase Il as a function of 
time of transport by 9a. The broken lines show the blank amount trans
ported without ring compounds. 

was estimated to be more than IO6 by Rose-Drago's meth
od.6 

Transport of Alkali Metal Cations. The passive transport 
of alkali metal cations through a liquid membrane7 was ex
amined using these macrocyclic compounds as a carrier. The 
metal picrate in the aqueous phase I moves into chloroform 
solution containing a macrocycle with complex formation and 
is liberated to the aqueous phase II. The macrocycles employed 

metal ~^T r i n « ^ f metal 
picrate [^ complex ^ picrate 

aq I CHCl3 aq II 

were 9a, 9b, and 11 as well as dibenzo-18-crown-6. A typical 
run with 9a was illustrated in Figure 3, where the concentra
tions of metal picrate in aq II increased proportionally with 
time. Blank experiments without cyclic carriers showed small 
transport rates. The net rate of transport by a carrier mecha
nism was expressed as differences of apparent rates from blank 
experiments. The transport rates and selectivities are sum
marized in Table II. 

The cyclic tetramer 9a is the most efficient carrier for the 
transport of sodium ion and its transport selectivity over po
tassium ion is calculated to be 9.2. Introduction of more methyl 
substituent (9b) produces a significant decrease of rate and 
N a + / K + selectivity ratio. Cyclic hexamer cannot be a good 
carrier for the selective transport of alkali metal cations. These 
transport rates are of the same order of magnitude as reported 
for antibiotic beauvericin8 or cryptate9 mediated transport of 
metal picrates, although a direct comparison is difficult by 
different experimental arrangements. Dibenzo-18-crown-6, 
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Table II. Transport Rates and Selectivity Ratios of Alkali Metal Picrates through a Liquid Membrane" 

9a 

9b 

11 

Carrier 

Dibenzo-18-crown-6 

Beauvericin' 

Cryptate' ' [2.2.2] 

Cation 

Li+ 

Na + 

K+ 

Li+ 

Na+ 

K+ 

Li+ 
N a + 

K+ 

Rb+ 
Cs+ 

Li+ 

Na+ 

K+ 

Na+ 
K+ 

N a + 

K+ 

Carrier concn 
(10- 3mol/ l . ) 

0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.068 
0.068 
1.5 
1.5 

Picrate concn 
(10-"3 mol/1.) 

2.0 
70 

2.0 
70 

2.0 
2.0 

70 
2.0 

70 
2.0 

70 
70 

2.4 
1.3 
0.83 
2.0 

70 
2.0 

70 
2.0 

10 
10 
10 
10 

Transport rate 
(10 "7 mol/h) 

0.56 
3.75 
1.01 

10.1 
0.11 
0.025 
b 
0.052 
0.46 
0.009 
0.64 
0.63 
0.43 
0.36 
0.09 
0.29 
0.9 
4.62 

40.3 
73.5 

0.022 
0.026 
6.0 
0.3 

Transport selectivity 
L i+ /Na + Na+/K+ 

0.55 9.2 

0.48 5.8 

1.02 

0.06 0.06 

0.85 

20 

" Aq 1 contains 0.1 M metal nitrate, unless otherwise indicated. * Gradual increase of the transport rate was observed. The initial rate was 
lower than that of sodium. c Calculated from ref 8. Aq I contains 1.0 M MCl. d Taken from ref 9. Aq II started at the concentration of metal 
picrate: 1.0 X 10~5 M. 
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t ( h r ) 

Figure 4. Amount of lithium picrate partitioned as a function of time for 
the cases: (—) uptake; ( ) release. The concentration of the ring 9b 
is varied as follows: 9, 6.0 X 10-4M; O, 5.0 X 1O-4M; 3, 3.0 X 10"4M;-
C, 2.5 X 10-4M. 
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Figure 5. Amount of sodium picrate partitioned as a function of time for 
the cases: (—) uptake; ( ) release. The concentration of the ring 9b 
is varied as follows: O, 5.0 X 10"4 M; O, 3.0 X 10-4 M; C, 2.5 X 10"4 

M. 

however, transports metal ions much more efficiently under 
the same experimental conditions. Although the tetrahydro-
furan unit is expected to have greater donor ability to metal 
ions, the transport rate is not very high. This may be due either 
to steric inhibition by the methyl substituent for oxygen atoms 
to coordinate to metal ions or to the slower displacement rate 
of hydrated water from M+(H20)„ by too hydrophobic 
character of macrorings here prepared. 

The effective transport of sodium ion as compared with 
lithium ion is interesting in that tetramers rather prefer lithium 
to sodium in the partitioning (Table I). An effect of optimum 
complex stability for efficient transport of metal ions was 
demonstrated in the cryptate mediated transport experiments.9 

The tetramers 9a and 9b are thought to complex sodium ion 
rather loosely but transport it most efficiently. 

In order to clarify the cause of the apparently contradictory 
behaviors observed for partition and transport, we studied the 

time-concentration profiles for the uptake and release of metal 
picrates by ring 9b from water to methylene chloride and vice 
versa. The courses of uptake and release were traced by mea
suring the absorbances of the complex in the organic phase at 
specified time intervals. The results are shown in Figures 4 and 
5 for the cases of lithium and sodium picrates, respectively. 

The release of sodium picrate into the aqueous phase took 
place much more rapidly than the uptake into the organic 
phase. In the case of lithium picrate, the rate of release is 
comparable to that of uptake, allowing much higher accu
mulation of lithium ion in the organic phase as a complex 
compared with that of sodium ion. In other words, the lithium 
ion taken into the organic phase is relatively slowly released 
to the aqueous phase. These results may suggest that the overall 
rate of transport is dependent on that of release rather than that 
of uptake. This conclusion may be useful for the design of ef
fective carrier for transport. 

Kobuke et al. / Macrocyclic Ligands Composed of Tetrahydrofuran 



7418 

Experimental Section 

Infrared spectra were taken on a Hitachi EPI-G spectrophotometer, 
and ultraviolet spectra were recorded on a Shimadzu UV-200 spec
trophotometer. NMR spectra were measured on CDCh solution with 
Varian EM-360 and HA-100D spectrometers. Chemical shifts are 
given in parts per million relative to tetramethylsilane as an internal 
standard. Mass spectra were obtained with Hitachi RMS-4 and 
RMU-6C mass spectrometers at an ionization potential of 70 eV. TLC 
and column chromatography were performed utilizing Merck silica 
gel G and 60 (70-230 mesh), respectively. 

Linear Oligomers. 2,2-Difurylpropane (lb), 2,5-bis(dimethylfurfu-
ryl)furan (2b), and 2,2'-isopropylidenebis[5-(dimethylfurfuryl)furan] 
(3b) were prepared from acetone and furan according to the procedure 
described by Brown et al.3a 

(a) 2,5-Bis[5-(dimethylfurfuryl)dimethylfurfuryl]furan (4). A mixture 
of 8.8 g (0.05 mol) of lb, 14.2 g (0.05 mol) of 2b, 5.8 g (0.1 mol) of 
acetone, and 20 ml of 35% hydrochloric acid in 200 ml of ethanol was 
let stand for 4 days with occasional shaking. After evaporation of 
solvent, the residue was dissolved in ether, washed with aqueous so
dium bicarbonate, dried (Na2S04), and evaporated to leave an yellow 
oil, which was distilled by using a Kiigelrohr microdistilling apparatus 
at 170-180 0C (0.02 mm). The product was finally purified by column 
chromatography (25% benzene-hexane) to give 7.9 g (32%) of pure 
4:ir (neat) 2990, 2950,2885, 1510, 1390, 1370, 1205, 1160, 1100, 
1015, 955, 930, 785, and 730 cm"1; NMR (CDCl3) 5 1.56 (s, 12 H, 
-CH3), 1.58 (s, 12 H, -CH3), 5.72 (s, 2 H, central furan), 5.75 (AB 
quartet, 4 H, / = 3.2 Hz, furan next to terminal), 5.82 (d of d, 2 H, 
J = 3.2, 1.0 Hz, inside /3-H of terminal furan), 6.16 (d of d, 2 H, J = 
3.2, 1.8 Hz, outside/3-H of terminal furan), 7.21 (dofd, 2 H, 7 = 1.8, 
1.0 Hz, a-H); mass spectrum m/e (%) 500 (100), 486 (150), 485 
(390), 377 (100), 269 (40). Anal. Calcd for C32H36O2: C, 76.77; H, 
7.25; O, 15.98. Found: C, 76.50; H, 7.74; O, 16.01. 

(b) 2,2'-Isopropylidenebis[[5-(dimethylfurfuryl)dimethylfurfu-
ryl]furan] (5). To a warm solution of 5.0 g (17.6 mmol) of 2,5-bis(di-
methy!furfuryl)furan (2b) in a mixture of 40 ml of ethanol and 7 ml 
of 35% hydrochloric acid was added 1.02 g (17.6 mmol) acetone. The 
solid was precipitated during stirring for 2 days at room temperature, 
dissolved in ether, washed with sodium bicarbonate, dried, and con
centrated. Column chromatography (30% benzene-hexane) afforded 
2.03 g (38%) of 5 as a white solid: mp 83-85 0C; ir (KBr) 3155,3130, 
3010, 2980, 2942, 2875, 1600, 1580, 1550, 1500, 1445, 1380, 1360, 
1280, 1245, 1205, 1170, 1160, 1150, 1135, 1100, 1080, 1025, 1015, 
970, 965, 995, 935, 900, 890, 840, 810, 800, 795, and 730 cm-'; NMR 
(CDCl3) <5 1.55 (s, 18 H, -CH3), 1.59 (s, 12 H, -CH3), 5.78 (s, 4 H, 
central furan), 5.83 (AB quartet, 4 H, J = 3.2 Hz, furan next to ter
minal), 5.93 (d of d, 2 H, / = 3.2, 1.0 Hz, inside /J-H of terminal 
furan), 6.23 (d of d, 2 H, J = 3.2, 1.8 Hz, outside /3-H of terminal 
furan), 7.27 (d of d, / = 1.8, 1.0 Hz, a-H); mass spectrum m/e (%) 
608 (100), 594 (180), 593 (440), 289 (290), 217 (240). Anal. Calcd 
for C39H44O6: C, 76.95; H, 7.29; O, 15.77. Found: C, 76.90; H, 7.46; 
O, 15.41. 

(c) 1,1-Difurylethane (la), 2,5-Bis(methylfurfuryl)furan (2a), and 
l,l'-Ethylidenebis[5-(methyIfurfuryl)furan] (3a). To a ice-cooled 
mixture of 68 g (1.0 mol) of furan, 30 ml of ethanol, and 20 ml of 35% 
hydrochloric acid, 22 g (0.5 mol) of acetaldehyde was added with 
stirring. The addition required 30 min and the reaction was continued 
for 20 h at room temperature. The resulting dark green solution was 
diluted with ether, washed with sodium bicarbonate, and dried. After 
evaporation of solvents and unreacted furan, a mixture of la, 2a, and 
3a was fractionally distilled. 

Ia:bp91 0C (21 mm); yield 27.1 g (33.4%); ir (neat) 3125, 2985, 
2940,2885, 1585, 1500, 1445, 1365, 1310, 1240, 1230, 1175, 1150, 
1010, 930, 910, 885, 805, and 735 cm-'; NMR (CDCl3) 5 1.56 (d, 
3 H, J = 7.0 Hz,-CH3), 4.19 (q, 1 H, J = 3.2, 1.8 Hz, outside /3-H 
of furan), 7.27 (dofd, 2 H, / = 1.8, 0.8 Hz, a-H); mass spectrum m/e 
(%) 162 (100), 148 (27), 91 (95), 77 (27), 65 (49). Anal. Calcd for 
C10H10O,: C, 74.06; H, 6.21; O, 19.73. Found: C, 73.95; H, 5.98; O, 
19.70. 

2a: bp 114-116 0C (0.1 mm); yield 23.7 g (28%); ir (neat) 3120, 
2980,2940,1590, 1550, 1500, 1450, 1370, 1230, 1170, 1150, 1010, 
950, 915, 885, 805, 790, and 735 cm-'; NMR (CDCl3) 5 1.54 (d, 6 
H.J = 7.0 Hz, -CH3), 4.15 (q, 2 H, J = 7.0 Hz, -CH), 5.90 (d, 2 H, 
J = 0.4 Hz, central furan), 5.98 (d of t, 2 H, J = 3.2, 0.8 Hz, inside 
(3-H of terminal furan), 6.24 (d of d of d, 2 H, / = 3.2, 1.8, 0.3 Hz, 
outside /3-H of terminal furan), 7.27 (d of d, 2 H, J = 1.8, 0.8 Hz, 

a-H); mass spectrum m/e (%) 256 (100), 242 (30), 241 (190), 161 
(68), 141 (30), 113 (23), 105 (58), 95 (66), 81 (51), 77 (34). Anal. 
Calcd for C16H]6O3: C, 74.98; H, 6.29; O, 18.73. Found: C, 74.99; 
H, 6.38; O, 18.43. 

3a: bp 165-168 0C (0.03 mm); yield 9.1 g (10%); ir (neat) 3120, 
2980,2940,2880, 1700, 1585, 1545, 1500, 1445, 1370, 1300, 1295, 
1235, 1170, 1150, 1055, 1010,965,950,915, 885, 790, and 735 cm"1; 
NMR (CDCl3) h 1.52 (d, 3 H, J = 7.2 Hz, central -CH3), 1.54 (d, 
6H, J = 7.2 Hz, terminal-CH3), 4.11 (q, 1 H, J = 7.2 Hz, central-
CH), 4.16 (q, 2 H, J = 7.2 Hz, terminal -CH), 5.88 (AB quartet, 4 
H, J = 3.2 Hz, inside furan), 5.99 (d of t, 2 H, J = 3.2,0.8 Hz, inside 
/3-H of terminal furan), 6.25 (d of d, 2 H, J = 3.2, 1.8 Hz, outside /3-H 
of terminal furan), 7.28 (d of d, 2 H, / = 1.8, 0.8 Hz, a-H); mass 
spectrum m/e (%) 351 (100), 350 (440), 336 (140), 335 (130), 189 
(170). Anal. Calcd for C22H22O4: C, 75.41; H, 6.33; O, 18.26. Found: 
C, 75.51; H, 6.47; O, 18.36. 

(d) 4-Carbethoxy-2,2'-sec-butylidenebis[5-(dimethylfurfuryl)furan] 
(3c). A solution of 5.3 g (0.03 mol) of lb, 4.3 g (0.03 mol) of ethyl 
levulinate, and 10 ml of concentrated hydrochloric acid in 40 ml of 
ethanol was saturated with gaseous hydrochloric acid. Yellowish oil 
separated out during 7 h of stirring, when the solution was neutralized 
with sodium bicarbonate, extracted with ether, dried, and evaporated. 
Column chromatography (30% hexane-benzene) afforded 4.3 g (60%) 
of 3c: ir (neat) 3120, 2980, 2940, 2875, 1740, 1550, 1500, 1460, 1380, 
1100, 1015, 960, 930, 790, and 735 cm"1; NMR (CDCl3) 6 1.18 (t, 
3 H, J = 6.5 Hz, -CH3), 1.52 (s, 3 H, -CH3), 1.59 (s, 12 H, -CH3), 
2.21 (s, 4 H, -CH2CH2), 4.02 (q, 2 H, / = 6.5 Hz, -OCH2), 5.85 (q, 
4 H, J = 3.2 Hz, central furan), 5.93 (d of d, 2 H, J = 3.2, 1.0 Hz, 
inside /3-H of terminal furan), 6.16 (d of d, 2 H, / = 3.2, 1.8 Hz, 
outside/3-H of terminal furan), 7.21 (dofd, 2 H, J = 1.8, 1.0 Hz, 
a-H). Anal. Calcd for C29H34O6: C, 72.78; H, 7.16; O, 20.06. Found: 
C, 72.64; H, 7.13; O, 20.00. 

Macrocycles of Furan. The cyclic tetramer of furan and acetone, 
6b, was obtained according to the method described by Brown et 
a l> 

(a) 5,10,15,20-Tetramethyi-l,4,6,9,ll,14,16,19-tetraoxocyclo-
eicosa-l,3,6,8,ll,13,16,18-octaene (6a). A mixture of 1 g (6.2 mmol) 
of 1,1-difurylethane (la), 1 ml of 90% acetaldehyde, 1 ml of 60% 
perchloric acid, 0.5 g of lithium sulfate, and 20 ml of ethanol was 
stirred at room temperature for 2 days. The resulting brown solution 
was diluted with benzene, washed with sodium bicarbonate, and dried. 
After evaporation of solvents, the product was subjected to column 
chromatography to give almost pure 6a, which was finally purified 
by sublimation at 120-130 0C in vacuo to give 150 mg (13%) of pure 
6a: mp 140-142 0C; ir (KBr) 2980, 2940, 2885, 1565, 1455, 1260, 
1235, 1015, 955, 780, and 745 cm-'; NMR (CDCl3) & 1.49 (d, 24 H, 
J = 7.0 Hz, -CH3), 3.98 4.00, 4.02 (three sets of t, 4 H, J = 7.0 Hz, 
-CH, rel intensity 1:0.8:0.6), 5.94 (s, 8 H, furan); mass spectrum m/e 
(%) 377 (25), 376 (100), 362 (53), 361 (220), 346 (16), 331 (24), 316 
(18), 173 (36), 158 (43). Anal. Calcd for C24H24O4: C, 76.57; H, 6.43; 
O, 17.00. Found: C, 76.34; H, 6.46; O, 17.28. 

(b) 5-(/S-CarbethoxyethyI)-5,10,10,15,15,20,20-heptamethyl-
1,4,6,9,11,14,16,19-tetraoxocycloeicosa-l,3,6,8,ll,13,16,18-octaene 
(6c). Hydrogen chloride gas was bubbled into a solution of 3.92 g (0.01 
mol) of 3b and 7.2 g (0.05 mol) of ethyl levulinate in 150 ml of benzene 
and the solution was stirred at room temperature for 3 days. The re
action mixture was washed with sodium bicarbonate, dried, and 
evaporated. The unreacted ethyl levulinate was distilled under reduced 
pressure and the crude solid was recrystallized twice from ethanol to 
give 1.8 g (36%) of white crystals of 6c: mp 150-152 0C; ir (KBr) 
2980, 1740, 1560, 1260, 1210, 1155, 1110, 1025, 955, and 775 cm"'; 
NMR(CDCl3)S 1.26 (t, 3 H , / = 7.0 Hz,-CH3), 1.41 and 1.46(s, 
21 H, -CH3), 2.16 (s, 4 H, -CH2CH,), 4.09 (q, 2 H, J = 7.0 Hz, 
-OCH2), 5.92 (s, 8 H, furan). Anal. Calcd for C32H38O6: C,74.11;H, 
7.39; O, 18.51. Found: C, 73.91; H, 7.60; O, 18.23. 

(c) 5,15-Bis(/3-carbethoxyethyl)-5,10,10,15,20,20-hexamethyl-
1,4,6,9,11,14,16,19-tetraoxocycloeicosa-1,3,6,8,11,13,16,18-octaene 
(6d). A similar treatment of 3c and ethyl levulinate as described above 
afforded crystalline compound 6d in a yield of 56% after purification 
through column chromatography (benzene); mp 126-128 0C; ir (KBr) 
2980, 2940, 2880, 1740, 1605, 1560, 1460, 1420, 1380, 1305, 1180, 
1095. 1025, 950, and 775 cm"1; NMR (CDCl3) 6 1.22 (t, 6 H, J = 
7.0Hz1-CH3), 1.42 (s, 6 H,-CH3), 1.46 (s, 12 H,-CH3), 2.18 (br 
s, 8 H, -CH2), 4.08 (q, 4 H, J = 7 Hz, -OCH2), 5.91 (AB quartet, 
8 H, / = 4 Hz, furan). Anal. Calcd for C36H44O8: C, 71.50; H, 7.33; 
O, 21.17. Found: C, 71.76; H, 7.45; O, 21.04. 

Journal of the American Chemical Society / 98:23 / November 10, 1976 



7419 

(d) 5,5,10,10,15,15,20,20,25,25- Decamethyl-1,4,6,9,11,14,16,-
19,21,24-pentaoxocyclopentacosa-1,3,6,8,11,13,16,18,21,23-deca-
ene (7). Hydrogen chloride gas was bubbled into a solution of 1.3 g (2.6 
mmol) of 4 and 4 ml of acetone in 30 ml of benzene. The red solution 
was stirred at room temperature for 2 days, washed with sodium bi
carbonate, and dried. Column chromatography (30% benzene-hex-
ane) gave 0.64 g (45%) of 7 as an oil: ir (neat) 2980, 2940, 2875, 1545, 
1460, 1380, 1360, 1205, 1155, 1135, 1105, 1025, 955, and 780 cm"1; 
NMR (CDCl3) & 1.52 (s, 30 H, -CH3), 5.76 (s, 10 H, furan); mass 
spectrum m/e (%) 540 (100), 526 (93), 525 (240), 255 (59), 223 (59), 
205 (41). Anal. Calcd for C35H40O5: C, 77.75; H, 7.46; O, 14.79. 
Found: C, 77.65; H, 7.42; O, 14.59. 

(e) 5,5,10,10,15,15,20,20,25,25,30,30-Dodecamethyl-1,4,6,-
9,11,14,16,19,21,24,26,29-hexaoxocycIotriaconta-1,3,6,8,11,13,16,-
18,21,23,26,28-dodecaene (8). Hydrogen chloride gas was bubbled 
into a solution of 1.9 g (3.13 mmol) of 5 and 4 ml of acetone in 60 ml 
of benzene. The mixture was stirred overnight at room temperature 
and worked up as usual. Chromatography (30% benzene-hexane) 
provided 1.05 g (52%) of white crystals of 8: mp 182 0C; ir (KBr) 
3110,2980,2940,2875, 1550, 1445, 1360, 1205, 1155, 1110, 1025, 
960, 790, and 720 cm"1; NMR (CDCl3) S 1.54 (s, -CH3), 5.74 (s, 
furan); mass spectrum m/e (%) 648 (100), 634 (125), 633 (280), 309 
(75). Anal. Calcd for C42H48O6: C, 77.75; H, 7.46; O, 14.79. Found: 
C, 77.96; H, 7.41; O, 14.93. 

Macrocycles of Tetrahydrofuran. (a) 5,10,15,20-Tetramethyl-
l,4,6,9,ll,14,16,19-tetraoxocycloeicosane(9a). A solution of 250 mg 
(0.57 mmol) of 6a and 200 mg of ruthenium carbon (5%) in 30 ml of 
ethanol was pressured in a microbomb with hydrogen to 120 atm and 
heated at 190 0C for 6 h. After removal of catalyst by filtration and 
evaporation of solvent, the crude product was chromatographed (50% 
benzene-ethyl acetate) to give 165 mg (73%) of oily product 9a which 
is possibly mixtures of configurational isomers: ir (neat) 2980, 2940, 
2890, 1460, 1380, and 1080 cm'1; NMR (CDCl3) 5 0.86 (br s, 12 H, 
-CH3), 1.2-2.2 (br, 20 H, -CH2 and -CH), 3.3-4.2 (br, 8 H, -OCH); 
mass spectrum m/e (%) 392 (100), 376 (51), 374 (32), 323 (26), 295 
(76), 279 (44), 267 )37), 265 (49). Anal. Calcd for C24H40O4: C, 
73.43; H, 10.27; O, 16.30. Found: C, 73.49; H, 10.40; O, 15.89. 

(b) 5,5,10,10,15,15,20,20-Octamethyl-l,4,6,9,ll, 14,16,19-
tetraoxocycloeicosane (9b)3c was prepared by the hydrogenation in 
a similar manner described above. 

(c) 5-(j3-Carbethoxyethyl)-5,10,10,15,15,20,20-heptamethyl-
1,4,6,9,11,14,16,19-tetraoxocycloeicosane (9c). A solution of 100 mg 
(0.20 mmol) of 6c, 50 mg of ruthenium carbon (5%), and 7.5 mg of 
rhodium chloride in 30 ml of ethanol was pressured in a microbomb 
with hydrogen to 140 atm and heated at 250 0C for 5 h. After removal 
of catalyst and evaporation of solvent, the crude product was chro
matographed (30% hexane-benzene) to give 16 mg (15%) of isomeric 
mixtures of 9c as an oil: ir (neat) 2970, 2880, 1740, 1460, 1380, 1295, 
1260, 1175, and 1080 cm"1; NMR (CDCl3) <5 0.74, 0.80, 0.92, 1.02, 
and 1.05 (s, -CH3, rel intensity 22:19:20:3:6), 1.04 and 1.05 (t, J = 
7.0 Hz, -CH3 of ester, rel intensity 9:6), 1.3-1.8 and 2.2-2.5 (br, 
-CH2, rel intensity 46:14), 3.15-4.1 (br m, -CH, rel intensity 26), 4.10 
and 4.11 (q, -OCH2, rel intensity 3.5:2.5). Anal. Calcd for C32H54O6: 
C, 71.87; H, 10.18; O, 17.95. Found: C, 71.72; H, 10.31; O, 17.85. 

(d)5,15-Bis(/3-carbethoxyethyl)-5,10,10,15,20,20-hexamethyl-
1,4,6,9,11,14,16,19-tetraoxocycloeicosane (9d). A sample of 100 mg 
(0.17 mmol) of 6c was hydrogenated at 200-230 0C as described 
above to give 70 mg (68%) of isomeric mixtures of 9d as an oil: ir (neat) 
2970, 2880, 1730, 1550, 1455, 1360, 1290, 1080, 1020, and 785 cm"1; 
NMR (CDCl3) <5 0.76, 0.80, 0.92, and 1.02 (s, -CH3, rel intensity 
14:17:12:6), 1.24 (t, J = 7.0 Hz, -CH3 of ester, rel intensity 18), 
1.3-2.0 and 2.1-2.7 (br m, -CH2, rel intensity 16:47), 3.2-4.0 (br, 
-CH, rel intensity 18), 4.10 (q, J = 7.0 Hz, -CH2Of ester, rel intensity 
10). Anal. Calcd for C36H60O8: C, 69.64; H, 9.74; O, 20.62. Found: 
C, 69.73; H, 9.95; O, 20.35. 

(e) 5,5,10,10,15,15,20,20,25,25-Decamethy]-1,4,6,9,11,14,16,-
19,21,24-pentaoxocyclopentacosane (10). A sample of 1.3 g (2.4 mmol) 
of 7 was hydrogenated under 140 atm at 190 °C for 8 h as described 
in the preparation of 9a. After purification through column chroma
tography (benzene), 0.98 g (68%) of isomeric mixtures of 10 was 
obtained as an oil: ir (neat) 2970, 2880, 1470, 1390, 1360, 1290, and 
1075 cm-'; NMR (CDCl3) b 0.77, 0.79, 0.82, 0.84, 0.89, and 0.95 (s, 

-CH3, rel intensity 84), 1.4-1.8 (br q, -CH2, rel intensity 58), 3.5-3.8 
(br q, -CH, rel intensity 28); mass spectrum m/e (%) 561 (41), 560 
(100), 542 (16), 449 (19), 337 (32), 295 (28), 293 (47), 267 (49), 251 
(66), 225 (300). Anal. Calcd for C35H60O5: C, 74.95; H, 10.78; O, 
14.26. Found: C, 75.13; H, 10.90; O, 14.23. 

(T) 5,5,10,10,15,15,20,20,25,25,30,30-Dodecamethyl-1,4,6,9,-
ll,14,16,19,21,24,26,29-hexaoxocyclotriacontane(ll). A sample of 
8 (200 mg, 0.31 mmol) was hydrogenated under 140 atm at 160 °C 
for 6 h as described in the preparation of 9a to give 130 mg (63%) of 
oily product 11, which is possibly mixtures of configurational isomers 
but did not contain unhydrogenated furan protons in NMR. Sepa
ration of the main fraction through column chromatography (ben
zene) afforded 60 mg of solid material: mp 75-80 0C; ir (KBr) 2980, 
2880,1470, 1390, 1360, and 1070 cm"1; NMR (CDCl3) b 0.74-0.93 
(6 s, -CH3), 1.63 (2 br peaks, -CH2), 3.59 (br q, -CH); mass spec
trum m/e (%) 673 (64), 672 (100), 653 (22), 561 (13), 449 (26), 407 
(21), 405 (20). Anal. Calcd for C42H72O6: C, 74.95; H, 10.78; O, 
14.26. Found: C, 74.71; H, 10.77; O, 14.41. 

Kinetics of.Transport. In a cylindrical glass cell (4.9 cm i.d.) was 
held a glass tube (2.7 cm i.d.) which separates the two aqueous phases. 
The inner aq I contains specified concentrations of mefal picrate and 
0.1 M metal nitrate in 3 ml of water. The outer aq II contains 12 ml 
of water purified through ion-exchange resin. The organic layer (25 
ml of chloroform containing 7.0 X 10-4 M ring compound) lies below 
these aqueous phases and bridges them across the separation by the 
central glass tube. The chloroform layer was stirred at a constant 
speed. The absorptions of the picrate present in the aq II were mea
sured at specified time intervals. The change of organic layer from 
chloroform to methylene chloride showed no significant difference 
in the transport rate. 

Kinetics of Partition. In a glass cell were placed 10 ml each of 
methylene chloride and aqueous solution. For the uptake of metal 
picrates, the aqueous solution contained 7.0 X 1O-2 M metal picrate 
and 0.1 M metal nitrate. The ring concentration in the organic layer 
was varied from 2.5 X 1O-4 to 6.0 X 1O-4 M. For the release, the or
ganic layer contained the ring-metal picrate complex which was ob
tained by equilibrating the organic solution containing the ring 
compound and the aqueous metal picrate and nitrate solution. For both 
cases, the lower organic layer was stirred at a constant speed, and the 
absorptions of metal picrates in the organic layer were monitored at 
375 and 358 nm for lithium and sodium picrates, respectively. 
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