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dibenzo-14-crown-4 alcohols studied by 
NMR spectroscopy 
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(Received August 6 ,  1993) 

DibenzelQcrown-4 alcohols are shown to aggregate in chloroform 
by the formation of hydrogen-bonded dimers. Structural variations 
between crown ether alcohols significantly affect the degree of 
dimerization. This self-amciation is of relevance for understanding 
the complexation and extractive properties of these and related 
macrocycles. 

To understand metal-ion recognition by an ionophore 
requires an understanding of the initial state of the 
ionophore as well as its final complexed state. In 
low-polarity environments, such as those found 
in solvent extraction and liquid membranes, the 
initial state of an ionophore frequently involves 
self-association promoted especially by hydrogen 
bonding, dipole-dipole interactions, and 
Self-association essentially represents a competitive 
effect that must be taken into account when evaluating 
measures of complexation strength and when inter- 
preting distribution and transport data. In addition, 
to the extent that conformations of free ligands 
may be altered by intermolecular interactions, self- 
association may well be expected to influence ligand 
preorganizat ion. 

Lariat ethers have proven to be an important class 
of ionophores because of the strong degree of 
control of ion-binding properties afforded by sidearm 
structural  modification^.^-^ Sidearm function has also 
been linked to self-association phenomena, but the 
focus has been directed toward aqueous solutions of 
lariat ethers modified to have surfactant properties.' 
Scant attention has been devoted to self-association 
of lariat ethers in low-polarity media relevant to 
solvent extraction and liquid membranes, and the 
evidence for self-association in this case has so far been 
essentially negative under select conditions.* Yet the 

*To whom correspondence should be. addressed. 

litany of evidence regarding the behavior of simple 
alcohols and carboxylic acids in solution would 
imply that lariat ethers bearing these functionalities 
would be highly likely to aggregate in low-polarity 
 solvent^.^"^ Thus, it is our thought that this aspect 
of lariat ethers deserves further consideration. 

The synthesis, structure, alkali metal ion binding, 
and solvent-extraction chemistry of sym-dibenzo-14- 
crown-4 ethers bearing carboxylic acid and alcohol 
sidearms have been reported."-23 In this paper, we 
specifically focus on the self-association behavior of 
lariat ether alcohols (1-3)11*22928 based on the 
sym-dibenzo- 14-crown-4 (DB 14C4) frame: 

4 
U 2  

1 

11 12 
1 R=CH2CH20H 

2 R = OCH2CHZOH 
11 12 

3 R = O H  

Although various techniques have been used for 
studying hydrogen bonding in s o l ~ t i o n , ~  NMR offers 
several distinct advantages and has become an 
important tool in this Formation of a 
hydrogen bond causes a large change in the shielding 
of a proton donor by lowering the effective electron 
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density, resulting in a shift of the resonance signal to 
lower fields. in the case of alcohol functionalities, the 
NMR resonance of the hydroxyl proton is easily 
observed, and a number of self-associating alcohol 
systems have been so characterized." 

The temperature and concentration dependencies 
of the chemical shifts of the proton resonances 
in 1 are shown in Table 1. As the temperature 
increases from -40 to 50°C, the hydroxyl proton 
resonance is shifted progressively upfield. For the same 
temperature gradient, the chemical shifts of the other 
protons change only slightly. Upfield shifts of the 
hydroxyl proton are also observed when the solution 
concentration of 1 is decreased from 600 to 3mM 
however, the magnitude of the observed shifts is 
less than that observed in the variable-temperature 
experiment. These same trends were observed for 
compounds 2 and 3. 

In the concentration range investigated (3400 mM), 
the chemical-shift behavior could be modeled by 
considering only dimer formation as given by the 
equation, 

LOH + LOHe(LOH), (1) 

The presence of a single resonance for each proton 
indicated fast exchange between the monomer LOH 
and the dimer (LOH),. Thus, the observed chemical 
shifts, bobs, are weighted averages of the chemical shifts 
of the monomer, d,, and of the dimer, a,, according 

to the eq~ation: '~ 

= xM6M + xD6D (2) 
where XM and XD are the mole fractions of the 
monomer and the dimer, respectively. These in turn 
are related to the dimerization constant, K D ,  by the 
relationship: 

KD = c(LoH)21/cLoH12 (3) 
The dependence of Bobs on the total alcohol 
concentration, C, can be derived from eqns. (2) and 
(3):25 

8obs= 

&+(6,-6~)[(1 +8K~C)'"-1]/[(1 + ~ K D C ) ' / ~ +  11 

(4) 
The parameters K D ,  6,, and SD, as obtained by 
non-linear least squares regression using the program 
MINSQ,26 are listed in Table 2. 

To provide information on the types of interactions 
possible in these systems, the mixing experiments 
summarized in Table 3 were performed. Chloroform 
solutions containing sym-dibenzo- 14-crown-4-ethanol 
(1) or sym-hydroxydibenzo- 14-crown-4 (3) at 3 mM were 
prepared and then made 50 m M  in dibenzo-14-crown- 
4, sym-methoxydibenzo-14-crown-4 (DB14C40CH3), 
or t-butanol. Changes in the chemical shift of the 
hydroxyl protons of 1 and 3 defined as Ad = d0herved - 6, 

Table 1 
concentration' 

Proton chemical shifts (6, ppm) of sym-dibenzo-14-crown-4-ethanol (1) in CDCI, under conditions of varying temperature and 

HI 2.25 
H2 4.13 
H9a 4.05 

HlO 2.54 
H l ,  1.71 

OH 3.41 

H9e 4.00 

HI2 3.74 

2.20 
4.15 
4.13 
4.02 
2.45 
1.74 
3.77 
2.23 

2.18 
4.16 
4.14 
4.04 
2.44 
1.75 
3.77 
1.99 

0.07 
- 0.03 
-0.09 
-0.04 

0.10 
-0.04 
- 0.03 

1.42 

2.18 
4.13 
4.07 
4.01 
2.44 
1.71 
3.72 
2.98 

2.20 
4.15 
4.13 
4.02 
2.45 
1.74 
3.71 
2.22 

- 0.02 
-0.01 
- 0.06 
- 0.01 
-0.01 
- 0.03 
-0.05 

0.75 

'Proton chemical shifts were measured using a Brukcr MSL-03 NMR sp&trometer at 400.13 MHz. Solvent was dried and stond over molecular sieves before use. Samples were dried 
under vacuum prior to use. All sample preparations were performed under an Argon atmosphere. 

'A& is the observed change in the chemical shift over the conantration range 3 to MX)mM at 20°C. 
A&, is the ohscrvcd change in the chemical shift lor a SOmM solution of 1 over the temperature range -40 to M "C. 

Table 2 Hydroxyl proton chemical shifts of monomer (6,J and dimer (S,), calculated total change in chemical shift (A&m-M,) ,  and dirnerization 
constant (K,)  in CDCI, at 20 "C." 

Alcohol 6 ,  6, A ~ D - M ,  KD 
(L mol-') 

DE14C4CH,CH20H (1) 2.1 1 5.91(11) 3.80 0.27(01) 
DB14C40CH CH20H (2) 2.38 3.56(11) 1.28 0.95(14) 
DB14C4OH (3 2.95 4.09(02) 1.14 3.20(12) 

'Refinemmtof6.,6,,and K,wascamedout byregnsslonanalyslsustngeqn (4) Estunatedstandarddevlatlonsarelndlcatedmparmthwes;valuesof6,wcrepreclseto +0.002orless 
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DIMERIZATION OF DB14C4 ALCOHOLS 22 1 

Table 3 Changes of chemical shifts (As, ppm) of hydroxyl protons in sym-dibenzo-l4-crown-4 alcohols 1 and 3 in CDCl, at 25 "C." 

A6 
DB14C4 
(50 mM) 

A6 A6 

(50 mM) (50 mM) 
DB14C40CH3 t-C,H,OH 

DB14C4CH,CH2OH (1) 
DB14C40H (3) 

None 
None 

None 
None 

0.03b 
0.25 

' A h  is the change in chemical shift of the indicated alcohol upon addition of DB14C4. DB14C40CH,, or r-C,H,OH 
b 4 0 " C .  

were then recorded. Since compounds 1-3 exist 
predominantly as monomers at 3mM (Table 2), Ad 
may be attributed to hydrogen bonding with the added 
compound. 

The results given in Tables 1 and 2 demonstrate the 
importance of dimerization of the lariat alcohols 
1-3 in chloroform at moderate concentrations. 
Furthermore, the alcohol chemical shifts clearly 
implicate the involvement of hydrogen bonding in the 
observed self-association. As given by the equilibrium 
constants K D ,  the strength of the interaction varies 
significantly and follows the order 3 > 2 > 1. 

As shown in Table 3, intermolecular hydrogen 
bonding between the hydroxyl protons of 1 and 3 and 
ether oxygen atoms either in the macrocyclic ring 
of DB14C4 or sidearm of DB14C40CH3 occurs 
negligibly under the present conditions. On the other 
hand, 1 and 3 strongly interact with t-butanol. 
In applying these results to the interpretation of 
the self-association data in Table 2, it may be 
concluded that alcohols 1-3 do not dimerize via a 
single alcohol-to-ether hydrogen bond. Rather, a 
reciprocal alcohol-to-ether arrangement involving two 
hydrogen bonds or an alcohol-to-alcohol interaction 
is implied. The strong interaction of either 1 or 3 with 
t-butanol points to an important alcohol-to-alcohol 
group interaction, and we thus favor this explanation 
for the self-association of alcohols 1-3. 

Three principal effects may be expected to influence 
the strength and extent of hydrogen bonding, including 
steric, inductive, and conformational effects. Since 
the most sterically hindered alcohol, 3, has the 
highest value of KD, steric effects appear relatively 
unimportant. On the other hand, both 2 and 3 have 
an ether functionality at the position f l  to the hydroxyl 
group; a /I ether functionality is not present in 1. The 
electron-withdrawing effect of these substituents can 
be expected to increase the acidity of the hydroxyl 
proton, making it a stronger hydrogen-bond donor.27 
Additionally, sidearm conformation including the 
effect of intramolecular hydrogen bonding may be 
significant. Recent results2* have shown that the 
sidearm of 1 prefers a pseudo-equatorial configuration 
(anti to the ring C-0 bond), whereas the sidearms of 
2 and 3 prefer the pseudo-axial (gauche) configuration. 

On the basis of these considerations, the pseudo- 
equatorial sidearm of 1 is unfavorably oriented to 
engage in intramolecular hydrogen bonding with the 
ring ether oxygen atoms. On the other hand, although 
the sidearm of 2 has conformational mobility, the OH 
group can engage in intramolecular hydrogen bonding 
to either the ether oxygen atom of the sidearm or to 
ring oxygen atoms. Finally, the OH group of 3 in the 
pseudo-axial configuration is well preorganized to 
hydrogen bond to the closest ring oxygen atoms 
(0-0 distance 2.80 Recalling the 'cooperative 
effect' principle of hydrogen bonding," the expected 
strengthening effect of existing intramolecular 0-H-0 
hydrogen bonds on intermolecular hydrogen bonding, 
in addition to the inductive effects, provides a rationale 
for the observed order of KD values. 

Since chloroform is a popular extraction solvent, 
the present results have direct relevance to the 
interpretation of extraction data for protogenic 
classes of lariat ethers. As pointed out by others,16 
water interactions may also be important. Further 
experiments are underway in a effort to investigate 
the thermodynamics and structure of intra- and 
intermolecular hydrogen bonding of lariat ethers in 
solution. 

ACKNOWLEDGMENT 

Research sponsored by the Division of Chemical 
Sciences, Office of Basic Energy Sciences, U.S. 
Department of Energy, under contract DE-ACOS- 
840R21400 with Martin Marietta Energy Systems, 
Inc. An appointment (ZHC) to the U.S. Department 
of Energy Postgraduate Research Program at Oak 
Ridge National Laboratory administrated by the Oak 
Ridge Associated University is also acknowledged. 

REFERENCES 

1 Marcus, Y.; Kertes, A.S.; Ion Exchange and Solvent Extraction 
ofMetal Complexes: Wiley Interscience: New York, NY, 1969. 

2 Kertes, A.S.; Gutmann, H.; In Sur$ace and Colloid Science; 
E. Matijevic, Ed.; Wiley-Interscience: New York, NY, 1976 
Vol. 8, p. 193-295. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
6
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



222 Z. CHEN ET AL. 

3 Gokel, G.W.; Trafton, J.E.; In Cation Binding by Macrocycles, 
Complexation of Cationic Species by Crown Ethers; Inoue, Y. 
and Gokel, G.W.; Eds.; Marcel Dekker: New York, 1990; p. 

4 Fronnek, F.R.; Gandour, R.D.; In Cation Binding by Macrocycles, 
Complexation of Cationic Species by Crown Ethers; Inoue, Y. 
and Gokel, G.W.; Eds.; Marcel Dekker: New York, 1990, p. 

5 Gokel, G.W.; Arnold, K.A.; Delgado, M.; Echeverria, L.; 
Gatto, V.J.; Gutowski, D.A.; Hernandez, J.; Kaifer, A.; 
Miller, S.R.; Echegoyen, L. Pure And Appl. Chem. 1988,60,461. 

6 Bartsch, R.A.; Soloent Extr. Ion Exch. 1989, 7, 829-854. 
7 Echegoyen, L.E.; Portugal, L.; Miller, S.R.; Hernandez, S.R.; 

Echegoyen, L.; Gokel, G.W.; Tetrahedron Lett. 1988, 29, 
40654068. 

8 Fyles, T.M.; Whitfield, D.M.; Can. J .  Chem. 1984, 62, 507-514. 
9 Pimentel, G.C.; McClellan, A.L. The Hydrogen Bond; W. H. 

Freeman; San Francisco, 1960. 
10 Davis, J.C. Jr.; Deb, K.K.; In Advances in Magnetic Resonance; 

Waugh, J.S.; Ed., Academic: New York, 1970 Vol. 4, p. 201-270. 
11 Bums, J.H., Sachleben, R.A. Inorg. Chem. 1990,29, 788-795. 
12 Sachleben, R.A.; Bums, J.H.; Acta Cryst. 1991, C47,1968-1969. 
13 Chen, Z.; Sachleben, R.A.; J .  Incl. Phenom. in press. 
14 Sachleben, R.A.; Moyer, B.A.; Case, F.I.; Garmon, S.A.; Sep. Sci. 

Technol. 1993, 28, 1. 
15 Sachleben, R.A.; Moyer, B.A.; Case, F.1.; Driver, J.L.; Proc. 

International Solvent Extraction Conference; York, England; 
Society for Chemical Industry: London, 1993. 

253-310. 

311-361 

16 Olsher, U.; Frolow, F.; Bartsch, R.A.; Pugia, M.J.; Shoham, G.; 
J .  Am. Chem. SOC. 1989, 111,9217-9222. 

17 Olsher, U.; Frolow, F.; Shoham, G.; Luboch, E.; Yu, Z.Y.; 
Bartsch, R.A.; 1. Incl. Phenom. 1990, 9, 125. 

18 Olsher, U.; Krakowiak, K.E.; Dalley, N.K.; Bradshaw, J.S.; 
Tetrahedron, 1991, 47, 2947-2956. 

19 Olsher, U.; Frolow, F.; Dalley, N.K.; Weiming, J.; Yu, Z.Y.; 
Knobeloch, J.M.; Bartsch, R.A.; J .  Am. Chem. SOC. 1991, 113, 
65704574. 

20 Pugia, M.J.; Knudsen, B.E.; Cason, C.V.; Bartsch, R.A.; J. Org. 
Chem. 1987,52, 541-547. 

21 Uhlemann, E.; Bukowsky, H.; Dietrich, F.; Gloe, K.; Muhl, P.; 
Mosler, H.; Anal. Chim. Acta 1989, 224, 47-53. 

22 Shoham, G.; Christianson, D.W.; Bartsch, R.A.; Heo, G.S.; 
Olsher, U.; Lipscomb, W.N.; J .  Am. Chem. SOC. 1984,106,1280. 

23 Habata, Y.; Ikeda, M.; Akabori, S.; J. Chem. SOC. Perkin Pans. 
1992, 33, 3157. 

24 Karachewski, A.M.; McNiel, M.M.; Eokert, C.A. Ind. Eng. Chem. 
Res. 1989, 28, 315. 

25 Chen, J.-S.; Shirts, R.B.; J .  Phys. Chem. 1985, 89, 1643-1646. 
26 MicroMath Scientific Software, Salt Lake City, Utah, 84121- 

3144. 
27 Rochester, C.H.; In The Chemistry of the Hydroxyl Group 

Part 1; Patai, S.; Ed.; The Chemistry of the Functional Group 
Series; Interscience Publishers: New York, NY, 1971, p. 327-392. 

28 Chen, Z.; Sachleben, R.A.; J .  Chem. SOC. Perkin Pans. 2. in press. 
29 Jeffrey, G.A.; Takagi, S. Arc. Chem. Res. 1978, 11, 264270. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
6
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1


