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Sodium ion complex formation has been investigated potentiometrically in four homologous
bis(crown) series I—IV differing by the nature of substituent placed at the linking trimethylene
chain (X - OH, OCH;, OCH,C,Hs and H respectively). A marked enhancement of the
complex stability has been observed in the bis(crown) series I and attributed to participation
of the lateral hydroxy!l group in the sandwich complex formation. Evidence in support of the
sandwich structure has been provided (i) by analysis of the potentiometric data indicatinga 1 : 1
complex stoichiometry and (ii) by a comparison of the complex stability data from the bis(crown)
serics I with the corresponding values from related monocyclic ligand series V, VI and VII
revealing a pronounced cooperation of both macrorings in the sodium ion-bis(crown) I complex
formation.

Although special complexation properties of bis(crown) compounds have been dis-
cussed already at several occasions and attributed in most instances to an intra-
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* Part IX in the series Chemistry of Multidentate Ligands; Part VIHI: Collect. Czech
Chem. Commun. 52, 2971 (1987).
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molecular sandwich complex formation® ™3, factors that may take part in control
of this particular complexation behaviour remain far from being understood.

In this paper we report results of a potentiometric study of sodium ion complexa-
tion in a homologous series of bis(crowns) Ia —If bearing one aza-donor site in each
macroring* and a lateral hydroxyl group placed at a trimethylene hinge. At the
same time we report complementary potentiometric results from six subsidiary mono-
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In formulae V-\: ¢ a=1 6,n=2 ¢, n=3

and bis(crown) series ITa—1Ilc, Illa—IIIc, IVa—1IVe, Va— Ve, Via--VIc and VIIa to
ViIc. Bis(crown) structure — sandwich complex stability relationship is examined
on basis of the experimental results.

EXPERIMENTAL

Bis(crowns) Ia—If and their “mini’ analogues VIla— VIIc were available from the prev‘ious
work”. Mono-crowns Vla— VIc and VIIla— VIIIc were prepared by known procedures® =11,

Bis(crowns) Ila—IIc

An appropriate monoazacrown ether VIIla— VIIIc (12 mmol) was stirred under reflux with
1,3-bis-(p-toluenesulphonyloxy)-2-methoxypropane (2:48 g; 6 mmol) and anhydrous sodium
carbonate (2:0 g; 19 mmol) in dioxane (20 mi) for 10 h. The mixture was diluted with chloroform
(50 ml) and the precipitated salts were filtered off. The solvents were taken down on aspirator
and the product was isolated by a Kugelrohr distillation or by a column chromatography on
alumina (Merck; act. II). Data are in Tables I and II.

hd For a shorthand description of the individual macrorings we use a simplified version of the
Weber-Vogtle symbolism (cf. ref.5). Accordingly number denoting ring size is followed, in
angular brackets, by appropriate symbols describing donor sites in the ring. Thus, e.g., for
18-crown-6 and for 18-monoazacrown-6 ethers we write 18 {(Og> and 18 {(NO; ), respectively.
The IUPAC nomenclature of the investigated ligands is summarized in the Appendix part.
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Bis(crowns) Illa—IIIc

An appropriate bis(crown) Ia—Ic (1 mmol) was treated with a suspension of sodium hydride
(0-05 g; 2 mmol) in dioxane (3 ml). Benzylbromide (0-22 g; 1-3 mmol) was added to the stirred

mixture and kept under reflux for 8 h. The precipitated salts were separated by a filtration over
a short column of silica and washed with chloroform. The solvents were taken down on aspirator
and the product isolated by a column chromatography on alumina (Merck; act. IT). Data are
in Tables I and II.

TaBLE I

Mono- and bis(crown) compouuds II— V

c J Yield B.p. Eluent Formula Calculated/Found
ompound o °C/Pa  CHCl,: CH,OH M.w.

° / 3 3 (M.w.) %C %H %N
Ila 59 165/10 - CoH oN,0;  ST11 959 660
(420-6) 5696 938 632
IIb 58 190/10 — C, H,gN,0g 5967 951 5-51
(508-6) 5648 942 540
Ilc 52 — 100:0 C,gHs6N,0y; 5636 946 470
(596:7) 5615 929 4-51
Hla 93 — 100 : 1 CreHuN,0, 6288 893 5-64
(4967 6282 859  5-41
HIb 71 — 50:1 Ci0HsaN,04 6162 896 479
(584-8) 6074 868 4-58
e 76 - 50:1 CyHgoN,0,, 6069 899 416
(6729) 6052 872 3-86
IVa 98 - 50:1 CioH3gN,04 5528 884 645
(390-5) 5582 921 6-48
IVh 60 - 25:1 C,3H4N,05 5515 887 537
(478-6) 5535 9.19 555
IVe 77 - 2511 C,7Hs,N,0;0 5506 891 4-59
(566'7) 5504 902 430
Va 90 85/10 - Cy1H,3NO, 5663 994 600
(233-3) 5569 955 573
Vb 88 115/10 — C;3H,,NO; 5629 981 5-05
(277-4) 5613 985 496
Ve 87 155/10 - C,sH;,NOg 5605 972 436
(321-4) 5611 964  4-40
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Bis(crowns) IVa—IVc

Prepared from appropriate monoazacrown ethers VIIla— VIIlc and 1,3-bis(p-toluenesulphonyl-

oxy)propane analogously as described above for the bis(crowns) IIa—IIc. The products were

isolated by a column chromatography on alumina (Reanal; act. II). Data are in Tables I and IIL.
N-(2-Hydroxy-1-propyl)crowns Va— V¢

An appropriate monoazacrown ether VIIIa— VIIIc (4 mmol) was heated with an excess of
methyloxirane (5 ml; 70 ml) in a heavy wall ampoule (120°C; 5 h). The product was isolated by
a short-path distillation (Kugelrohr). Data are in Tables I and IIL.

Potentiometric Measurements

Formation of sodium complexes was followed potentiometrically with sodium ion selective
electrode (Radiometer G502) of 0-01M tetramethylammonium hydroxide in 99% aqueous methanol.

TABLE IT
Mono- and bis(crown) compounds II— ¥: mass spectra

Compound mfz (%)
Ila 420 (M™, 0-1), 389 (39), 230 (34), 214 (100), 189 (80), 157 (18), 156 (15),
100 (30), 91 (45), 83 (23), 56 (40)
1Ib 508 (M™,0-2), 477 (17), 276 (42), 258 (45), 246 (38), 232 (100), 100 (16),
85 (18), 83 (30), 56 (25), 45 (22)
I 596 (M*, 0-5), 303 (25), 302 (100), 301 (16), 277 (24), 276 (98), 100 (24),
87 (11, 86 (13), 56 (42), 45 (54)
Ila 308 (1), 230 (2), 214 (19), 188 (55), 100 (26), 91 (100), 56 (92), 45 (42), 42 (43)
Iy 352 (3), 309 (5), 258 (13), 232 (32), 100 (18), 91 (100), 56 (95), 45 (53),
42 (47
e 393 (3), 302 (45), 276 (92), 186 (6), 114 (10), 100 (38), 91 (100), 56 (95), 45 (90)
IVa 390 (M ™, 15), 285 (16), 215 (34), 188 (100), 186 (50), 172 (30), 156 (31),
128 (34), 114 (35), 100 (69), 70 (78), 56 (91)
Vb 478 (M*, 30), 329 (30), 315 (28), 259 (50), 232 (100), 128 (38), 70 (50)
Ive 566 (M™*,9), 373 (17), 359 (21), 303 (21), 276 (100), 274 (45), 244 (22),
172 (23), 100 (47), 70 (74), 45 (70)
Va 235 (M*, 5), 218 (8), 202 (9), 188 (100), 158 (14), 144 (8), 114 (13), 100 (45),
56 (45), 45 (52)
Vb 277 (M, 1), 262 (1), 232 (100), 202 (4), 144 (9), 114 (7), 100 (11), 56 (14)
45 (12)
Ve 321 (M*, 1), 276 (100), 232 (8), 188 (4), 114 (3), 100 (11), 56 (12), 45 (13)
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The free ligand (1.1073—1. 10~ %M solution) was titrated with 1. 107 2m sodium chloride
solution (until about a fivefold excess was reached) using automatic titrator DTS 800 Radiometer,
Copenhagen. The stability constants X, for 1:1 sodium jon-ligand complex formation were
calculated from the equation (/)

Ky = (em — ep)flegleg — ey + )] )
where ¢\, is the analytical concentration of the sodium ion, ¢, is the concentration of the free
(uncomplexed) form of the metal ion, and ¢y is the analytical concentration of ligand. Titrimetric

data obtained in the 0-2—0-8 region of cy/cy ratios were employed in the calculation. The average
standard deviation was about 5%.

RESULTS AND DISCUSSION

As it was pointed out already at earlier occasions, bis(crowns) may form with metal
ions several complex species®'?:!* differing in stoichiometry and/or in the spatial
arrangement (Scheme 1).

N M*

Cr Cr =—= ¢(r CrM* —— Cr/b?Cr
TN TN
Cr Cr Cr Cr
. M*
M — M‘ M‘
C fr C__ Gr

SCHEME 1

In order to establish the main complex species arising from the bis(crowns) Ia —If
in presence of sodium ion, we have made use of potentiometric titration with ion
selective electrode. From the potentiometric data obtained upon gradual addition
of sodium chloride to the ligand in 99% methanol (basified with 1.1072M tetra-
methylammonium hydroxide) we first evaluated stoichiometry of the dominant
complex species in the solution making use of saturation curves. Next we calculated
stability constants for the complex and compared the figures with those obtained
in the corresponding mono- and bis(crown) subsidiary series.

Stoichiometry of the Dominant Complex Species in the Bis(crown)
Series Ia—1If

Data from the potentiometric titration of the bis(crowns) Ja—If can be plotted as
a function of the bound form of the metal ion (cy — ¢;) vs the total (analytical)
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metal ion concentration c¢y. When the plot is arranged in a normalized form (i.e.,
divided by the analytical ligand concentration, c;), experimental curve describing
a gradual ligand saturation by the metal ion is obtained.

The saturation curve plotted for the bis(crown) Ib in Fig. 1 shows that the ratio
of the bound metal ion to the total ligand concentration, (cy — ¢)/c,, approaches
rapidly to unity and then levels out demonstrating a prevalent formation of 1:1
complex in the solution. Entirely analogous situation found also for the other bis-
(crowns) Ia, Ic—If strongly suggests that 1 :1 complexes prevail generally in the
investigated series.

The saturation curves do not differentiate* between the monomeric and dimeric
1:1 complexes (cf. Scheme 1). Since, however, the corresponding equations for
stability constants of the two alternative complexes are different (see Eqs (2) and (3))

KY* = [ML]/[M*][L] @
KYst = [ML,]/[M* T [L]] )

distinction can be made between the two complexes by potentiometric titration at
several ligand concentration. In this way, predominance of the monomeric species
ML was invariantly found in the bis(crown) series I.

Stability Constants for 1 : 1 Complexes: The Effect of Macroring
Cooperation in Bis(crown) Sandwich Complex Formation

The values of stability constants for 1: 1 sodium ion-bis(crown) Ia—If complexes
in methanol are summarized in Table III. The corresponding figures determined
for the sodium ion complexes from the monocyclic ligands Va— Ve and VIa—Vie
are summarized in Table IV. The monocyclic ligands represent, formally, building
blocks for the bis(crown) compounds Ia —If.

A simple comparison of the corresponding values in Tables III and IV immediately
suggests that a marked cooperation of both macrorings in the sodium ion-bis(crown)
complex formation takes place. In order to quantify extent of the cooperation, we
have introduced the coefficient of cooperation (Eq. (4))

B = K}[KY C)

where K® is stability constant of a given sodium ion-bis(crown) complex and K¥%is
the corresponding value obtained for the sodium complex arising from an appropriate

* Dimeric 1 : 1 complexes are usually ignored in a customary analysis. A surprisingly stable

dimeric complex from a bis(benzocrown) has been however recently reported (ref.“).
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monocyclic analogue. The coefficients § calculated for the bis(crowns) Ia—1If are
summarized in Table V.

As it follows from Table V, the values of the coefficients are always greater than
unity ranging between about 2 and 20, in dependence on the macroring size and
bis(crown) symmetry. The values of f decrease with the increasing macroring size
being always significantly greater when both macrorings in the bis(crown) are the
same.

Although such a pattern of macroring cooperation agrees well with the concept
of the intramolecular sandwich complex as visualized in Scheme 1, it might be
argued that only a minor part of donor sites in one macroring participates, giving
rise to a lariat complex!® rather than to the sandwich formation.

TasLe ITT

The stability constants of 1 : | sodium ion compiexes from bis(crowns) Ia—Ifin 999 methanol
at 25°C

Ligand ACH,CH(OH)CH,B
: e e e K 1073 (lmol ™Y

Formula A B
Ia 12 (NO;3» 12{NO3> 59
Ib 15 (NO,» 15{NO,> 533
Ic 18 (NOs> 18 {NOs>» 73-4
Id 12 {NO;> 15{NO,> 275
Ie 12 {NO3> 18 {NOs> 699
If 15(NO,> 18 (NOs> 462
15
c, C.
10 W-ﬁ
05 1
FiG. 1
Saturation of bis(crown) Ih with sodium ion ot - > - - <
in 99%; methanol Y
<

-
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In order to explore such an eventuality we have examined complexation properties
of the “mini” analogues of bis(crown) compounds VIIa—VIIc in which one macro-
ring moiety is replaced by a morpholine group. These compounds may serve as
convenient models for assessing the lariat type of participation involving one nitrogen
and one oxygen donor site. The stability constants of the sodium ion-ligand VII
complexes are summarized in Table VI, together with the corresponding coefficients
B calculated for the participation of the morpholine group.

TABLE 1V

The stability constants of 1:1 sodium ion complexes from monocyclic ligands Va— ¥c and
VIa— Vic in 99%; methanol at 25°C

Ligand A—R
: — K, .1073 @ mol™ 1)
Formula A R
Va 12 (NO;> -CH,CH(OH)CHj, 033
Via 12{NO;> -CH, 011
Vb 15 (NO;> -CH,CH(OH)CHj, 447
Vb 15 {NO;> -CH, 2:57
Ve 18 {NO;> -CH,CH(OH)CH, 20-42
VI 18 (NO;> ~CH; 610

TABLE V

The coefficients of macroring cooperation, B, in sodium ion complex formation from bis(crowns)
la—1f

Ligand ACH,CH(OH)CH,B

— : B
Formula A B
Ia 12 (NO3> 12{NO3) 17-8°
b 15 {NO,> 15({NO,> 11-9°
Ic 18 (NOs> 18 (NOs> 3-6°
Id 12{NO;> 15{(NO,> 6-2¢
Ie 12 (NO3> 18 (NOs) 3-4°
If 15 {NO,> 18 {(NOs) 22/

“KI(KY% P KPKYY C Ky KYS Y KYKY® © KEIKYS T KY KT
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It is seen that the K, as well as the § values for the morpholine derivatives VIla to
VIIc are markedly lower than those we found for the corresponding bis(crowns)
Ia~—Ic. It strongly suggests a more pronounced participation in the latter bis(crown)
series, in accord with the concept of sandwich complexes.

Effect of Hydroxyl Group at the Trimethylene Hinge on the
Intramolecular Sandwich Complex Formation

As it may be inferred from a comparison of the sodium complex stability data we
obtained for the 2-hydroxypropyl and for the methylsubstituted azacrowns (Va— V¢
and Vlia—Vic, respectively) in Table IV, the lateral hydroxyl substituent in the mono-
cyclic series participates rather weakly in the complex formation, the ratio of K}’/K}”
being about 2 —3 irrespective of the size of macroring.

TABLE VI
The stability constants of 1 : 1 sodium ion complexes, K, from the “mini” bis(crowns) VIla— VIIc
in 99% methanol and the corresponding coefficients of cooperation, B, of the morpholine (Morph)
group

Ligand ACH,CH(OH)CH,Morph
— Ky .1073 (mol™ 1) B

Formula A
Vila 12 (NO;> 0-37 11°
12103 15 (NO,) 5-65 1-3
Vil 18 {NO5> 24-90 1-2¢

a KYlIa/KYa; b KY”b/KYb; c KY”C/KYC.

TABLE VII

The ratios of the stability constants for sodium ion complexes from the hydroxyl-substituted
(X = OH) and from the parent (X = H) bis(crown) compounds ACH,CH(X)CH,A (Ja—Ic and
IVa—1Vc, respectively)

A Ki/kY
12 {(NO3) 0-67
15 {NO,> 19-4
18 {NOs> 131

Collect. Czech. Chem. Commun. (Vol. 54) {1989}
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In order to assess similarly the effect of the lateral hydroxyl substituent in the
bis(crown) sandwich complex formation, we have compared sodium complex stabili-
ties in the hydroxyl-substituted (Ia—Ic) and in the unsubstituted parent (IVa—IVe)
series. The ratios of the corresponding stability constants from the two compared
series, K}/KY', are in Table VII.

A striking dependence on ring size is immediately apparent. For the smallest
bis(crown) homologues (Ia and I'Va) the ratio Ki/K}' is very close to unity (in actual
fact, less than unity) indicating a practical absence of the hydroxyl participation
in the sandwich complex formation. Whereas, for the higher homologues (Ib and
IVb, Ic and IVc) the K}[KYY values are 19 and 13, respectively, indicating a very

TasLE VIII
The effect of substituent X on stability of sodium ion complexes arising from the bis(crown)
compounds ACH,CH(X)CH,A in 997 methanol at 25°C

Formula A X Ky . 1073 mol™Y)
Ia 12 {NO3) OH 5-90
Ha 12 {NO3) OCH, 9-41
Hla 12 {NO3> OCH,C4H; 484
IVa 12 {NO;> H 882
Ib 15 {NO,> OH 53-30
b 15 {NO,> OCH, 589
Ib 15 {NO,> OCH,C¢Hjs 2:08
IVh 15 (NO,) H 275
Ic 18 {NOs> OH 7340
He 18 {NO;)> OCHj4 2110
HIc 18 {(NO;) OCH,C4H; 466
IVe 18 (NOs> H 5-62

F1G. 2

The optimal arrangement of bis(crowns) I
for sodium ion complexation
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pronounced hydroxyl participation, much stronger than in the monocyclic series
Va—Ve (cf. Table IV). '

A simple rationale for this behaviour may be provided on the assumption that, in
order to arrive at an effective participation, the hydroxyl group in the bis(crown)
complex must protrude inside the central (interannular) cavity (Fig. 2). Examination
of CPK models suggests that in the smallest bis(crown) Ia the protruding hydroxyl
diminishes prohibitively the central cavity disallowing thus effective participation.
In the larger bis(crown) homologues Ib and Ic, the diminution of the cavity is less
stringent allowing enough space for an easy confinement of the sodium ion.

Effect of Other Substitents at the Hinge on the
Sandwich Complex Formation

In order to get a broader insight into modus operandi of the lateral donor group
participation in the bis(crown) sandwich complex formation, we have examined
stabilities of sodium complexes from several bis(crown) series differing by the nature
of substituent at the trimethylene hinge (X = OH, OCH,, OCH,C¢Hj). Stability
constants obtained in the comparative study are summarized in Table VIIIL.

Noteworthy, in particular, are the figures obtained for the higher homologues
(Ib—1Vb, Ic—IVc) revealing that hydroxyl participates much more effectively than
the more basic methoxy or benzyloxy groups. In part, at least, the difference may
be attributed to steric factors, the observed complex stability order OH > OCH; >
> OCH,C.,H; being in a qualitative accord with increasing steric demands of the
participating group. However, also ability of the hydroxyl group to form intra-
molecular hydrogen bond with the nitrogen donor sites in the macrorings should
be taken into consideration, since the hydrogen bonding may enhance considerably
the electron-donating power'® of the hydroxyl in coordinating the sodium ion.

APPENDIX

The IUPAC nomenclature of the ligands studied

Ia: 10,10’-(2-hydroxy-1,3-propanediyl)bis(1,4,7-trioxa-10-azacyclododecane)

Ib: 13,13’-(2-hydroxy-1,3-propanediyl)bis(1,4,7,10-tetraoxa-13-azacyclopentadecane)

Ic: 16,16’-(2-hydroxy-1,3-propanediyl)bis(1,4,7,10,13-pentaoxa-16-azacyclooctadecane)

Id: 13-[2-hydroxy-3-(1,4,7-trioxa-10-azacyclododec-10-yl)propyl]-1,4,7,10-tetraoxa-13-
-azacyclopentadecane

Ie: 13-[2-hydroxy-3-(1,4,7-trioxa-10-azacyclododec-10-yl)propyl}-1,4,7,10,13-pentaoxa-
-16-azacyclooctadecane

1f: 16-[2-hydroxy-3-(1,4,7,10-tetraoxa-13- azacyclopentadec 13-yl)propyl}-1,4,7,10,13-
-pentaoxa-16-azacyclooctadecane

Ila: 10,10’-(2-methoxy-1,3-propanediyl)bis(1,4,7-trioxa-10-azacyclododecane)

IIb: 13,13’-(2-methoxy-1,3-propanediyl)bis(1,4,7,10-tetraoxa-13-azacyclopentadecane)

IIc: 16,16"-(2-methoxy-1,3-propanediylbis(1,4,7,10,13-pentaoxa-16-azacyclooctadecane)

Collect. Czech. Chem. Commun. (Vol. 54) (1989)
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Hla: 10,10°-(2-benzyloxy-1,3-propanediyl)bis(1,4,7-trioxa-10-azacyclcdodecane)

11b: 13,13’-(2-benzyloxy-1,3-propanediyl)bis(1,4,7,10+tetraoxa-13-azacyclopentadecane)
Hlc: 16,16’-(2-benzyloxy-1,3-propanediyl)bis(1,4,7,10,13-pentaoxa-16-azacyclooctadecane)
IVa: 10,10"-(1,3-propanediyl)bis(1,4,7-trioxa-10-azacyclododecane)
1Vb: 13,13’-(1,3-propanediyl)bis(1,4,7,10-tetraoxa-13-azacyclopzntadecane)

IVe: 16,16’-(1,3-propanediyl)bis(1,4,7,10,13-pentaoxa-16-azacyclooctadecane)

Va: 10-(2-hydroxypropyl)-1,4,7-trioxa-10-azacyclododecane

Vb. 13-(2-hydroxypropyl)-1,4,7,10-tetraoxa-13-azacyclopsntadecane

Ve 16-(2-hydroxypropyl)-1,4,7,10,13-pentaoxa-16-azacyclooctadecane

Via: 10-methyl-1,4,7-trioxa-10-azacyclododecane

VIb: 13-methyl-1,4,7,10-tetraoxa-13-azacyclopentadecane

Vie: 16-methyl-1,4,7,10,13-pentaoxa-16-azacyclooctadecane

Via: 10-[2-hydroxy-3-(morpholino)propyl]-1,4,7-trioxa-10-azacyclododecane

VIIb: 13-[2-hydroxy-3-(morpholino)propyl]-1,4,7,10-tetraoxa-13-azacyclopentadecane
Vilc: 16-[2-hydroxy-3-(morpholino)propyl}-1,4,7,10,13-pentaoxa-16-azacyclooctadecane.
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