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Abstract 

The syntheses and characterization of 10 dibenzo-substituted macrocycles incorporating mixed 
nitrogen, oxygen and/or sulfur donor sets are reported. The new systems, which incorporate six 
potential donor sites, extend the range of related (potentially tetradentate and pentadentate) 
macrocyclic systems reported previously. 

Introduction 
The use of macrocyclic ligands for selective metal complex formation has 

received considerable attention over many years.132 In past studies we have 
investigated the interaction of mixed donor macrocyclic ligands incorporating 
four13 five,4 and eight5 potential donor sites with a range of latter first-row 
transition and post-transition metal ions.6 An overall aim of these studies was 
to achieve metal-ion discrimination within the respective ligand series and to 
understand the reasons for such discrimination when it was observed. One strategy 
employed in these studies has been to investigate metal-ion behaviour across a 
'matrix' of ligands whose structures vary in a stepwise manner;6)7 parameters 
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such as the macrocyclic ring size, donor atom set and the degree of ligand 
substitution have all been varied to form the required matrix. As an extension 
of these studies we now report the synthesis and characterization of a new series 
of related cyclic ligands (1)-(10) incorporating six potential (mixed) donor sites. 

Results and Discussion 

The synthesis of the macrocycles (1)-(10) was achieved by established 
procedures.8 Schiff base condensation of the respective parent dialdehydes (11) 
and (12) and the appropriate linear di- or tri-amine derivative in methanol yields 
the corresponding cyclic products; these were not isolated but were reduced in 
situ by stepwise addition of sodium borohydride to the reaction solution. A 
similar non-template, reaction procedure was employed previously to obtain the 
related four-, five- and eight-donor macrocycles mentioned a b ~ v e . ~ - ~  As observed 
in the previous studies, it was not found necessary to carry out the respective 
ring-closing reactions under high-dilution conditions. It should be noted that 
previous attempts to use linear polyamines in Schiff base condensation reactions 
sometimes resulted in a non-terminal (secondary) amine reacting in concert 
with a primary amine and an aldehyde group to yield a 1,3-diazacyclopentane 
or a 1,3-diazacyclohexane (aminal) der i~a t ive .~  Nevertheless, reduction of such 
derivatives has been documentedg to give the required linear amine backbone 
incorporating only secondary arnines. It is possible that similar diazacyclopentane 
or 1,3-diazacyclohexane derivatives also form as intermediates in the present 
reactions involving triamine reagents. However, in all cases the final reduced 
products were shown to be the required macrocyclic rings. It needs to be noted 
that reports of the use of (1) in m e t a l - c ~ m p l e x ~ ~ ~ ~  and silica immobilization 
studies1' have appeared; however, the detailed synthesis and characterization of 
this macrocycle have not been published. 

In most instances the reduced cyclic products were isolated as oils, with final 
purification involving generation of their protonated salts (see Experimental). 

The infrared spectra of the respective reduced products confirmed the presence 
of secondary amine N-H stretching bands in the region 3100-3300 cm-I (and 
contained no bands at 1650-1700 cm-l where imine stretches are expected). The 
lH and 13C n.m.r. spectra of the respective products in each case were consistent 
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with the assigned structures; once again, there was no evidence for the presence 
of imine groups. Positive-ion fast atom bombardment (f.a.b.) mass spectra were 
obtained for the respective products. In each case no peaks were present at higher 
rn /z  values than that expected for the corresponding parent ion, LHS-providing 
strong evidence that the macrocycles were 1 : 1 condensation products. 

Macrocycles (1)-(lo), taken together with the structurally related mixed-donor 
dibenzo macrocycles described previously, represent a we y extensive set of related 
rings available for comparative metal-ion binding studies. Further studies in this 
area, with continuing emphasis on the factors influencing metal-ion recognition, 
are planned for the future. 

Experiment a1 
'H and 13c n.m.r. spectra were determined at 298 K on a Bruker AM300 spectrometer a t  

300 and 75 MHz, respectively. For particular samples, decoupling experiments were conducted 
to aid in making the peak assignments. Infrared spectra were recorded on a Perkin Elmer 197 
spectrophotometer. Positive-ion f.a.b. mass spectra were determined on a JEOL JMS-DX300 
instrument by Dr I. Liepa, Division of Coal and Energy Technology, CSIRO, at the Coal 
and Energy Division, CSIRO. Where microanalysis indicated the presence of solvates, the 
existence of corresponding signals was confirmed in the respective n.m.r. and infrared spectra. 

This (parent) dialdehyde was synthesized as reported previously12+ (Found: C, 69.2; H, 5.8. 
Calc. for C18H1805: C, 68.8; H 5.8%). 'H n.rn.r. (CDC13/SiMe4) 6 3.98, m, ArOCH2CH2; 
4.28, m, ArOCH2; 6.9-7.9, m, CsH4; 10.5, s,  CHO. 13c n.m.r. (CDC13/SiMe4) 6 68.3, 
69.9, OCH2; 112.9, 121.1, 128.4, 135.8, Ar; 189.5, CHO. Mass spectral parent ion (f.a.b.) 
m/z 315. 

Preparation of Macrocycle (1).3HN03 

Diethylenetriamine (0.66 g, 6 mmol) in methanol (30 ml) was added to a boiling solution 
of the product from (11) (2.0 g, 6 mmol) in methanol (200 ml). The solution was heated and 
stirred for 25 min, then sodium borohydride (1.0 g) was added in small portions over 10 min. 
The solution was concentrated to approximately 50 ml, cooled, and the volume was increased 
twofold by addition of crushed ice. Stirring was continued at room temperature overnight in 
an open beaker. The pH of the solution was adjusted to approximately 12 and the mixture 
was extracted with chloroform (3x50 ml). The combined extracts were dried over anhydrous 
sodium sulfate and then taken to dryness on a rotary evaporator. The crude product was 
obtained as a light brown oil; yield 1.5 g. The trihydronitrate salt was obtained by slow 
crystallization of the oil dissolved in aqueous nitric acidlethano1 solution (Found: C, 45.9; H, 
6.1; N, 14.2. C22H34N6012 requires C, 46.0; H. 6.0; N, 14.6%). 'H n.m.r. (DzO/dioxan) 
6 3.56, m, NCH2CH2N; 4.11, m, ArOCH2CH2; 4.29, m, OCH2; 4.36, s,  ArCH2; 6.9-7.6, 
m, CsH4. 13c n.m.r. (DzO/dioxan) 6 43.2, 44.1, NCH2CH2N; 47.7, ArCH2; 68.5, 70.4, 
ArOCH2CH20; 113.3, 119.1, 122.5, 132.7, 132.8, 157.8, C6H4. Mass spectral parent ion 
(f.a.b.) m/z 386. 

Preparation of Macrocycle (Z).3HNO3. H2 0 .  E ~ O H  

In a manner similar to that described for (1) above, N-(2-aminoethy1)propane-1,3-diamine 
and (11) yielded the macrocycle as a light yellow oil. 'H n.m.r. (CDC13/SiMe4) 6 1.65, q, 
N C H ~ C H Z C H ~ N ;  2.00, br, NH; 2.4-2.7, m, NCH2; 3.78, s, ArCH2; 3.97, m, ArOCH2CH2; 
4.11, m, OCH2; 6.7-7.9, m, aromatic. 13C n.m.r. (CDC13/SiMe4) 6 29.7, NCH2CH2CH2N; 
47.2, 47.4, 47.9, 48.8, NCH2; 49.8, 50.0, ArCH2; 6 7 2 ,  67.4, ArOCH2CH20; 69.8, OCH2; 

* See also Adam et al. (1983).~ 
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111.2, 120.6, 128.1, 128.7, 130.4, 156.8, aromatic. Mass spectral parent ion (f.a.b.) m/z 
400. The trihydronitrate salt was obtained by crystallization of the above product from an 
aqueous nitric acidlethano1 solution (Found: C, 46.1; H, 6.2; N, 13.3. C 2 4 H 4 ~ N 6 0 ~ 3  requires 
C, 46.5; H, 6.5; N, 13.5%). 'H n.m.r. (DzO/dioxan) 6 2.05 quin, N C H ~ C H Z C H ~ N ;  3.36, 
dd, NCHzCHzN; 3.58, d t ,  NCH2CH2CH2N; 3.90, t ,  ArOCH2CH20; 4.14, 4.19, s, ArCH2; 
4.16, t ,  ArOCHz; 6.8-7.4, m, CsH4. I3c n.m.r. (DzOIdioxan) 6 22.6, N C H Z C H ~ C H ~ N ;  
42.9, 43.3, 44.1, 45.3, NCH2; 46.9, 47.6, ArCH2: 67.9, ArOCHzCH20; 69.70, ArOCH2; 
113.3, 119.2, 119.6, 122.5, 132.7, 132.9, 157.7, aromatic. 

Preparation of Macrocycle (3).HN03 

This macrocycle was prepared from bis(3-aminopropy1)amine and (11) by using the general 
method described for (1). 'H n.m.r. (CDC13/SiNled) 6 1.69, quin, NCH2CH2CH2N; 2.44, 
br, NH; 2.64. 2.69, t ,  NCH2; 3.81, s, ArCH2; 3.9, m, ArOCH2CH20; 4 .2 ,  m, ArOCH2; 
6.7-7.35, m, C6H4. 13c n.m.r. (CDC13/SiMe4) 6 29.6, NCH2CH2CH2N; 47.7, 48.6, NHCH2; 
50.4, ArCH2; 6 7 7 ,  ArOCH2CH20; 70.4, ArOCH2; 111.8, 121.1, 128.6, 129.0, 130.9, 1 5 7 3 ,  
C6H4. Mass spectral parent ion (f.a.b.) m / z  414. The monohydronitrate salt was obtained 
by slow crystallization of the above product from an aqueous nitric acidlethano1 solution 
(Found: C, 60.2; H, 7.7; N, 11.5. C24H36N406 requires C, 60.5; H, 7.6; N, 11.8%). 'H 
n.m.r. (DzO/dioxan) 6 2.03, quin, N C H Z C H ~ C H ~ N ;  3.06, dd, NCH2; 3.89, m, ArOCHzCH2; 
4.14, s, ArCH2; 4.17, m. OCH2; 6.85-7.4, m, C6H4. 13c n.m.r. (DlO/dioxan) 6 25.8, 
N C H ~ C H Z C H ~ N ;  46.9, 46.4, NCHz; 48.1, ArCH2; 68.0, ArOCH2CH20; 70.0, ArOCH2; 
113.3, 120.0, 125.8, 130.5, 131.7, 157.3, CsH4. 

Preparation of Macrocycle (4). 2H2 0 

By using the general method reported for ( I ) ,  N-methylbis(3-aminopropy1)amine and (11) 
yielded the required macrocycle. The brown oil obtained on evaporation of the chloroform 
extracts was dried under vacuum whereupon it slowly crystallized (Found: C, 65.0; H, 7.8; 
N, 9.3. C25H41N305 requires C, 64.8; H, 8.9; N, 9.1%). 'H n.m.r. (CDC131SiMe4) 6 
1.74, quin, NCH2CH2CH2N; 2.03, s, NCH3; 2.33, 2.77, t ,  NCH2; 3.93, s, ArCH2; 4.00, 
m, OCH2CH20; 4.30, m, ArOCH2; 6.8-7.5, m, C6H4. 13c n.m.r. (CDC13/SiMe4) 6 26.6, 
N C H Z C H ~ C H ~ N ;  42.1, NCH3; 4 7 7 .  49.5, NCH2; 55.9, ArCH2; 67.5, ArOCH2CH20; 69.9, 
ArOCH2; 111.5, 120.7, 128.0, 128.3, 130.3, 156.8, CeH4. Mass spectral parent ion (f.a.b.) 
m / z  428. 

Preparation of Macrocycle (5).H2 0 

By using the general method described for ( I ) ,  bis(2-aminoethyl) ether13 and (11) yielded 
a white solid after addition of ice. The mixture was stirred overnight; the white solid was 
then collected and washed with water (Found C, 65.1; H, 7.5; N, 6.6. C22H32N205 requires 
C, 65.4; H. 8.0; N, 6.9%). 'H n.m.r. (CDC131SiMe4) 6 2.33, br, NH; 2.75, t .  OCH2CH2N; 
3.50, t ,  OCHzCHzN; 3.78, s, ArCH2; 4.11, m, ArOCH2CH2; 4.13, m, ArOCH2; 6.8-7.5, 
m, aromatic. 13c n.m.r. (CDC13/SiMe4) 6 49.3, NCH2; 51.0, ArCH2; 68.7, OCH2CH2N; 
71.1, 70.4, OCH2CH20; 111.3, 120.8, 128.1, 128.6, 130.8, 157.2, aromatic. Mass spectral 
parent ion (f.a.b.) m / z  343. 

Preparation of Macrocycle (6).2HN03. 1 HZ 0 

The crude macrocycle was obtained from bis(2-aminopropy1)amine and (11) by using the 
general method described for (1). Its hydronitrate salt was obtained by (slow) crystallization 
of the above product from an aqueous nitric acidlacetonitrile solution (Found: C, 50.5; H. 6.8; 
N, 13.3. C24H40~5010.5 requires, C, 50.9; H, 7.1; N, 12.4%). 'H n.m.r. (DaO/dioxan) 
6 1.3, d l  NCH2CH(Me)N; 1 . 8 ,  m, NCH2CH(Me)N; 2.9, m, NCHzCH(Me)N; 4 .0 ,  4.3, m, 
OCH2, ArCH2; 6.9-7.6, m, C6H4. 13c n.m.r. (DzO/dioxan) 6 15.4, m, NCHzCH(Me)N; 
45.4, m, NCHzCH(Me)N; 50.6, m, NCH2CH(Me)N; 51.8, ArCH2; 67.7, 69.0, OCH2; 113.3, 
119.6, 122.5, 132.5, 132.8, 157.6, C6H4. m / z  414. 
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This precursor was prepared by means of a modification of the literature method.14 
Tosyl chloride (141 g, 0.74 mol) in diethyl ether (850 ml) was slowly added to a mixture of 
diethanolamine (22.3 g, 0.21 mol) and triethylamine (150 ml). The solution was stirred for 
1 . 5  h and water (300 ml) was then added to dissolve the Et3N.HC1 precipitate which had 
formed. The layers were separated and the ether fraction was washed with water (3x200 ml). 
Following its separation, the ether phase was then taken to dryness on a rotary evaporator. 
The residue which remained was recrystallized from ethanollwater to yield white crystals of 
the product; yield 148 g (Found: C, 52.9; H, 5.2; N, 2.5. Calc. for C ~ ~ H Z ~ N O S S ~ :  C, 53.0; 
H, 5.3; N, 2.5%). 'H n.m.r. (CDC13) 6 2.43, s,  CH3ArS02N; 2.46, s,  CH3ArS03; 3.37, t ,  
NCHz; 4.12, t ,  OCH2; 7.2-7.8, m, C6H4. 13c n.m.r. (CDC13) 6 21.5, CH3ArS02N; 21.6, 
CH3ArS03; 48.4, NCH2; 68.2, OCH2; 127.2, 127.9, 129.95, 130.0, 132.4, 135.2, 144.1, 
145.2, C6H4. Mass spectral parent ion (f.a.b.) m/z 568. 

The product (29 g, 0.05 mol) from the above preparation was added to a mixture of 
salicylaldehyde (12.2 g, 0.12 mol) in ethanol (100 ml), This solution was warmed and sodium 
hydroxide (3 g) in water was added. The solution was then refluxed for approximately 36 h, 
then allowed to cool (with stirring), and the crystalline product which separated was isolated 
and washed with water; yield 14.0 g (Found: C, 63.8; H, 5.4; N, 2.9. C2&5N06S requires 
C, 64.2; H, 5.4; N, 3.0%). 'H n.m.r. (CDC13) 6 2.36, s, ArCH3; 3.78, t ,  NCH2; 4.31, t ,  
0CH2;  6.8-7.85, m, C6H4; 10.28, s, CHO. 13c n.m.r. (CDC13) 6 21.5, s, ArCH3; 49.1, 
NCH2; 67.6, 0CH2; 189.1, CHO; 112.4, 121.3, 124.8, 126.9, 129.2, 129.9, 136.0, 144.0, 
160.2, C6H4. Mass spectral parent ion (f.a.b.) m/z 468. 

Preparation of Macrocycle (7). H 2 0  

Diethylenetriamine (0.44 g, 4 mmol) in methanol (40 ml) was added to a boiling solution 
of (12) (2.0 g, 4 mmol) in methanol (200 ml). The solution was heated and stirred for 25 min. 
Sodium borohydride (1.0 g) was added in small portions over 10 min. The solution was 
then concentrated to approximately 50 ml, cooled, and the volume was increased twofold by 
addition of crushed ice. Stirring was continued overnight a t  room temperature in an open 
beaker. The pH of the solution was then adjusted to  approximately 12 before extracting it 
with chloroform (3x50 ml). The combined extracts were dried over anhydrous sodium sulfate, 
and the solution was then taken to dryness on a rotary evaporator to  yield the crude product 
as a light brown oil; yield 1 . 5  g (Found: C, 62.8; H, 6.9; N, 10.1. C2gH40N405S requires C, 
62.6; H, 7.2; N, 10.1%). 'H n.m.r. (CDC13) 6 2.28, s, CH3ArS02N; 2.66, 2.63, m, NCH2; 
3.67, t ,  0CH2CH2NTs; 3.88, s, ArCHz; 4.20, t ,  0CH2; 6.70-7.7, m, aromatic. 13C n.m.r. 
(CDC13); 6 21.4, ArCH3; 49.0, 50.0, NCH2CH2; 50.3, ArCHz; 67.8, OCH2; 111.5, 121.0, 
128.5, 128.8, 129.7, 137.5, 143.4, 156.6, aromatic. Mass spectral parent ion (f.a.b.) m/z 
539. The product was converted into its trihydronitrate salt by crystallization from aqueous 
nitric acidlethano1 solution (Found: C, 47.6; H, 5.8; N, 13.3. C2gH41N7013S requires C, 
47.9; H, 5.7; N, 13.5%). 

Preparation of Macrocycle (8). 1 H2 0 

In a manner similar to that described for (7), N-(2-aminoethy1)propane-1,3-diamine and 
(12) yielded a light-coloured oil which crystallized on standing (Found: C, 62.4; H, 7.1; N, 
9.5. C30H43N405.5S requires C, 62.2; H, 7.5; N, 9.7%). 'H n.m.r. (CDC13) 6 1.61, quin, 
N C H ~ C H ~ C H Z N ;  2.28, s, CH3ArSOzN; 2.63, m, NCH2CH2N; 3.66, 3.69, s, ArCHz; 3.83, 
m, OCH2CH2NTs; 4.20, m, OCH2; 6.6-7.15, m, aromatic. 13c n.m.r. (CDC13) 6 21.32, 
CH3ArS02N; 29.2, NCH2CH2CH2N; 48.1, 48.2, 48.5, 49.2, 49.4, 49.9, ArCH2, NCHz; 
111.2, 111.3,120.8; 120.9; 126.9; 127.0; 128.3; 128.4; 128.5; 129.7; 129.8, 130.45,130.47, 
1375 1, 143.5, 156.6, 156.7, aromatic. The trihydronitrate salt was obtained by crystallization 

l4 Peacock, D. H., and Dutta, U. C., J. Chem. Soc., 1934, 1303; Richman, J. E., and Atkins, 
T .  J., J.  Am. Chem. Soc., 1974, 96, 2268. 
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of the above product from an aqueous nitric acidlethano1 solution (Found: C, 48.2; H, 5.7; 
N, 13.2. C3oH43N7013S requires C, 48.8; H, 5.8; N, 13.2%). Mass spectral parent ion 
(f.a.b.) m/z 553. 

Preparation of Macrocycle (9). 8 H 2 0 

By using the procedure described above for (7),  reaction of bis(2-aminoethyl) ether13 with 
(12) yielded the required product which precipitated as a solid on the slow addition of crushed 
ice to the reaction solution. The cream solid was isolated and washed with water (Found: 
C, 59.7; H, 6.8; N, 7.3. C2gH42N307.5S requires C, 59.6; H, 7.2; N, 7.2%). 'H n.m.r. 
(CDC13); 6 2.20, CH3ArSOzN; 2.26, t ,  NH; 2.71, t ,  OCH~CHZNH; 3.52, t ,  OCH2CH2KH; 
3.65, s, ArCH2; 3.91, t ,  CH2NTs; 4.28, t ,  OCH2CH2NTs; 6.6-7.25, m, aromatic. 13C 
n.m.r. (CDC13) 6 21.3, CH3ArS02N; 49.5, OCH2CH2NTs; 50.4, NHCH20; 51.1, ArCH2; 
68.0, OCHZCH~NTS; 70.5, NHCH2CH20; 113.3, 121.1, 126.7, 128.2. 128.6, 129.6, 130.6, 
138.0, 143.3, 156.6, aromatic. Mass spectral parent ion (f.a.b.) m/z 540. 

Preparation of Macrocycle (10).2HN03 

This macrocycle was prepared from (12) and bis(2-aminoethyl) thioether15 by using the 
general method described above to yield a light-coloured oil. 'H n.m.r. (CDC13) 6 2.35, s, 
CH3ArS02N; 2.66, t ,  NCH2CH2S; 2.75, t ,  NCHzCH2S; 3.72, s, ArCH2; 3.80, t ,  TsNCH2; 
4.24, t ,  OCH2; 6.70-7.75, m, aromatic. 13c n.rn.r. (CDC13) S 21.4, CH3ArS02N; 33.0, 
SCH2; 48.3, NHCH2; 49.3, TsNCH2; 50.1, ArCH2; 6 7 7 ,  OCH2; 111.4, 111.7, 121.2, 127.1, 
128.6, 129.9, 130.5, 137.0, 143.7, 158.6, aromatic. The dihydronitrate salt was obtained by 
crystallization of the product from aqueous nitric acidlethano1 solution (Found: C, 50.7; H, 
5.6; N, 10.6. C29H3gN5010S2 requires C, 51.1; H, 5.8; N, 10.3%). Mass spectral parent 
ion (f.a.b.) m/z 556. 

Attempted Detosylation of (7)-(10) 

Attempts to detosylate these species by using sodium naphthalenide in dry tetrahydrofuran16 
were unsuccessful and resulted in a complex mixture of products. 
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