Jul-Aug 2000

Syntheses, Crystal Structures, and Metal Ion Complexation Studies of 711

Novel Diaza-18-Crown-6 Ligands Containing Aromatic
Thiol-Derived Side Arms

Ning Su,t Jerald S. Bradshaw,* Guoping Xue, N. Kent Dalley, Xian X. Zhang,
Paul B. Savage, Krzysztof E. Krakowiak,* and Reed M. Izatt

Department of Chemistry & Biochemistry, Brigham Young University, Provo, UT 84602
Received May 24, 1999

Dedicated to the memory of Professor Raymond N. Castle

The Mannich aminomethylation reaction of aromatic thiols has been used to produce diaza-18-crown-6
ligands containing thiol-derived side arms. Thiophenols were attached to the azacrown through N-CH,-S
linkages even in the presence of hydroxy or acetamido groups. Heteroaromatic thiols containing N=C-SH
(or NH-C=S) structural fragments were attached to diaza-18-crown-6 by N-CH,-N linkages with the thiol
becoming a thione function. X-ray crystal structural analyses show the N-CH,-S and N-CH,-N linkages
for some of the new macrocyclic compounds. Interactions of four of the new diaza-18-crown-6 ligands
with Na*, K+, BaZt, Ag*, Zn?+, Cd2+, Ni2+, and Cu2* were evaluated by calorimetric titration at 25° in
methanol. The results show that these ligands form stable complexes with many of the metal ions studied.

J. Heterocyclic Chem., 37, 711 (2000).

Attachment of metal-ion chelating groups to macro-
cyclic ligands has yielded compounds with marked
improvements in ligating properties over the parent macro-
cyclic ligands. In this context, we recently reported that
5-chloro-8-hydroxyquinoline-substituted diaza-18-crown-
6 ligands (1 and 2, Figure 1) showed greatly improved ion-
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Figure 1.

complexing ability and selectivity for certain metal ions
compared to unsubstituted diaza-18-crown-6 [1,2]. For
example, the log K value for the 2-Ba2*+ complex (log K =

12.2, in methanol) is of the same magnitude as that of the
cryptand [2.2.2]-Ba2+ complex. Indeed, 2 forms a
pseudocryptand through m-m interaction between the
5-chloro-8-hydroxyquinoline rings when complexed with
Ba2+, and all ten donor atoms of 2 are involved in the
coordination as shown by the 'H nmr spectrum and an
X-ray crystal structure [1]. o-Aminophenol-substituted
diaza- 18-crown-6 ligands (3 and 4) have been shown to
function as heterobinuclear receptors for Cu2+ and Na+
[3]. When solutions of 3-Cu2+ and 4-Cu?+ were titrated by
a Na* solution, appreciable interactions of Nat with
3-Cu2+ and 4-Cu?* were observed as shown by log K val-
ues (1.41 and 1.86, respectively, valid in methanol at 25°).

We now report the syntheses of ten diaza- 18-crown-6 lig-
ands having two sulfur-containing aromatic side arms.
Since sulfur interacts strongly with soft metal ions, we
expect these ligands to selectively bind transition and post-
transition metal ions. X-ray crystal structures of four of
these ligands with aromatic substituents attached through
an N-CH,-S linkage and heteroaromatic substituents
attached through N-CH,-N linkages are described. Also,
preliminary metal ion complexing properties of these lig-
ands are reported.

Thiols have been used as reactants in the Mannich
reaction [4]. In the presence of an aldehyde or a ketone,
thiols condense with primary amines [5], secondary
amines [6], hydroxylamine [7], primary and secondary
amides [8], amino acids [9], or ammonia [10] leading to
the formation of compounds containing N-CH,-S link-
ages. Depending on the number of hydrogens on the
nitrogen atom and the ratio of starting materials, one,
two, or three thiol units can be attached to the same
nitrogen atom. For example, secondary amines con-
dense with one equivalent of thiol to give R-S-CH,-
NR', groups.
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We have used the Mannich aminomethylation reaction
with thiols and diazacrown ether to form azacrown ether lig-
ands containing two thiol-derived side arms. The classical
Mannich condensation reaction uses amines, formaldehyde
and an appropriate receptor for aminomethylation and is
usually conducted in polar solvents such as an alcohol,
formic acid, or dimethylformamide [[1]. In this study, we
used solid paraformaldehyde instead of a formaldehye solu-
tion and performed the Mannich reaction with the thiols in
toluene [12]. The one-pot Mannich reaction gave all aro-
matic thiol-derived diaza-18-crown-6 ligands (5-14,
Schemes 1 and 2) in good yields [13]. All compounds were
purified by sonication in a small amount of methanol fol-
lowed by filtration and drying.

Scheme 1
Syntheses of new thiophenol-derived diaza-18-crown-6 ligands
with N-CH,-S linkages
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Syntheses of new heteroaromatic thiol-derived azacrown ether ligands
with N-CH»-N linkages
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For the thiophenols, N-CH,-S linkages were formed
exclusively (5-10, Scheme 1). The exclusive formation of
8 and 9 from the corresponding hydroxythiophenols is
somewhat surprising, since phenol is well known for its
ability to direct aminomethylation to form a proton-ioniz-
able ortho or para substituted phenol-containing aza-
crown ethers [13,14]. The exclusive formation of 10 is
interesting because an amide nitrogen is also capable of
undergoing the Mannich aminomethylation reaction to
form an N-CH,-N linkage [14].

For heteroaromatic thiols containing N=C-SH structural
fragments, the Mannich reaction with diaza-18-crown-6
gave ligands 11-14 (Scheme 2) which contain the N-CH;-
N linkage and the thiol is converted to a thione function.
In this case, no products with N-CH,-S linkages were
observed.

The formation of distinctive N-CH,-S linkages from the
thiophenols and N-CH,-N linkages from the heteroaro-
matic thiols is further confirmed by the proton nmr spec-
tra of the products. There are significant differences in the
chemical shifts of the proton signals for -CH;- groups
among the various thiol-derived products (Table 1). The

Table 1

Summary of 8y, 8¢ (ppm, in dimethylsulfoxide-dq) and Selected Bond Leny
(A) Data of N-CH,-S and N-CH»-N Linkages

Ligands Sy d¢ C6-S7
5 4.62 69.73 N/A
6 4.75 69.70 N/A
7 4.52 69.72 N/A
8 4.44 69.73 1.771(6)
9 443 69.74 N/A
10 4.54 69.72 N/A
Average 4.55 69.72 1.770
Ligands Sy 3¢ C1-51
11 5.22 69.92 1.666(3)
12 5.32 70.03 1.656(3)
13 5.17 69.99 1.644(2)
14 5.14 69.91 N/A
Average 5.21 69.96 1.655

average chemical shift of the signal for -CH,- in N-CHy-S
linkages of 5-10 is 0.66 ppm upfield in the H nmr spectra
and 0.24 ppm upfield in the 13C nmr spectra from that of
the -CH,- in N-CH,-N linkages of 11-14. The presence of
the two types of linkages was also observed in the solid
state structures of 8, 11, 12, and 13 which were obtained
by X-ray crystallographic studies. The crystal structures
of 8, 11, 12, and 13 are shown in Figures 2-5, respec-
tively. The C-S bond lengths of interest, C6-S7 in 8 and
C1-S1in 11, 12, and 13, are listed in Table 1. The average
C1-S1 bond length [1.655(11) A, where the number in
parentheses is the standard deviation of the average of the
three bond lengths] is significantly shorter (0.116 A) than
the C-S bond length [1.771(6)} in 8.
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Figure 4. The solid state structure of 12. The hydrogen atoms were omitted for clarity.

Interactions of ligands S, 7, 8, and 11 with Na*, K+,  cases, the ligands form stable complexes with the metal
Ba?+, Ag*, Zn?+, Cd?+, Ni2*, and Cu?+ were evaluated by  ions studied with log K > 3. In methanol, ligands 5, 7, 8,
a calorimetric titration technique [15] at 25° in an and 11 form precipitates with transition and post-transi-
absolute methanol solution. The values of equilibrium tion metal ions in several cases (Table 2). The solubilities
constants (log K), enthalpy (AH) and entropy changes  of compounds 6, 9, 10 and 12-14 in methanol are too low
(TAS) for these interactions are listed in Table 2. In most to perform a calorimetric titration.
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Figure 5. The solid state structure of 13. The hydrogen atoms were omitted or clarity.

Phenylthio-substituted ligand 5 exhibits a high selec-
tivity for Zn2+ (log K = 5.19) over K+ and BaZ*, probably
due to the four soft donor atoms (S and N). Ligand 11
selectively binds Ba2+ (log K = 5.7) over Na* and K*.
The selectivities between K+ and Na*+ demonstrated by
ligands 8 and 11 are not high. Data in Table 2 show that
complexation of the ligands with the metal ions studied is
enthalpy driven in most cases. Except for the 8-Ba2+, 11-
Na+, and 11-Ba2+ interactions, all AH and AS values are
negative. Large negative AH values were observed for
complexation of K+ and Zn2+ with the ligands. Although

Table 2

Log K, AH (k]/mol), and TAS (kJ/mol) Values for the Interactions of
Macrocyclic Ligands with Metal Ions in Methanol Solution at 25.0°

Ligand Cation log K AH TAS
5 K+ 3.45+£0.02 -61.6+04 -41.9
BaZ+ 421 +£0.08 -26.5 £0.5 -2.5
Zn2+ 5.19 £0.07 -61.5+£0.3 -31.9
Cd2+ (White precipitate)
Ni2+ (Brown precipitate)
7 K+ 4.15x£0.02 -57.2x0.2 -335
Ba2+ 4.45+0.04 -28.8x0.3 -34
Zn2+ 3.67£0.05 -99.6 +0.6 -78.7
Cd+ (White precipitate)
Ni2+ (Brown precipitate)
8 Na* 348 +0.06 -21.020.5 -1.2
K+ 3.66 +0.02 -53.2+0.2 -323
Ba+ 4.67+0.07 -26.0+0.3 0.6
Agt (White precipitate)
Zn2+ 421 £0.05 -73.8+0.2 -49.8
Cd2+ 2.79 £0.03 -89.3+04 -73.4
Ni2+ 3.43 £0.08 -206.2+3.2 -186.6
11 Nat 4.13 +0.07 9.7+05 139
K* 3.81 £0.06 -44.0+0.8 =223
Ba2+ 5702 -16.6 £0.5 15.9

Ag* (White precipitate)
Zn2+ (White precipitate)
Cd+ (White precipitate)
Cu?+ (Blue precipitate)

7-Zn2+, 8-Cd2+, and 8-Ni2+ interactions exhibit very
large -AH values (= 90 KJ/mol), the log K values are not
very large because of unfavorable entropy changes (large
-TAS values), indicating that the ligands experience a
large conformational change during complexation (a
large loss of conformational entropy). Therefore, the sul-
fur and nitrogen atoms in these ligands may not be prop-
erly preorganized for coordination of transition and post-
transition metal ions.

EXPERIMENTAL

The 'H nmr spectra (300 MHz) and '3C nmr spectra (75
MHz) were recorded in dimethylsulfoxide-dg. Solvents and
starting materials were purchased from commercial sources
where available.

General Procedure for the Syntheses of Compounds 5-14 Using
the One-Pot Mannich Reaction (Schemes | and 2).

An anhydrous toluene solution (180 ml) of 4,13-diaza-18-
crown-6 (1.00 g, 3.82 mmoles), paraformaldehyde (280 mg,
9.30 mmoles), and the appropriate aromatic thiol (8.40
mmoles) was refluxed for 20 hours. The solvent was evapo-
rated under reduced pressure, and a small amount of
methanol was added. The mixture was sonicated for 20 to 30
minutes. The resulting solid was collected by filtration and
dried. ’

7,16-Bis(phenylthiomethyl)-1,4,10,13-tetraoxa-7,16-diazacyclo-
octadecane (5).

Ligand 5 (0.95 g, 49%) was prepared from thiophenol to give
a white solid, mp 97-98°; 'H nmr &: 2.73 (t, J = 5.4 Hz, 8H),
3.44 (m, 16H), 4.62 (s, 4H), 7.20 (m, 2H), 7.29 (m, 4H), 7.45
(m, 4H); 13C nmr &: 52.2, 65.2, 68.8, 69.7, 126.7, 129.0, 131.2,
137.4.

Anal. Caled. for CgH1gN,0,4S,: C, 61.63; H, 7.56. Found: C,
61.59; H, 7.59.
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Formula
Formula weight
F(000)

Crystal size, mm
@, mm-!

Space group

a,
b, A

c, A

B, deg.

Volume, A3

z

p calc., Mg/m3

20 max. deg.

Independent data
Data/restraints/parameters
Goodness-of-fit on F2
Final R indices (I >206(1))

Largest peak Amap, eA-3
Largest hole Amap, eA-3
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Table 3

Crystal Data and Experimental Detaiis for 8, 11, 12, and 13.

8

Ca6HagN2 048,
538.70
576
0.55x0.4x 0.07
0.234
P2,/c
9.637(2)
17.867(4)
8.5848(12)
110.23(2)
1386.9(4)

2
1.290
52.00
2714
2710/4/167
1.013
R, = 0.0767
wR2 =0.1939
0.564
-0.231

Table 4

Atomic coordinates [ x 10%] and equivalent isotropic displacement para-
meters [A2 x 103] for 8. U(eq) is defined as one-third of the trace of the
orthogonalized Uj; tensor

X

Ct 11641(6)
0l 10967(4)
C2 13134(7)
C3 13754(8)
C4 12910(9)
C5 11428(8)
C6 10762(6)
S7 8839(2)
C8 8178(6)
N9 7600(4)
Cl10 8742(6)
Cll 8314(7)
Ol2 7858(4)
Ci3 7496(7)
Cl4 6927(9)
Ols 5429(5)
Clé 4834(9)
Cle’ 5140(26)
c17 3715(6)
H1 11589(4)
H2 13720(7)
H3 14766(8)
H4 13342(9)
HS5 10850(8)
H8A 8994(6)
H8B 7413(6)
HI10A 9637(6)
H10B 8963(6)
HII1A T514(7)
HIIB 9150(7)
HI3A 6775(7)
HI13B 8376(7)
H14A 7593(9)

y z
1178(3) 1969(6)
702(2) 2726(4)
1147(3) 2258(7)
1647(4) 1468(9)
2177(4) 384(8)
2203(3) 104(7)
1703(3) 878(5)
1752(1) 507(2)
879(3) -719(5)
953(2) -2497(4)
1171(3) -3172(5)
1040(3) -4993(6)
288(2) -5363(4)
133(4) -7067(6)
-581(5) -7489(9)
-645(3) -13227)

-1325(6) -7671(11)
-1020(17) -6149(28)
-1417(4) -6876(7)
375(2) 3447(4)
792(3) 2981(7)
1627(4) 1670(9)
2510(4) -146(8)
2562(3) -617(7)
527(3) -434(5)
660(3) -368(5)
892(3) -2602(5)
1698(3) -2947(5)
1375(3) -5590(6)
1143(3) -5344(6)
496(4) -7705(6)
188(4) -7362(6)
-945(5) -6770(9)

11
C30H34NgO4S
614.89
1296
0.45x03x0.2
0.506
C2/c
26.825(2)
9.7786(9)
11.876(2)
110.634(8)
2916.5(5)
4
1.400
55.00
3340
3339/0/165
1.041
R, = 0.0546
wR2 = 0.1304
0.566
-0.368
H14B
HI7A
Ved g0
65(1)
83(1)
83(2)
96(2)
94(2)
78(2)
62(1)
73(1)
62(1)
59(1)
63(1)
74(2) Cl
71(1) S1
94(2) S2
124(3) C3
131(2) S3
112(3) C33
98(9) N4
89(2) NS
99 Cé6
100 N7
115 C8
112 C9
93 010
74 Cll
74 Cl2
75 013
75 Cl4
89 Cl4
89 Cls5
113 H33A
113 H33B
149 H33C

X

6846(9)
3189(6)
3991(6)

X

2042(1)
2181(1)
2161(1)
1902(1)
1858(1)
1507(2)
1747(1)
1829(1)
1660(1)
LD
801(1)
798(2)
512(1)
515(2)
258(2)
-302(2)
-404(4)
-613(5)
-889(2)
1457(14)
1705(13)
1167(7)

12

CagH36N40454
620.85
656
045x035x0.3
0.366
P2,/n
9.4652(12)
12.3873(14)
12.6349(14)
98.398(10)
1465.5(3)

2
1.407
50.00
2571
2570/0/181
1.027
R, =0.0407
wR2 = 0.0983
0.266
-0.165

Table 4 (continued)

Yy
-691(5)

-1974(4)
-1637(4)

Table 5

715

13
C2gH36N4065,
588.73

624
0.5x04x0.35
0.238
P2,/n
9.3734(14)
12.461(3)
12.264(2)
99.422(14)
1413.1(4)

2
1.384
55.0
3231
3231/0/183
1.032
R; =0.0473
wR2=0.1170
0.262
-0.193

z U(eq)

-8624(9) 149
-6951(7) 107
-5759%7) 107

U values for C16' and the hydrogen atoms are isotropic displacement
parameters.

Atomic coordinates [x 104] and equivalent isotropic displacement para-
meters [A2 x 103] for 11. U(eq) is defined as one-third of the trace of the

orthogonalized Uj; tensor

y

5680(3)
4017(1)
6850(1)
8143(3)
9810(1)
10600(4)
7763(3)
6372(3)
5760(4)
5781(3)
4925(4)
3436(4)
3247(2)
1864(4)
1734(5)
1831(3)
3093(9)
3158(12)
2881(5)
11542(12)
10548(37)
10171(34)

z Uleq)
578(3) 42(1)
758(1) 57(1)
1756(1) 48(1)
711(3) 41(1)
1172(1) 56(1)
-257(4) 70(1)
-396(2) 45(1)
-456(2) 41(1)
-1687(3) 49(1)
-2328(3) 56(1)
-1825(3) 63(1)
-2125(3) 64(1)
-3374(2) 60(1)
-3725(4) 69(1)
-5035(4) 86(1)
-5402(3) 108(1)
-5937(8) 72(2)
-5762(10) 76(3)
-7133(4) 78(1)
-94(36) 105
-791(28) 105
-626(31) 105
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Table 5 (continued)

X y z U(eq)
H6A 1838(1) 6248(4) -2150(3) 59
H6B 1781(1) 4819(4) -1615(3) 59
H8A 437(1) 5254(4) -2110(3) 76
H8B 941(1) 5025(4) -957(3) 76
H9A 1160(2) 3110(4) -1924(3) 77
H9B 630(2) 2916(4) -1660(3) 77
HI1A 326(2) 1307(4) -3328(4) 83
HI1lB 878(2) 1536(4) -3481(4) 83
HI2A 389(2) 2448(5) -5425(4) 103
HI2B 352(2) 859(5) -5289(4) 103
HI15A -773(2) 3801(5) -6660(4) 93
H15B -664(2) 2199(5) -6565(4) 93

U values for C14, C14' and the hydrogen atoms are isotropic displace-
ment parameters.

Table 6

Atomic coordinates [ x 104 ] and equivalent isotropic displacement para-
meters [A2 x 103] for 12. U(eq) is defined as one third of the trace of the
orthogonalized Uj; tensor

X y z U(eq)
Cl 947(3) 4671(2) 2580(2) 47(1)
S1 1780(1) 5366(1) 3605(1) 75(1)
S2 1529(1) 3392(1) 2267(1) 49(1)
Cc3 191(2) 3272(2) 1171(2) 39(1)
C4 -75(3) 2420(2) 468(2) 48(1)
Cs -1207(3) 2502(2) -347(2) 56(1)
Cé6 -2043(3) 3433(2) -459(2) 55(1)
C7 -1788(3) 4289(2) 248(2) 45(1)
C8 -659(2) 4197(2) 1076(2) 37(D)
N9 -219(2) 4960(2) 1878(2) 40(1)
Cl10 -963(3) 5991(2) 1941(2) 44(1)
N11 -2421(2) 5811(2) 2130(2) 38(1)
C12 -3268(3) 6815(2) 1986(2) 47(1)
Ci3 -3514(3) 7245(2) 861(2) S50(1)
014 -4111(2) 6417(1) 158(1) 53(1)
C15 -4705(3) 6786(2) -871(2) 47(1)
Cl6 -5012(3) 5797(2) -1552(2) 48(1)
ol17 -5791(2) 6108(1) -2556(1) 53(h)
C18 -6105(3) 5227(2) -3269(2) 53(1)
C19 -7513(3) 4678(2) -3185(2) 48(1)
H4A 496(3) 1805(2) 542(2) 58
HSA -1415(3) 1934(2) -824(2) 67
H6A -2790(3) 3480(2) -1023(2) 66
H7A -2356(3) 4905(2) 170(2) 54
HI10A -461(3) 6423(2) 2518(2) 52
H10B -968(3) 6387(2) 1278(2) 52
HI2A -2785(3) 7365(2) 2452(2) 56
HI12B -4188(3) 6684(2) 2214(2) 56
HI3A -4160(3) 7857(2) 818(2) 60
HI3B -2617(3) 7486(2) 657(2) 60
HISA -4037(3) 7253(2) -1165(2) 57
H15B -5577(3) 7187(2) -836(2) 57
H16A -4125(3) 5452(2) -1660(2) 57
H16B -5566(3) 5287(2) -1199(2) 57
HI18A -5344(3) 4699(2) -3129(2) 64
H18B -6121(3) 5484(2) -3996(2) 64
HI9A -7683(3) 4115(2) -3780(2) 57
H1i9B -8273(3) 5226(2) -3181(2) 57

U values for the hydrogen atoms are isotropic displacement parameters.

Table 7
Atomic coordinates [x 104] and equivalent isotropic displacement para-
meters [A2 x 103] for 13. U(eq) is defined as one third of the trace of the
orthogonalized Uj; tensor.

X y z U(eq)
Cl 872(2) 4612(2) 2513(2) 43(1)
St 1832(1) 5152(1) 3619(1) 66(1)
02 1224(2) 3634(1) 2116(1) 49(1)
C3 206(2) 3406(2) 1191(2) 42(1)
Cc4 118(3) 2504(2) 532(2) 54(1)
Cs -1023(3) 2474(2) -332(2) 60(1)
C6 -2014(3) 3310(2) -519(2) 58(1)
(o) -1923(2) 4218(2) 155(2) 46(1)
C8 -778(2) 4237(2) 1015(2) 38(1)
N9 -331(2) 4977(1) 1858(1) 36(1)
Cl10 -1030(2) 6006(2) 1991(2) 39(1)
NI11 -2494(2) 5832(1) 2201(1) 33(1)
Cl12 -3361(2) 6822(2) 2046(2) 39(1)
Ci3 -3592(3) 7266(2) 886(2) 43(1)
014 -4093(2) 6429(1) 137(1) 47(1)
Cl1s5 -4643(3) 6796(2) -945(2) 45(1)
Clé -4922(2) 5814(2) -1654(2) 42(1)
017 -5787(2) 6104(1) -2673(1) 46(1)
Cl18 -6095(3) 5215(2) -3402(2) 45(1)
Cl19 -7495(2) 4647(2) -3294(2) 40(1)
H4A 788(3) 1950(2) 663(2) 65
HSA -1133(3) 1881(2) -799(2) 72
H6A -2764(3) 3263(2) -1115(2) 70
H7A -2592(2) 4774(2) 31(2) 55
HI0A -479(2) 6398(2) 2604(2) 46
HI10B -1054(2) 6433(2) 1327(2) 46
HI2A -2888(2) 7366(2) 2545(2) 47
H12B -4298(2) 6681(2) 2254(2) 47
HI3A -4297(3) 7842(2) 820(2) 51
H13B -2691(3) 7553(2) 718(2) 51
HI5A -3946(3) 7259(2) -1216(2) 54
HI15B -5531(3) 7196(2) -947(2) 54
HI6A -4012(2) 5511(2) -1787(2) 50
H16B -5418(2) 5278(2) -1282(2) 50
HI8A -5305(3) 4705(2) -3256(2) 54
H18B -6147(3) 5465(2) -4157(2) 54
HI9A -7678(2) 4121(2) -3773(2) 48
H19B -8318(2) 5162(2) -3377(2) 48

U values for the hydrogen atoms are isotropic displacement parameters.

7,16-Bis(2-naphthylthiomethyl)-1,4,10,13-tetraoxa-7,16-diaza-
cyclooctadecane (6).

Ligand 6 (1.25 g, 54%) was prepared from 2-thionaphthol to
give a white solid, mp 112-113° 'H nmr 8: 2.76 (t, J = 5.5 Hz,
8H), 3.42 (s, 16H), 4.75 (s, 4H), 7.50 (m, 6H), 7.83 (m, 6H),
8.00 (s, 2H); 13C nmr 8: 52.3, 65.0, 68.9, 69.7, 125.7, 126.5,
127.0, 127.6, 128.2, 128.8, 129.1, 131.3, 133.4, 135.1.

Anal. Calcd. for C34Hy4oN,2048,: C, 67.29; H, 6.98. Found: C,
67.05; H, 6.82.

7,16-Bis(2-methoxyphenylthiomethyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane (7).

Ligand 7 (0.95 g, 44%) was prepared from 2-methoxythiophe-
nol to give a white solid, mp 84-86°; 'H nmr 8: 2.73 (t, /= 5.5
Hz, 8H), 3.44 (s, 16H), 3.82 (s, 6H), 4.52 (s, 4H), 6.88 (1, /= 7.6
Hz, 2H), 6.98 (d, J = 8.3 Hz, 2H), 7.22 (t, J = 7.6 Hz, 2H), 7.42
(d, J = 7.6 Hz, 2H); 13C nmr §: 52.1, 55.6, 63.1, 68.8, 69.7,
111.2, 120.8, 124.5, 127.9, 132.6, 158.1.
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Anal. Calcd. for C,gH4yN50¢S5: C, 59.34; H, 7.47. Found: C,
59.06; H, 7.43.

7,16-Bis(2-hydroxyphenylthiomethyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane (8).

Ligand 8 (1.21 g, 59%) was prepared from 2-hydroxythiophe-
nol to give a light yellow solid, mp 87-88°; 'H nmr &: 2.76 (t,
J=35.4 Hz, 8H), 3.43 (s, 16H), 4.44 (s, 4H), 6.72 (td, J = 1.2, 7.6
Hz, 2H), 6.82 (dd, J = 1.0, 8.1 Hz, 2H), 7.07 (1d, J = 1.5, 8.1 Hz,
2H), 7.34 (dd, J = 1.5, 7.6 Hz, 2H), 9.87 (br s, 2H); 13C nmr &:
52.0,63.4,68.7,69.7, 115.5, 119.5, 121.9, 128.3, 133.8, 157.2.

Anal. Calcd. for CogH3gN»04S,: C, 57.97; H, 7.11. Found: C,
58.06; H, 7.27.

7,16-Bis(4-hydroxyphenylthiomethyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane (9).

Ligand 9 (1.38 g, 67%) was prepared from 4-hydroxythiophe-
nol to give a light yellow solid, mp 160-161°; 'H nmr 8: 2.72 (t,
J =5.6 Hz, 8H), 3.43 (m, 16H), 4.43 (s, 4H), 6.70 (dt, J = 2.9,
8.5 Hz, 4H), 7.28 (dt, J = 2.9, 8.5 Hz, 4H), 9.55 (br s, 2H); 13C
nmr §: 52.2, 66.6, 68.8, 69.7, 116.1, 125.1, 134.6, 156.7.

Anal. Caled. for CygH1gN>0gS,: C, 57.97; H, 7.11. Found: C,
58.01; H, 6.96.

7,16-Bis(4-acetamidophenylthiomethyl)-1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane (10).

Ligand 10 (1.37 g, 58%) was prepared from 4-acetamidothio-
phenol to give a white solid, mp 175-176°; 'H nmr 8: 2.03 (s,
6H), 2.71 (1, J = 5.4 Hz, 8H), 3.59 (t, J = 5.4 Hz, 8H), 3.43 (s,
8H), 4.54 (s, 4H), 7.38 (d, J = 8.5 Hz, 4H), 7.51 (d, J = 8.5 Hz,
4H), 9.96 (s, 2H); 13C nmr &: 24.0, 52.2, 66.0, 68.8, 69.7, 119.4,
130.4, 132.6, 138.0, 168.3.

Anal. Caled. for C30H 4N4O¢S,: C, 58.04; H, 7.14. Found: C,
58.07; H, 6.94.

7,16-Bis(5-methylthio- 1,3,4-thiadiazole-2-thione-3-ylmethyl)-
1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (11).

Ligand 11 (1.23 g, 52%) was prepared from 5-methylthio-
1,3,4-thiadiazole-2-thiol to give a white solid, mp 110-112°; 'H
nmr &: 2.64 (s, 6H), 2.98 (br s, 8H), 3.52 (m, 8H), 5.22 (s, 4H);
13C nmr 8: 15.5, 51.9, 69.3, 69.6, 69.9, 156.9, 185.9.

Anal. Caled. for CygH14NgO4S¢: C, 39.07; H, 5.57. Found: C,
39.10; H, 5.48.

7,16-Bis(benzothiazole-2-thione-3-ylmethyl)-1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane (12).

Ligand 12 (0.85 g, 36%) was prepared from 2-mercaptoben-
zothiazole to give a light yellow solid, mp 152-154°; 'H nmr §:
2.94 (br s, 8H), 3.47 (m, 16H), 5.32 (s, 4H), 7.30 (t, / = 7.6 Hz,
2H), 7.42 (1, J = 7.6 Hz, 2H), 7.54 (d, J = 8.3 Hz, 2H), 7.71 (d,
J =7.8 Hz, 2H); 13C nmr 8: 51.6, 65.7, 69.1, 70.0, 114.4, 121.3,
125.0, 126.7, 127.2, 142.7, 163.2.

Anal. Caled. for CogH1gN404S4: C, 54.17; H, 5.84. Found: C,
54.19; H, 5.77.

7,16-Bis(benzoxazole-2-thione-3-ylmethyl)-1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane (13).

Ligand 13 (1.18 g, 53%) was prepared from 2-mercaptoben-
zoxazole to give a white solid, mp 153-155°; H nmr 8: 2.95 (t,
J = 5.4 Hz, 8H), 3.43 (s, 8H), 3.51 (t, J = 5.4 Hz, 8H), 5.17 (s,
4H), 7.30 (m, 4H), 7.52 (m, 4H); 13C nmr &: 51.9, 66.9, 69.2,
70.0, 109.8, 112.1, 124.1, 124.8, 132.2, 146.7, 180.1.
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Anal. Calcd. for CpgH36N406S,: C, 57.12; H, 6.16. Found: C,
57.34;H, 6.31.

7,16-Bis(5-phenyl-1,3,4-oxadiazole-2-thione-3-ylmethyl)-
1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (14).

Ligand 14 (1.13 g, 46%) was prepared from 5-phenyl-1,3,4-
oxadiazole-2-thiol to give a white solid, mp 156-157°; 'H nmr &:
3.02 (t, J = 5.4 Hz, 8H), 3.54 (s, 8H), 3.58 (t, J = 5.4 Hz, 8H),
5.14 (s, 4H), 7.60 (m, 6H), 7.89 (m, 4H); 13C nmr &: 51.8, 69.2,
69.3,69.9, 122.4, 126.1, 132.3, 158.8, 177.1.

Anal. Calcd. for C3yH3gNgO¢S,: C, 56.06; H, 5.96. Found: C,
55.96; H, 5.96.

X-Ray Crystal Structure Analyses.

Crystals of 8, 11, 12, and 13 suitable for single crystal X-ray
studies were prepared. Crystal and intensity data were obtained
for the four compounds using a Bruker P4 automated diffrac-
tometer using MoKa (A = 0.70173 A) radiation. The lattice
parameters and orientation matrix for each crystal were obtained
using a least-squares procedure involving a suitable number of
carefully centered reflections. The intensity data for each crystal
were collected using a variable speed 6-26 scanning procedure.
The crystal and experimental data are listed in Table 3.

The four structures were solved using direct methods.
Positional and thermal parameters for the atoms of 8, 11, 12, and
13 are listed in Tables 4-7, respectively. Compounds 12 and 13 are
isomorphous with only slight differences in the lattice parameters
and the positional parameters of the respective atoms (see Tables
3, 6, and 7). The only difference in the compounds is that the ring
sulfur atom in 12 is replaced by an oxygen atom in 13. The disor-
der of C16 in 8 (occupancy of C16 is 0.80, of C16' is 0.80) and of
C14 in 11 (occupancy of C14 is 0.55, of C14' is 0.45) was
resolved. All nonhydrogen atoms except C16' in 8 and C14 and
C14' in 11 were refined anisotropically. Positions for all hydrogen
atoms bonded to nondisordered atoms with the exceptions of C17
in8, C15in 11, and C19 in 12 and 13 were calculated. The hydro-
gen atoms attached to these carbon atoms were located in the
respective difference maps. In the refinement process, all of the
hydrogen atoms were allowed to ride on their neighboring atoms
and the magnitudes of their isotropic thermal parameters were a
function of the equivalent isotropic thermal parameter of the car-
bon atom to which they were bonded. The methyl group of C33 in
11 was refined as a rigid group. Hydrogen atoms bonded to the
disordered carbon atoms were not included in the refinement of
the structures of 8 and 11. The four structures were solved, refined
and displayed using the program package SHELXTL PC version
5.03 [17] supplied by Bruker Analytical X-ray Systems.

Determination of Thermodynamic Quantities.

Values of log K and AH were determined as described earlier
[15] in absolute methanol solutions at 25.0 + 0.1° by titration
calorimetry using a Tronac Model 450 calorimeter equipped
with a 20-ml reaction vessel. Values of TAS were calculated
from K and AH values. The metal ion solutions were titrated into
the macrocyclic ligand solutions and the titrations were carried
out to a twofold excess of the metal ions. The method used to
process the calorimetric data and to calculate the log K and AH
values has been described [16].
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