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A solid-state 133Cs nuclear magnetic resonance
and X-ray crystallographic study of cesium
complexes with macrocyclic ligands

Alan Wong, Simon Sham, Suning Wang, and Gang Wu

Abstract: We report solid-state NMR determination of the '33Cs chemical shift anisotropy (CSA) for a series of cesium
complexes with macrocyclic ligands. It was found that the isotropic '**Cs chemical shifts are related to the number of
oxygen atoms to which the Cs* ion is coordinated. The '*3Cs chemical shifts were found to correlate with average
Cs—O distances. We also attempt to use the established correlation to deduce Cs* coordination environment for com-
pounds with unknown structures. We also report the X-ray determination of the crystal structure for
Cs(DB18C6),SCNe1/2CH;0H*1/2H,0. The compound crystallizes in monoclinic, a = 14.503(2), b = 15.152(3), ¢ =
39.989(6) A, B = 90.796(8)°, space group P2,/c, Z = 8. There are two independent molecules in the asymmetric unit
cell where each of the two Cs* ions is coordinated to two DB18C6 ligand molecules forming a sandwich-type struc-

ture.

Key words: solid state NMR, alkali metal, 133Cs chemical shift, macrocyclic ligand, crystal structure.

Résumé : On a mesuré I’anisotropie du déplacement chimique du '**Cs dans les spectres RMN 2 I’état solide d’une
série de complexes du césium avec des ligands macrocycliques. On a trouvé que les déplacements chimiques isotropes
du '33Cs sont reliés au nombre d’atomes d’oxygéne formant une coordination avec le Cs*. On a trouvé qu’il existe une
corrélation entre les déplacements chimiques du '33Cs et les distances moyennes Cs—O. On a aussi essayé d’établir
une corrélation qui permettrait de déduire I’environnement de coordination du Cs* dans des composés de structures
inconnues. On a aussi déterminé la structure du Cs(DB18C6),SCN¢«1/2CH;OH*1/2H,0 par diffraction des rayons X.
Les cristaux sont monocliniques, groupe d’espace P2;/c, avec a = 14,503(2), b = 15,152(3) et ¢ = 39,989(6) A, B=
90,796(8)° et Z = 8. Il y a deux molécules indépendantes dans la maille élémentaire asymétrique dans laquelle chacun
des deux ions Cs* est coordiné & deux molécules de ligand DB18C6 formant une structure de type sandwiche.

Mots clés : RMN a I’état solide, métal alcalin, déplacement chimique du '**Cs, ligand macrocyclique, structure

cristalline.

introduction

Since Pedersen’s (1) first synthesis of macrocyclic
polyethers, a large number of acyclic, cyclic, and bicyclic
crown ethers containing oxygen, nitrogen, and sulfur donor
atoms have been prepared and extensively investigated (2).
In the past 20 years, alkali metal nuclear magnetic resonance
(NMR) spectroscopy has served as a major technique for
studying the cation-binding properties of these macrocyclic
complexes in solutions; however, relatively few solid-state
alkali metal NMR studies were reported in the literature (3,
4). The advantage of solid-state metal NMR is that the alkali
metal ions under observation are usually located in a well-
defined coordination environment. In contrast, alkali metal
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ions often undergo rapid exchange between bound and free
states in the liquid phase, resulting in averaged NMR param-
eters. Since a large number of alkali metal complexes have
been characterized by X-ray diffraction studies, it is desir-
able to document NMR parameters for alkali metal ions in
various ion-binding environments. In addition, solid-state
NMR is capable of yielding the orientation dependence of
NMR parameters. This information is usually unavailable
from the solution NMR spectra because of the molecular
tumbling motion.

Cesium-133 is perhaps the easiest alkali metal nuclide for
NMR measurements because of its favorable nuclear proper-
ties: 100% natural abundance, I = 7/2, and a small quad-
rupole moment of Q@ = -3 x 107! m? There have been
several recent reports on the determination of '**Cs chemical
shift anisotropy (CSA) in simple inorganic salts (5-10); however,
relatively little is known about solid-state !3*Cs NMR data
for cesium macrocyclic complexes, except for solid alkalides
and electrides studied by Dye and co-workers (11-14). In
this contribution, we report the determination of '3*Cs CSAs
in a number of cesium macrocyclic compounds (Scheme 1).
These complexes are used as models for establishing corre-
lation between solid-state '**Cs NMR parameters and Cs*
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Scheme 1.
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binding environment. We also report the crystal structure for
Cs(DB18C6),SCN.

Experimental

Materials

Cesium thiocyanate, cesium chloride, and macrocyclic lig-
ands were purchased from Aldrich and used without further
purification. All complexes were prepared according to the
literature methods (15). In general, ligand and cesium salt
are mixed in a suitable molar ratio in various solvents (meth-
anol, ethanol, or acetone) and crystallized at either room
temperature or 5°C. The melting points of the compounds
were consistent with the literature values: mp: 201-202°C
for Cs(18C6)SCN, 191-193°C for Cs(18C6),SCN, 152-
153°C for Cs(DB18C6),SCN, 99-100°C for Cs(C222)SCN,
and 146-148°C for Cs(C22)SCN. Nonactin (purchased from
Sigma) was mixed with CsSCN in a molar ratio of 1:1.5 in
methanol. Gramicidin D [Dubos] was purchased from Sigma
(80% gramicidin A, 6% gramicidin B, and 14% gramicidin
C). Gramicidin A (25 mg/mL) was crystallized at 5°C from
50 mM solution of CsCl in methanol.

X-ray diffraction analyses
Large colorless crystals of Cs(DB18C6),SCN were pre-
pared according to the procedure of Pederson (15) and

recrystallized twice from methanol. A crystal of size 0.2 x
0.5 x 0.4 mm was sealed in a glass capillary. The X-ray data
were collected on a Siemens P4 single-crystal diffractometer
with graphite-monochromated Mo Ka radiation, operated at
50 kV and 40 mA at 296 K. The data were collected over 0
= 1.94-22.51°. Data were processed on a Pentium PC using
Siemens SHELXTL software package (16) and corrected for
Lorentz and polarization effects.

Solid-state *3Cs NMR

Solid-state 1>3Cs NMR spectra were obtained on two
spectrometers: Tecmag Apollo-200 (4.7 T, 26.32 MHz for
13Cs) and Bruker Avance — 500 (11.7 T, 65.59 MHz for
133Cs). Typical MAS frequencies were 5-12.5 kHz with
Bruker 4 mm MAS probes. In MAS and central-transition
static experiments, a single pulse sequence was used with
pulse width of 1 us (approx. 30° for the central transition).
For the satellite-transition static experiments, a Hahn echo
sequence was used to avoid acoustic ringing from the probe.
Recycle times of 10-30 s were used. All '33Cs chemical
shifts were referenced to 0.5 M CsCl (aq.), 8 = O ppm, by
setting the 1**Cs NMR signal of solid CsCl to & = 223.2 ppm.
Spectral simulation was performed with the WSOLIDS pro-
gram provided by Drs. Klaus Eichele and Rod Wasylishen
(Dalhousie University, Halifax, Nova Scotia, Canada).

© 2000 NRC Canada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wong et al.

Fig. 1. Experimental '3Cs MAS NMR spectra (11.75 T) of
(a) Cs(C22)SCN, (b) Cs(18CH)SCN, (c) Cs(15C5),SCN,
(d) Cs(nonactin)SCN, (e) Cs(DB18C6),SCN.
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Results and discussion

A. MAS 33Cs NMR spectra

Solid-state '*3Cs NMR spectra obtained under the MAS
condition are shown in Fig. 1. Since the '**Cs nucleus has a
very small quadrupole moment, no second-order
quadrupolar broadening was observed at 11.75 T for the
compounds studied in the present work. As shown in Fig. 1,
each of the '**Cs MAS spectra exhibits sharp isotropic peaks
flanked by a large number of spinning side-bands due to the
first-order quadrupole interaction. The Cs* ion in
Cs(C22)SCN exhibits the least chemical shielding, &, =
100 ppm. The isotropic '*3Cs chemical shift for
Cs(18C6)SCN is 64 ppm, which is quite different from the
value of 73 ppm reported by Dye and coworkers (11). The
reason for this discrepancy is unclear at this time. For the
sandwich-type complex, Cs(15C5),SCN, the Cs* ion shows
more shielded environment, &, = 22 ppm. This chemical
shift value is very similar to those found in alkalides,
Cs(15C5),M™ (M = Na, K, Rb) (12), suggesting that the Cs*
cation is well shielded by the two 15C5 ligands. For the
Cs*-nonactin complex, the isotropic peak appears at 4 ppm
and exhibits some broadening or splitting. Note that the
sharp signal at 110 ppm is due to the excessive CsSCN in
the sample. The '**Cs NMR experiments performed at a dif-
ferent magnetic field (4.7 T) indicated that the broadening or
splitting arises from a chemical shift distribution rather than
from the second-order quadrupole interaction. Since the
sample was prepared by lyophilizing a mixture containing
excessive CsSCN ligand, it is of poorly crystalline nature.

a77

Consequently, the observed broadening or slitting may be
attributed to either lack of crystallinity or presence of poly-
morphs. The '3Cs MAS spectrum of Cs(18C6),SCN exhib-
its a sharp peak at —72 ppm, which is dramatically different
from that for Cs(18C6)SCN, 64 ppm. The structure of
Cs(18C6),SCN was speculated by Pedersen (15) to have a
sandwich-type structure. The observation of a '**Cs chemi-
cal shift of -72 ppm strongly supports the sandwich struc-
ture. Two sharp peaks were observed in the multiple-field
133Cs MAS spectra of Cs(DB18C6),SCN, &, = ~70 and
~72 ppm, indicating the presence of two crystallographically
distinct Cs sites. Since the crystal structure of
Cs(DB18C6),SCN has not been reported in the literature, we
decided to carry out an X-ray single crystal diffraction study
for this compound.

B. Crystal structure of Cs(DB18C6),SCN

The crystal structure of Cs(DB18C6),SCN indicated the
presence of two solvent molecules, thus the complete for-
mula is Cs(DB18C6),SCN¢1/2CH;OH*1/2H,0. The crystal
data are summarized in Table 1. The atomic coordinates
with their estimated standard deviations are given in Table 2.
Selected bond lengths and bond angles are listed in Table 3.
As shown in Fig. 2, there are two molecules in the asymmet-
ric unit cell, giving rise to two crystallographically inequi-
valent Cs sites. This finding is consistent with the
observation of two chemical shifts in the **Cs MAS spectra.
Each cesium ion is coordinated to twelve ether oxygen at-
oms from the two DB18C6 molecules, forming a hexagonal
anti-prism coordination geometry around the Cs* ion. The
Cs—O distances range from 3.188 to 3.586 A for one site
and from 3.206 to 3.787 A for the other. The planes of the
sandwiched cesium complex are approximately perpendicu-
lar to one another. The disordered counter ion (SCN™), and
both of the solvent molecules are not in direct contact with
the central cesium ion. Interestingly, the crystal structure of
Cs(DB18C6),SCN is very different from that of a closely re-
lated compound, Cs(tetramethyl-DB18C6),SCN. The crys-
tals of Cs(tetramethyl-DB18C6),SCN are tetragonal with
space group of P4,/n (17). The asymmetric unit cell contains
only one dimeric complex. Therefore, one isotropic '**Cs
chemical shift would be observed for this complex. The two
ligand molecules lie on crystallographic two-fold axis giving
rise to the 4 symmetry at the Cs* site. The three independent
Cs—O distances in Cs(tetramethyl-DB18C6),SCN, 3.12,
327, and 3.36 A, are much shorter than those in
Cs(DB18C6),SCN.

C. Stationary '*3Cs NMR spectra

In order to obtain '**Cs CSAs for the macrocyclic Cs
complexes, it is necessary to obtain NMR spectra for station-
ary powder samples. The stationary '**Cs NMR spectra are
shown in Fig. 3. Since the '**Cs second-order quadrupolar
broadening is expected to be negligible (vide infra), it is
straightforward to analyze the stationary '*3Cs NMR line
shapes. In general, the '**Cs CSAs for the macrocyclic
polyether compounds are quite small, ranging from 50 to
90 ppm. However, a cryptand complex, Cs(C22)SCN exhib-
its a uniquely large CSA, 208 ppm. It is noted that similarly
large '**Cs CSAs have been previously observed in simple
inorganic Cs salts. For example, the '*Cs CSAs for the two
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Table 1. Crystal data and structure refinement.

Can. J. Chem. Vol. 78, 2000

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume, Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Limiting indices
Reflections collected
Independent reflections
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [ > 26(])]
R indices (all data)
Largest diff. peak and hole

C,H,CsNO,S / 0.5CH,0H / 0.5H,0
936.3

296(2) K

0.71073 A

Monoclinic

P2/c

a = 14.503(2) A o = 90°

b = 15.152(3) A B = 90.796(8)°
c = 39.989(6) A y = 90°
8787(2) A3, 8

1.416 g/em?

9.53 cm™!

3852

0.2 x 0.5 x 0.4 mm

1.94 to 22.51°
0<h<14,-16<k<0,-43<1<43
11516

10999 [R(int) = 0.0344)

None

Full-matrix least-squares on F2
10656 / 0 / 1060

1.129

R,% = 0.0771, wRy® = 0.1981
R\ = 0.1198, wR,? = 0.4128
0.855 and —1.180 eA™

“R, = LIF,| - IF/ZIF,)

bwR, = [SWI(F,2 — FONEWEL® where w = 1/[6X(F,}) + (0.075P)], where P = [max(F;, 0) + 2F.*}/3

Table 2. Atomic coordinates (x 10%) and equivalent isotropic dis-

placement parameters (A? x 10%). Uleq) is defined as one third
of the trace of the orthogonalized Uj; tensor.

Table 2 (Continued).

X y z Uleq) x y z Uleq)
N(1) ~1658(13) 4539(18)  -2496(5) 175(9) 0(10) 2793(6) 2929(6) 295(2) 85(3)
S(1) 3358(12) 6030(7) 116(3) 195(6) o(11) 4513(7) 2040(6) 447(3) 87(3)
Cs(1) 2147(1) 1050(1) 576(1) 61(1) c(n) 2315(9) 1427(8) —402(3) 69(3)
C(1) 895(8) ~758(7) 1143(3) 64(3) C(12) 2420(11) 2124(9) —609(4) 83(4)
o) 37(5) 167(5) 790(2) 68(2) 0(12) 4476(7) 720(6) 840(3) 99(3)
Cs(2) 3438(1) 4007(1)  -1777(1) 64(1) C(13) 3218(15) 2256(10) —772(4) 106(5)
S(2) -2355(4) 4008(3) -3078(2) 123(2) 0(13) 2676(6) 4702(6) ~1004(3) 94(3)
N(2) 1660(35) 6556(26) -57(14)  154(19) 0(14) 4579(6) 4440(7) —1109(3) 93(3)
C) 1077(9) ~1114(9) 1467(3) 76(4) C(14) 3954(12) 1703(10) —725(4) 100(5)
0(2) 72(5) 1341(5) 241(2) 74(2) C(15) 3874(10) 991(8) —-515(3) 78(4)
N(2A) 2266(31) 5959(29) 772(20) 241(39) 0(15) 5147(6) 2829(5) ~1366(2) 77(2)
03) 1535(6) 1222(5) —227(2) 73(2) 0(16) 3942(6) 1836(6) —-1633(3) 87(3)
C(3) 557(11) -849(11) 1727(4) 94(5) C(16) 3053(9) 838(7) -356(3) 60(3)
O(4) 2890(5) 149(5) -134(2) 64(2) c(17 3662(8) -379(8) -38(4) 76(4)
C) ~137(10) -251(10) 1686(4) 83(4) o(17) 2113(6) 2292(6) —1622(3) 94(3)
o) 2906(5) -981(5) 436(2) 64(2) 0(18) 1442(7) 3928(6) ~1365(3) 94(3)
C(5) -328(8) 100(8) 1387(4) 75(4) C(18) 3332(9) ~1186(7) 130(3) 68(3)
0o(6) 1354(5) -956(5) 862(2) 68(2) C(19) 2504(9) —1765(8) 573(4) 76(4)
C(6) 169(7) ~152(8) 1099(3) 59(3) 0(19) 3004(6) 3173(6) -2542(2) 89(3)
o) 3001(6) 676(6) 1311(3) 81(3) C(20) 2098(8) —1586(7) 897(4) 74(4)
(N -663(9) 818(9) 740(4) 83(4) 0(20) 1835(7) 4392(9) —2452(3) 123(4)
0(8) 1647(5) 1992(5) 1310(2) 67(2) o) 2273(6) 5787(7) —2020(3) 112(4)
C(8) ~750(9) 994(9) 383(4) 88(4) C21) 809(8) 2413(8) 1273(3) 64(3)
o) 1521(5) 3049(5) 810(2) 73(2) 0(22) 4118(6) 6108(5) —-1853(2) 81(3)
C(9) —66(10) 1435(11) —106(4) 95(5) C(22) 75(10) 2330(9) 1483(4) 88(4)
C(10) 768(11) 1820(10) ~261(4) 102(5) 0(23) 5383(5) 5048(5) —2044(3) 82(3)

© 2000 NRC Canada

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Wong et al.

Table 2 (Continued). Table 2 (Concluded).
x y z Uleq) x v z Uleq)
C(223) ~745(11) 2787(12) 1413(5) 109(6) C(77) 1290(14) 5183(18)  -2380(5) 165(11)
0(24) 4874(5) 3488(5) —2388(2) 70(2) C(78) 1540(20) 5700(20)  -2216(12)  364(37)
C(24) -802(11) 3330(11) 1155(5) 107(6) C(79) 2699(11) 6612(10)  —2048(4) 92(5)
C(25) —54(11) 3451(9) 947(5) 98(5) C(80) 3411(8) 6750(8) ~-1785(3) 69(3)
0(25) 891(17) -5302(22) 1691(8) 303(14) C(8l) 1218(19) —4550(14) 1815(5) 157(9)
C(26) 764(9) 2992(8) 1005(4) 77(4) C(82A) 2501(41) 6013(22) 479(14)  156(35)
C(27) 1537(10) 3666(9) 540(4) 86(4) C(84) ~-1959(13) 4301(13)  —2745(6) 109(6)
C(28) 2494(10) 3740(8) 428(4) 79(4) C(83A) 2284(46) 6304(27) 53(14)  138(20)
C(29) 3607(12) 2922(11) 94(4) 106(5) C(85) 5000 5000 0 312(40)
C(30) 4430(11) 2863(12) 260(5) 118(6)
0(30) 1842(11) 6419(11) 1316(5) 187(7)
C@3l1) 5290(10) 1929(8) 632(3) 71(3)
CG32)  6058(10) - 2441010) 610¢hH - 85¢4) Table 3. Selected Cs—O bond lengths (A)
C(33) 6803(12) 2283(13) 808(5) 103(5) and O-Cs-O bond angles (°).
C(34) 6792(13) 1583(16) 1035(5) 116(6)
C(35) 6024(14) 1059(12) 1060(5) 112(6) Cs(1)—0(10) 3.206(8)
C(36) 5272(11) 1211(9) 849(4) 82(4) Cs(1)—O(7) 3.225(9)
C(37) 4291(13) 38(10) 1075(5) 114(6) Cs(1)—0(9) 3.303(8)
C(38) 3899(13) 321(15) 1363(6) 154(10) Cs(1)—O(2) 3.307(8)
C(39) 2729(10) 1123(10) 1613(4) 90(4) Cs(1)—O(5) 3.317(7)
C(40) 1764(9) 1405(8) 1585(3) 70(3) Cs(1)—O(3) 3.330(9)
C4l) 1228(10) 4081(9) ~1037(4) 77(4) Cs(1)—O(4) 3.341(8)
C(42) 379(11) 3832(10) —905(5) 105(5) Cs(1)—O0(8) 3.352(8)
C(43) 218(13) 4050(13) -563(6) 120(7) Cs(1)—O(6) 3.449(8)
C(44) 872(15) 4440(14) -379(5) 119(7) Cs(1)—O0O(1) 3.459(8)
C45) 1706(12) 4675(11) -510(5) 104(5) Cs(1)—0(12) 3.559(11)
C(46) 1880(11) 4484(9) —-841(4) 83(4) Cs(1)—0(11) 3.787(9)
C@é47n 3426(14) 5033(16) -800(6) 170(12) Cs(2)—0(14) 3.188(10)
C(48) 4181(14) 5110(15) -911(7) 172(11) Cs(2)—0(17) 3.295(9)
C(49) 5275(11) 3955(10) -948(4) 89(4) Cs(2)—0(21) 3.321(10)
C(50) STT1(9) 3417(9) -1202(4) 80(4) Cs(2)—0(24) 3.326(8)
(s 5476(9) 2290(8) -1602(3) 70(3) Cs(2)—0(22) 3.348(8)
C(52) 6383(9) 2250(9) -1707(4) T4 Cs(2)—0(19) 3.361(9)
C(53) 6631(11) 1674(11)  -1954(4) 93(4) Cs(2)—O0(18) 3.351(11)
C(54) 5989(12) 1160(10)  -2108(4) 94(5) Cs(2)—0(23) 3.417(8)
C(55) 5063(11) 1174(8) -2004(4) 83(4) Cs(2)—0(16) 3.416(9)
C(56) 4821(9) 1740(8) -1765(3) 68(3) Cs(2)—0(15) 3.452(9)
C(57) 3265(11) 1235(9) -1745(4) 94(5) Cs(2)—O(13) 3.458(10)
C(58) 2407(11) 1408(10) -1567(5) 112(6) Cs(2)—0(20) 3.586(12)
C(59) 1198(12) 2410(13) —1496(6) 132(7) 0O(10)-Cs(1)-O(7) 111.4(2)
C(60) 935(11) 3325(14) -1577(6) 130(7) 0(10)-Cs(1)-0(9) 50.7(2)
C(61) 4946(8) 6225(7) ~1694(3) 58(3) O(T)-Cs(1)-0(9) 90.3(2)
C(62) 5149(8) 6855(7) -1447(3) 67(3) 0(10)-Cs(1)-0(2) 90.5(2)
C(63) 6029(10) 6891(9) ~-1307(3) 79(4) O(7)-Cs(1)-0(2) 136.8(2)
C(64) 6697(10) 6319(9) ~1404(4) 89(4) 0(9)-Cs(1)-0(2) 74.9(2)
C(65) 6507(8) 5691(8) -1651(4) 73(4) O(10)-Cs(1)-0(5) 131.7(2)
C(66) 5624(8) 5643(7) -17960(3) 65(3) O(7)-Cs(1)-0(5) 82.4(2)
C(67) 6047(8) 4444(9) -2154(4) 76(4) 0(9)-Cs(1)-0(5) 172.7(2)
C(68) 5687(9) 3964(9) —2442(4) 82(4) 0(2)-Cs(1)-0(5) 110.9(2)
C(69) 4561(9) 3029(10)  -2680(3) 79(4) 0(10)-Cs(1)-0(3) 70.6(2)
C(70) 3679(10) 2566(9) -2618(4) 87(4) 0O(7)-Cs(1)-0(3) 170.7(2)
C(71) 2098(9) 2907(11)  -2534(3) 81(4) 0(9)-Cs(1)-0(3) 97.5(2)
C(72) 1828(12) 2039(13)  —2566(4) 115(6) 0(2)-Cs(1)-0(3) 50.9(2)
C(73) 881(16) 1859(18) -2545(6) 146(8) 0(5)-Cs(1)-0(3) 89.7(2)
C(74) 243(16) 2523(22)  -2515(1) 156(9) O(10)-Cs(1)-0(4) 88.1(2)
C(75) 537(12) 3361(17)  -2490(4) 120(7) O(7)-Cs(1)-0(4) 125.3(2)
C(76) 1480(10) 3585(13)  -2487(4) 95(5) 0(9)-Cs(1)-0(4) 135.2(2)
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Table 3 (Continued). Table 3 (Concluded).

0(2)-Cs(1)-0(4) 90.7(2) 0(24)-Cs(2)-0(22) 88.3(2)
O(5)-Cs(1)-O(4) 50.7(2) 0(14)-Cs(2)-0(19) 158.1(2)
0O(3)-Cs(1)-0(4) 45.4(2) 0(17)-Cs(2)-0(19) 76.8(3)
0O(10)-Cs(1)-0(8) 89.8(2) 021)-Cs(2)-0(19) 87.2(3)
O(7)-Cs(1)-0O(8) 50.3(2) 0(24)-Cs(2)-0(19) 49.7(2)
0(9)-Cs(1)-0O(8) 45.3(2) 0(22)-Cs(2)-0(19) 109.0(2)
02)-Cs(1)-0(8) 95.2(2) 0(14)-Cs(2)-0(18) 92.2(2)
0O(5)-Cs(1)-0(8) 128.2(2) 0O(17)-Cs(2)-0(18) 50.9(2)
0O(3)-Cs(1)-0(8) 138.8(2) 0(21)-Cs(2)-0(18) 74.5(3)
O(4)-Cs(1)-0(8) 173.7(2) 0(24)-Cs(2)-0(18) 154.9(2)
O(10)-Cs(1)-0(6) 177.4(2) 0(22)-Cs(2)-0(18) 109.6(2)
O(7)-Cs(1)-0O(6) 70.7(2) 0(19)-Cs(2)-0(18) 106.3(2)
0(9)-Cs(1)-0(6) 128.3(2) 0O(14)-Cs(2)-0(23) 75.3(2)
0O(2)-Cs(1)-0(6) 86.9(2) O(17)-Cs(2)-0(23) 155.4(2)
0O(5)-Cs(1)-0(6) 49.6(2) 0(21)-Cs(2)-0(23) 87.2(2)
0(3)-Cs(1)-0(6) 107.6(2) 0(24)-Cs(2)-0(23) 49.6(2)
0(4)-Cs(1)-0(6) 92.0(2) 0(22)-Cs(2)-0(23) 44.5(2)
0O(8)-Cs(1)-0(6) 90.5(2) 0(19)-Cs(2)-0(23) 91.9(2)
O(10)-Cs(H)-O(1) 134.0(2) 0O(18)-Cs(2)-0(23) 153.2(2)
O(7)-Cs(1)-0(1) 92.1(2) O(14)-Cs(2)-0(16) 87.1(2)
0(9)-Cs(1)-0(1) 92.1(2) O(17)-Cs(2)-0(16) 48.2(2)
0(2)-Cs(1)-0(1) 49.4(2) 0(21)-Cs(2)-0(16) 159.7(2)
0O(5)-Cs(1)-0(1) 88.8(2) 0(24)-Cs(2)-0(16) 76.2(2)
0O(3)-Cs(1)-0(1) 92.5(2) 0(22)-Cs(2)-0(16) 150.2(2)
0(4)-Cs(1)-0(1) 110.4(2) 0(19)-Cs(2)-0(16) 80.1(2)
O(8)-Cs(1)-0(1) 75.2(2) 0O(18)-Cs(2)-0(16) 93.9(2)
0O(6)-Cs(1)-0(1) 43.7(2) 0(23)-Cs(2)-0(16) 108.8(2)
O(10)-Cs(1)-0(12) 87.0(2) 0O(14)-Cs(2)-0(15) 49.2(2)
O(7)-Cs(1)-0(12) 49.8(2) O(17)-Cs(2)-0(15) 85.4(2)
0(9)-Cs(1)-0(12) 107.9(2) 0(21)-Cs(2)-0(15) 156.7(2)
0(2)-Cs(1)-0(12) 173.3(2) 0(24)-Cs(2)-0(15) 77.0(2)
0O(5)-Cs(1)-0(12) 66.7(2) 0(22)-Cs(2)-0(15) 108.9(2)
0O(3)-Cs(1)-0(12) 122.4(2) 0(19)-Cs(2)-0(15) 111.3(2)
O(4)-Cs(1)-0(12) 83.0(2) 0(18)-Cs(2)-0(15) 111.6(2)
0O(8)-Cs(1)-0(12) 90.9(2) 0(23)-Cs(2)-0(15) 78.3(2)
0(6)-Cs(1)-0(12) 95.6(2) 0(16)-Cs(2)-0(15) 43.3(2)
O(1)-Cs(1)-0(12) 135.4(2) 0(14)-Cs(2)-0(13) 50.1(2)
O(10)-Cs(1)-0(11) 48.0(2) O(17)-Cs(2)-0(13) 83.0(2)
O(7)-Cs(1)-O(11) 81.8(2) 0O21)-Cs(2)-0(13) 81.2(3)
0(9)-Cs(1)-0(11) 85.9(2) 0(24)-Cs(2)-0(13) 159.9(2)
0(2)-Cs(1)-0(11) 135.4(2) 0(22)-Cs(2)-0(13) 83.7(2)
O(5)-Cs(1)-0(11) 92.4(2) 0(19)-Cs(2)-0(13) 150.4(2)
0O(3)-Cs(1)-0O(11) 93.8(2) O(18)-Cs(2)-0(13) 44.3(2)
0(4)-Cs(1)-0(11) 75.1(2) 0(23)-Cs(2)-0(13) 114.5(2)
0O(8)-Cs(1)-O(11) 99.1(2) 0(16)-Cs(2)-0(13) 102.3(2)
0O(6)-Cs(1)-O(11) 134.5(2) 0(15)-Cs(2)-0(13) 88.2(2)
O(1)-Cs(1)-0O(11) 173.5(2) 0(14)-Cs(2)-0(20) 156.9(3)
0O(12)-Cs(1)-O(11) 40.4(2) O(17)-Cs(2)-0(20) 84.0(3)
0(14)-Cs(2)-0(17) 107.6(3) O(21)-Cs(2)-0(20) 47.6(3)
O(14)-Cs(2)-0(21) 109.5(3) 0(24)-Cs(2)-0(20) 83.8(2)
O(17)-Cs(2)-0(21) 113.6(3) 0(22)-Cs(2)-0(20) 88.0(3)
0(14)-Cs(2)-0(24) 109.9(2) 0(19)-Cs(2)-0(20) 42.7(2)
0O(17)-Cs(2)-0(24) 108.9(2) 0O(18)-Cs(2)-0(20) 79.6(3)
0O21)-Cs(2)-0(24) 107.3(3) 0(23)-Cs(2)-0(20) 102.6(3)
0(14)-Cs(2)-0(22) 74.4(2) 0(16)-Cs(2)-0(20) 114.7(2)
0(17)-Cs(2)-0(22) 160.1(2) 0O(15)-Cs(2)-020) 153.7(2)
0(21)-Cs(2)-0(22) 49.5(2) 0(13)-Cs(2)-020) 114.3(2)
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Fig. 2. Diagram illustrating the two crystallographically inequivalent Cs sites in Cs(DB18C6),SCN«1/2CH,0H=1/2H,0.
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Fig. 3. Experimental (upper trace) and simulated (lower trace) central-transition '**Cs stationary NMR spectra (11.75 T) of
(a) Cs(C22)SCN, (b) Cs(18CH)SCN, (c) Cs(15C5),SCN, (d) Cs(Nonactin)SCN, and (¢) Cs(DB18C6),SCN.
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Cs sites in Cs,CrO,4 are 337 and 226 ppm (8). We also ob-
tained the '**Cs CSA for another cryptand complex, C222:
3, = 251, 8,5, = 224, and 8,5 = 200 ppm. The '¥3Cs CSA for
the Cs*-nonactin complex is also small. This is consistent
with the crystal structure of CsSCN/nonactin where the Cs*
ion is located approximately at the center of a cube whose
eight corners are formed by oxygen donor atoms from the

0 100 ppm

nonactin molecule (18). The stationary 133Cs NMR spectrum
of Cs(DB18C6),SCN exhibits a complex line shape due to
the presence of two Cs sites. Since the isotropic chemical
shifts have been determined from analysis of the MAS spec-
trum of Cs(DB18C6),SCN, it is straightforward to analyze
the stationary spectrum and obtain the principal components
of the two '%3Cs CS tensors. The '**Cs CSA results for the
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Fig. 4. All-transition 10 kHz-MAS (a) and stationary (b) !3*Cs
NMR spectra (11.75 T) of Cs(18C6)SCN. The following parame-
ters were used in the simulation shown in (b): §;; = 103, §,, =
61, and 8;; = 29 ppm; QCC = 041 MHz; n= 0850 =0;p =
80; and v = 0°.
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macrocyclic complexes are summarized in Table 4. How-
ever, it is also evident from Fig. 3 that some additional fea-
tures are present in the !'*’Cs stationary spectra. For
example, a broad hump at 120 ppm was observed in the sta-
tionary spectrum of Cs(DB18C6),SCN (Fig. 3d). Since the
133Cs MAS spectra of these complexes did not indicate any
impurity, the low-intensity spectral features must arise from
the satellite transitions. To obtain an estimate of the '**Cs
quadrupole coupling constant (QCC) for Cs-macrocyclic
complexes, we recorded a complete stationary spectrum for
Cs(18C6)SCN, i.e., both central- and satellite transitions. As
shown in Fig. 4, the all-transition '33Cs NMR spectrum cov-
ers a range of approximately 200 kHz. Simulation yields that
the 3Cs QCC is 0.41 MHz and the asymmetry parameter is
0.85 for Cs(18C6)SCN. At 11.75 T, the second-order '*3Cs
quadrupolar interaction contributes less than 1 ppm to the
stationary central-transition '33Cs spectra and, consequently,
can safely be ignored in the spectral analysis, confirming our
previous assumptions. The !3Cs MAS spectra of other Cs
macrocyclic complexes exhibited similar spinning sideband
manifold, suggesting that the QCCs are of similar magnitude
as that for Cs(18C6)SCN.

D. 133Cs chemical shifts and ion-binding environment
The origin of '3Cs chemical shielding () can be written
as a sum of two contributions (19):

Can. J. Chem. Vol. 78, 2000

Fig. 5. Correlation between the experimental '**Cs isotropic
chemical shift and the number of coordination oxygen atoms for
cesium-macrocyclic compounds.
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where 6, is the diamagnetic shielding term arising from the
induced motion of a spherically symmetric electron cloud at
a nucleus, and o, is the paramagnetic term caused by mixing
of the electronic ground state with excited states in the pres-
ence of a strong external magnetic field. To a very crude ap-
proximation the paramagnetic shielding (G,) is proportional
to «(1/AE) < 1/ > (p.), where AE is the average energy
separation between the ground and excited states of the mol-
ecule, < 1/ > is the average distance between electrons and
the nucleus of interest, and p, is the relative electron densi-
ties in the various p orbitals involved in bonding (20-22). In
the case of '¥3Cs NMR, the paramagnetic term is usually a
dominant contributor to variations of '**Cs chemical shifts
because of the relatively low energy gap (AE) and the avail-
ability of the outer p and d orbitals (23).

As shown in Fig. 5, the isotropic '**Cs chemical shifts in
macrocyclic compounds exhibit a clear correlation with the
number of the oxygen atoms to which the Cs* ion is coordi-
nated. It should be pointed out that for complexes with un-
known crystal structures, all oxygen atoms in the
macrocyclic ligand molecule were assumed to participate the
interaction to the Cs* ion. Figure 5 suggests that, as the co-
ordination number is increased, the chemical shielded at the
Cs center is also increased. A similar correlation has also
been observed between the Gutmann donor number (24) of
the solvent and NMR chemical shifts of 22Na (25, 26), '*3Cs
(27), and K (28) nuclei. The range of the '3*Cs chemical
shifts plotted in Fig. 5, 100 ppm to =71 ppm, covers approxi-
mately the entire '**Cs chemical shift range for Cs com-
pounds containing oxygen ligands. However, one notable
exception is the isotropic '*3Cs chemical shift for
Cs(C222)SCN, &, = 225 ppm. The cage structure of the
C222 molecule forces very close contacts between the Cs*
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Fig. 6. Central-transition '33Cs MAS spectrum (11.75 T) of
gramicidin A/CsClL

CsCl

Cs* in gramicidin A

TTTTTTT T 7T T T T T T T T T Y T T T T T T vorTT

200 100 O

ion and the six oxygen donor atoms, with the average
Cs—O distance of 2.970 A (29). This strong Cs—O overlap
is responsible for the unusually large chemical shift in
Cs(C222)SCN (vide infra).

Ideally, one would use such a linear correlation to predict
Cs* binding environments for compounds whose crystal
structures are unknown. To test this idea, we obtained the
solid-state '*3Cs NMR spectra for Cs(HM18C6)SCNexH,O0.
The isotropic !*3Cs chemical shift for this compound was
found to be O ppm. Using the correlation curve shown in Fig. 5,
we may predict that the Cs* ion in Cs(HM18C6)SCNexH,O
is probably coordinated to approximately nine or ten oxygen
atoms. This indicates that, in addition to the six oxygen at-
oms from the 18C6 ring, the hydroxyl side-arm must also be
bound to the Cs* ion, presumably in a similar fashion as
those in sodium and potassium complexes of 16-(2-
hydroxyethyl)-1,4,7,10,13-pentaoxa- 1 6-azacyclooctadecane
(30). The additional oxygen donors may come from water
molecules. It is known that hydration water molecules are
also commonly found in metal macrocyclic complexes (30).
Therefore, the observed '*’Cs isotropic chemical shift of
Cs(HM18C6)SCNexH,O can be rationalized by a Cs* ion-
binding environment containing nine or ten Cs—O interac-
tions.

A crystalline sample of gramicidin A/CsCl complex was
also prepared with the expectation that solid-state '**Cs
NMR may shed some light on the Cs* binding geometry in-
side the ion channel. The unit cell dimensions determined
for our crystals are 35.565, 35.565, and 62.086 A with the
space group of P4222. However, these crystal data are dif-
ferent from all available crystal structures for gramicidin
A/CsCl system (31-35). Clearly, our gramicidin A/CsCl
crystals represented a new polymorph. Unfortunately, at-
tempts to find the solution of the crystal structure for our
gramicidin A/CsCl crystals were unsuccessful. Nevertheless,
we obtained the '*Cs MAS NMR spectrum for this crystal-
line sample. As shown in Fig. 6, a broad peak at 17 ppm is
observed in the '33Cs MAS spectrum. The line width of the
broad peak is approximately 3.3 kHz. The broadening may
be due to the presence of multiple Cs sites in the gramicidin
A channel formed by a gramicidin dimer and likely the pres-
ence of two independent dimers in the asymmetric unit cell
(31-35). In addition, it is also likely that, for each Cs* site,
there exists a distribution of '3*Cs chemical shifts due to the
presence of disorder. According to the correlation shown in
Fig. 5, the '33Cs chemical shift value of 17 ppm indicates the
number of oxygen coordination at the binding sites is ap-
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Fig. 7. Correlation between the '*>Cs chemical shifts and the av-
erage Cs—O distance for cesium-macrocyclic compounds.
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proximately 8. This type of binding environment is consis-
tent with those reported for other forms of gramicidin A
crystals (31-36). For example, a recent X-ray study of
gramicidin A/CsCl (36) revealed that two dimers are present
in the asymmetric unit cell and that each gramicidin channel
(dimer) contains three Cs* binding sites. On average, each
Cs™ ion has eight closest contacts arising from six carbonyl
oxygens (3.64.5 A) and two water oxygens (2.8-3.1 A).
Therefore, our solid-state !33Cs NMR observation is in
agreement with the crystallographic studies in the Cs* bind-
ing environment, despite the difference in overall crystal
structures. It would be of interest to extend the alkali metal
NMR to other gramicidin-cation complexes (Na and K).

In the above discussion, we have focused only on the iso-
tropic '3*Cs chemical shifts. In the discussion that follows,
we briefly comment on the observed tensor components for
the Cs complexes with macrocyclic ligands. As seen from
Table 4, the span of the chemical shift tensor varied from
26 ppm in Cs(18C6),SCN to 208 ppm in Cs(C22)SCN. This
large difference may be interpreted as due to the structural
difference between the two complexes. Clearly, the Cs* co-
ordination environment in Cs(18C6),SCN is more ‘“‘spheri-
cal” than that in Cs(C22)SCN. In principle, the tensor
components are more informative than the isotropic value
alone. However, for the '**Cs NMR data presented in Ta-
ble 4, there does not exist any clear trend between 8, and 343
components and ion-binding environment. Interestingly, the
d,, components show a nice correlation to the isotropic val-
ues. More studies are clearly required to unravel the rela-
tionship between individual chemical shift tensor
components and ion coordination geometry.

In general, increasing the number of metal-ligand coordi-
nation also leads to an increase in the average metal-ligand
distance. This is also true in the systems studied here. For
example, the average Cs—O distance in Cs(18C6)SCN is
3.150 A, which compares to 3.382 A in Cs(DB18C6),SCN.
Dye and coworkers (12) suggested an inverse correlation be-
tween '*3Cs chemical shifts and the mean Cs—O distance.
Figure 7 shows the '33Cs isotropic chemical shift versus the
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Table 4. Experimental '¥3Cs NMR chemical shift tensors and structural data for the Cs macrocyclic complexes.

Compound Siso 4, Lo &3 Qe Coordination ~ Average Range NMR
(ppm) (ppm) (ppm) (ppm) (ppm) oxygen atom d(Cs...0) (A) d(Cs...O0) (A) ref.
Cs(18C6)SCN 64 103 61 29 74 6 3.150° 3.040-3.270 This work
Cs(18C6),SCN -72 -61 -68 -87 26 12 — — This work
Cs(DB18C6),SCN (1) =70 -42 -58 -109 67 12 3.386 3.206-3.787 This work
Cs(DB18C6),SCN (2) =72 =25 -82 -109 84 12 3.377 3.188-3.586 This work
Cs(C22)SCN 100 196 115 -12 208 4 — — This work
Cs(Nonactin)SCN 4 27 10 -26 33 8 3.136¢ 3.069-3.181 This work
Cs(15C5),SCN 22 90 25 —46 136 10 — — This work
Cs(HM18C6)SCNexH,0 0 38 -12 -26 64 — — This work
Cs(C222)SCN 225 251 224 200 51 2.970¢ 2.960-2.970 This work
Cs(18C6),Na~ -61 — — — — 12 3.357¢ 3.287-3.468 12
Cs(18C6),Cs~ 61 — — — — 12 3.3V 3.113-3.516 11
Cs(15C5),Na~ 24 — — — — 10 — — 12
Cs(15C5),Rb™ 24 — — — — 10 — — 12
Cs(15C5),K™ 29 — — — — 10 3.088¢ 3.056-3.171 12
Cs(18C6)SCN 73 — — — — 6 — — 11
Cs(18C6),SCN -59 — — — — 12 — — 11
“Span, = 0,, — 05;.

*From ref. 38.
‘From ref. 18.
“From ref. 29.
‘From ref. 39.
From ref. 12.
*From ref. 40.

average Cs—O distance for compounds with known crystal
structures. Clearly, large '3*Cs chemical shifts are observed
at short Cs—O distances. There also exist several examples
in the literature where large '3*Cs chemical shift values were
found for Cs sites exhibiting short Cs—O distances.
Skibsted et al. (7) have observed a large '*3Cs chemical
shift, 178 ppm, in Cs,CO; for a site that is associated with a
very short average Cs—O distance, 2.69 A. Such a short
Cs—O distance may allow an efficient electron transfer to
occur from the donor oxygen atom in the ligand molecule to
a 3p orbital of the metal ion (37), thus increasing the para-
magnetic shielding contribution.

Conclusions

We have reported the determination of '**Cs CSAs for a
series of Cs complexes with macrocyclic molecules. The
133Cs isotropic chemical shifts were found to exhibit a linear
dependence on the number of oxygen atoms to which the
Cs* ion is coordinated. In addition, the '**Cs chemical shifts
were also found to correlate with the average Cs—O dis-
tances. It would be of interest to find a general bonding pa-
rameter that can unify the two aforementioned dependencies.
The established correlation may be useful in predicting Cs*
ion-binding environment for unknown systems based on
solid-state '**Cs NMR data alone. We have also determined
the crystal structure for Cs(DB18C6),SCN«1/2CH;OHe
1/2H,0.
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