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violurate de cuivre, les atomes sont peu agit6s. Une 
projection des ellipsoides de vibration thermique a 6t6 
r6alis6e par  le programme ORTEP (Johnson, 1965) 
(Fig. 5). Les atomes d'azote N(1) et N(4) se r6v~lent 
avec une anisotropie nettement marqu6e, contraire- 
ment aux atomes d'azote des deux autres fonctions 
imine N(2) et N(5). 

Ce travail a 6t6 effectu6 par Mme Lepicard ~t qui je 
tiens 5. exprimer tous mes remerciements. 
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A single-crystal X-ray diffraction study has established the structure of Ca(C8Hx604)C12.8H20, where 
C8H1604 represents the heterocyclic ligand 1,4,7,10-tetraoxacyclododecane. This complex crystallizes 
in the orthorhombie space group Fdd2 (No. 43, C,~9). The lattice parameters are a=20-104_+0-005, 
b=28"464+_0"007, and c=7-328+0.002 A, and the calculated density is 1-366 g cm -s for formula 
weight 431.32 and Z =  8. A Picker four-circle diffractometer (0-20 scan mode) and Mo K~ radiation 
were used to measure the intensities of 1297 unique reflections. The structure was solved by Patterson 
and Fourier methods and all hydrogen atoms were ultimately located. Full-matrix least-squares refine- 
ment of atomic positions, hydrogen isotropic temperature factors, and anisotropic thermal parameters 
for the Ca, C1, O, and C atoms converged at a value of R~ = 3.1% for the 1142 reflections above back- 
ground. The calcium ion is situated on a crystallographic C: axis and is coordinated to eight oxygen 
atoms arranged at the apices of a distorted square antiprism. Four of these oxygens belong to the 
cyclomer (which adopts approximate Ca symmetry) and approximate a square with sides 2.728(3) and 
2-737(4) A. The remaining four oxygens in the coordination polyhedron belong to water molecules. 

Introduction 

Our present commitment  to the determinat ion of struc- 
tures of crystalline complexes formed by 1,4,7,10-tetra- 
oxacyclododecane with mono- and di-valent cations 
stems from two interesting properties of  these corn- 

pounds. The first arises as a consequence of the flexi- 
bility of  the macrocyclic ring, which has the capacity 
to act as a tetradentate ligand by adopting at least two 
entirely different conformations.  For certain alkali 
halide salts (Boer & van Remoortere, 1974), and for 
sodium hydroxide (Boer, Neuman,  Steiner & van 
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Remoortere, 1974), novel complexes of 2:1 stoichiom- 
etry are found: MX. 2C8H1604. 5H20 (I), 
NaOH.  2C8H1604. 8H20 (II), where the cation is sand- 
wiched between two rings each with Ca symmetry to 
form an eight-coordinate complex of overall D4 sym- 
metry. In CuCI2. CsH160 4 (III) (van Remoortere, Boer 
& Steiner, 1975) the complex and the heterocyclic 
ligand approximate Cs symmetry. A third conformation, 
of symmetry Ci, is known in 
MgCI2.CsH~004.6H20 (IV) where the 12-membered 
heterocycle links [Mg(H20)6] +2 units via hydrogen 
bonds to the ether oxygens, but does not coordinate 
to the metal ion directly (Neuman, Steiner, van Re- 
moortere & Boer, 1975). 

The second property concerns the mechanism by 
which the crystals are able to stabilize the anions. The 
O 4 complexes above are hydrates with unusual infinite 
two- or three-dimensional hydrogen-bonded networks 
in which the negative charges are embedded. In brief, 
the overall structure appears to be governed by two 
effects: (1) the interaction of the heterocycle and the 
cation, which may be influenced by such factors as ion 
size, the ability of the oxygen lone-pair orbitals to direct 
themselves at the positive charge center, and the chem- 
ical affinity of the cation for water; and (2) the capacity 
of the crystal for suitably 'solvating' the negative ions. 

The crystal structure of CaCIz.C8HI604. H20 dc- 
scribed below is intermediate between the D 4 alkali 
ion complexes, where two cyclomer molecules are bound 
to the metal, and the MgCI2. CsH1604. 6H20 complex 
where the cyclomer is not directly bound to the cation 
at all. 

Experimental 

The complex was prepared by adding 20g (114 mmol) 
of 1,4,7,10-tetraoxacyclododecane to a solution of 
CaCI2 ( l l - lg ,  100 mmol) in water (36g, 2000 mmol). 
The product was obtained as a copious crystalline pre- 
cipitate. The mixture was warmed to cause dissolu- 
tion of the complex and then cooled slowly to produce 
crystals suitable for X-ray diffraction analysis. Two 
habits are observed: hexagonal prisms elongated on c 
and bounded by the {100}, {110}, and {TIO} faces, and 

flat needles with large {010} faces again elongated on c. 
The crystal used in our X-ray study was of the hexag- 
onal variety, 0-22-0-255 mm in diameter by 1.12 mm 
long. It extinguished sharply along the needle axis 
under the polarizing microscope. 

This crystal was sealed in a thin-walled Lindemann 
glass capillary to prevent loss of water of hydration, 
and secured to a goniometer head. The alignment of 
the needle axis with the goniometer axis was refined 
with oscillation photographs and preliminary Weissen- 
berg and precession photographs were obtained. The 
orthorhombic space group Fdd2 (C~29, No. 43) was 
established from the diffraction symmetry D2h and the 
reflection conditions hkl: h + k , k  +l,( l+h)=2n; Okl, 
k + l = 4 n  (k,l=2n); and hOl: l+h=4n (l,h=2n). The 
crystal was aligned on the four-circle goniostat of a 
Picker diffractometer. The lattice parameters obtained 
by least-squares refinement of the setting angles often re- 
flections measured with Mo Kc~ radiation (2=0.7107A) 
at 25 °C, are: a = 20.104 + 0-005, b = 28.464 + 0.007, and 
c=7.328 + 0.002/~. The calculated density is 1.366 g 
cm -3 assuming an octahydrate complex 
C8H32012CaC12 (F.W. 431"32) and Z = 8 .  These as- 
sumptions are confirmed by the structure determina- 
tion. The precision of measurement for the lattice con- 
stants, as determined from the estimated standard 
deviations calculated in the least-squares analysis, was 
a factor of 10 better than the errors assigned above, 
which reflect our experience with systematic errors and 
reproducibility of results under different experimental 
conditions. The presence of eight formula units per 
unit-cell requires Cz symmetry for the complex. 

Mo Ke radiation, for which the complex has a linear 
absorption coefficient of 5.726 cm -~, was mono- 
chromatized with the 002 reflection of a highly oriented 
graphite crystal and used to obtain intensity data for 
1297 reflections on the Picker diffractometer (0-20 scan 
mode). The X-ray tube was set at a 3 ° take-off angle 
and a detector aperture 4 mm square was placed 31.5 
cm from the crystal; 1-5 mm diameter incident- and 
exit-beam collimators were used. Attenuators were 
used to prevent the count rate from exceeding 12000 
c.p.s. The scan speed was 2 ° min -1 over 20 angles of 

Table 1. Final structure parameters with standard deviations in parentheses 
(a) Heavy atoms (anisotropic thermal parameters) 
The anisotropic thermal parameters are in the form exp [ -  (hZ,811 + k2,82~ + 12,833 -t- 2hk,812 + 2hl,sx3 + 2ki,823)], and have been multi- 

plied by 105 . 

x y z ,8tl ,822 ,833 ,812 ,813 ,823 
Ca 0.0 0.0 0.0 141 (2) 79 (1) 98 (1) 2 (1) 0 0 
Cl -0.03009 (4) 0.19593 (3) 0.4606 (2) 242 (2) 126 (1) 175 (2) 13 (1) 33 (5) 24 (4) 
O(1) -0.0131 (1) 0.06797 (7) 0.2218 (4) 242 (6) 116 (3) 166 (5) 13 (3) -12  (2) - 7  (1) 
0(4) 0.0943 (1) 0.00885 (7) 0.2217 (3) 206 (5) 129 (3) 156 (5) 10 (3) - 8  (1) 3 (1) 
0(7) 0-0697 (1) 0.05266 (9) -0.1644 (4) 237 (6) 125 (3) 249 (6) 2 (4) 18 (2) 18 (1) 
0(8) 0.0725 (1) -0.05331 (9) -0.1583 (4) 221 (6) 120 (3) 210 (6) 3 (4) 15 (2) - 7  (1) 
0(9) 0.0005 (2) 0.13635 (9) -0.1924 (5) 427 (9) 103 (3) 199 (6) - 1  (5) - 8  (2) 4 (1) 
O(10) 0.2105 (1) -0.0511 (1) -0-1717 (5) 261 (7) 133 (3) 197 (6) 3 (4) - 6  (2) 4 (13) 
C(2) 0.0361 (2) 0.0739 (1) 0.3619 (6) 30 (1) 138 (5) 203 (9) - 4  (6) -24  (3) -17  (2) 
C(3)  0.1004 (2) 0.0567 (1) 0.2840 (6) 237 (9) 142 (5) 225 (9) -40  (5) -22  (2) - 6  (2) 
C(5) 0.1033 (2) - 0.0250 (1) 0.3650 (6) 230 (9) 164 (6) 186 (8) 28 (6) - 14 (2) 12 (2) 
C(6)  0.0805 (2) -0.0711 (1) 0.2896 (5) 253 (9) 140 (5) 189 (8) 68 (6) 9 (22) 13 (2) 



372 C A L C I U M  C H L O R I D E - 1 , 4 , 7 , 1 0 - T E T R A O X A C Y C L O D O D E C A N E  O C T A H Y D R A T E  

Table 1 (cont.) 

(b) Hydrogen atoms (isotropic thermal parameters) (c) Root mean-square thermal 
x y z B along principal axes* 

H(2A) 0.022 (2) 0.054 (1) 0.489 (6) 2.7 (8) Axis 1 Axis 2 
H(2B) 0.040 (2) 0.110 (1) 0.391 (7) 3.5 (9) Ca 0.163 0.170 
H(3A) 0.138 (2) 0.058 (2) 0.385 (8) 4 (1) C1 0.214 0.217 
H(3B) 0.117 (2) 0.076 (1) 0.159 (8) 4 (1) O(1) 0.192 0-211 
H(5A) 0.076 (2) -0.018 (1) 0-480 (6) 3 (1) 0(4) 0.188 0.219 
H(5B) 0-150 (2) -0.026 (1) 0.391 (6) 2-6 (8) 0(7) 0-187 0.221 
H(6A) 0.083 (2) -0.096 (1) 0.394 (7) 2.1 (7) 0(8) 0.192 0.221 
H(6B) 0.109 (2) -0.083 (1) 0.174 (6) 2.2 (8) 0(9) 0.203 0.233 
H(7A) 0.062 (2) 0.080 (2) -0.174 (6) 2.3 (9) O(10) 0.221 0.234 
H(7B) 0.110 (2) 0.052 (1) -0.194 (6) 2.7 (9) C(2) 0.178 0.245 
H(8A) 0-061 (2) -0.084 (2) -0.158 (7) 3 (1) C(3) 0.176 0.254 
H(8B) 0.113 (2) -0.056 (2) -0.156 (8) 4 (1) C(5) 0.180 0.242 
H(9A) 0.012 (2) 0.153 (2) -0-117 (8) 3 (1) C(6) 0.174 0.226 
H(9B) -0.000 (2) 0.151 (2) -0.272 (8) 4 (1) 
H(10A) 0.213 (2) -0-023 (2) -0-194 (7) 4 (1) * Ordered on increasing magnitude. 
H(10B) 0.222 (2) -0.054 (1) -0-091 (6) 1 (1) 

amplitude 

Axis 3 
0-180 
0-236 
0"246 
0.233 
0-289 
0"257 
0.297 
0.242 
0.287 
0-269 
0.272 
0.281 

2 .3°+A,  where A is the separat ion of  the Kc~ doublet;  
this range was sufficient to allow for the observed 
mosaic spread of  the crystal. Background counts of  
10 s were taken at each end of  the scan. A 20 range of  
0-54.9 °, equivalent to the Cu Kc~ sphere, was examined. 
The 660 reflection was monitored after every 50 meas- 
urements and showed good stability, giving a root- 
mean-square  deviation of  1% and a maximum devia- 
t ion of  less than 3 %. An error  a(I) = [(0.0251) z + No + 
k2Nb] U2 was assigned to the net intensity I = N o - k N b  
of  each reflection in order to establish the weights 
w(F) =4F2/a2(F z) for subsequent least-squares refine- 
ment, where the quanti ty ~.w(I Fol-  levi) 2 was minimized. 
Here No is the gross count,  Nb is the background count,  
k is the ratio of  scan time to background time, and the 
F 2 are the intensities corrected for Lorentz and polariza- 
tion effects. The 155 reflections for which I /a(1)< 3.3 
were denoted absent and were omitted from the refine- 
ment. No  absorpt ion corrections were applied because 
of  the low linear absorpt ion coefficient and the nearly 
uniform diameter  of  the crystal. An absolute scale fac- 
tor  and overall temperature  factor (Bo= 3.1 A 2) were 
computed by Wilson's  (1942) method. 

Structure determination and refinement 

A sharpened three-dimensional Pat terson map was used 
to locate the Ca and C1 atoms. The oxygen atoms were 
then found in an electron-density map  based on the 
Ca and C1 phases, and a subsequent Fourier  map  re- 
vealed the carbon atoms of  the heterocycle. Five cycles 
of  full-matrix least-squares refinement, in which a tom 
positions and isotropic temperature  factors were varied, 
resulted in a reduction of  R I =  EllFol-IFcll/EIFol f rom 

2 2 1/2 0"16 to 0"068 and R 2 = { ~ w ( F o - F c ) / ~ w F o }  f rom 
0.22 to 0.090. A difference map  computed after one 
cycle of  least squares in which anisotropic temperature  
factors were introduced showed peaks ranging f rom 
0.25 to 0.36 e A -3 at the calculated positions for the 
methylene hydrogens.  However,  the water  hydrogens 
could not  be unambigously  identified at this stage. 

Three addit ional  cycles of  refinement were performed 
in which the methylene hydrogens were included with 
isotropic temperature  factors. The water hydrogens 
associated with peak heights ranging from 0.21 to 
0.30e A-3,  were located in an electron-density difference 
map,  which followed, and their identities were sub- 
sequently confirmed by the reasonable values obtained 

Table 2. Interatomic distances (A) 

Symmetry transformations applying to the second atom are: 
(a) --x,--y,z;  (b) ¼- 1 _t z, ± 1 x, 4+Y, 4+ " (c) x - 4 , 4 - y , ¼ + z ;  (d) 
x,y,z + 1 ; (e) ¼--x,y--¼,z--¼. 

Calcium-oxygen distances 
Ca-O(1) 2-540 (2) 
Ca-O(2) 2.509 (2) 
Ca-O(7) 2.380 (2) 
Ca-O(8) 2.402 (2) 

Carbon--carbon bonds 
C(2)-C(3) 1.497 (6) 
C(5)-C(6) 1-496 (5) 

Carbon-hydrogen bonds 
C(2)-H(2A) 1" 14 (4) 
C(2)-H(2B) 1.04 (4) 
C(3)-H(3A) 1.05 (6) 
C(3)-H(3B) 1.12 (5) 
C(5)-H(5A) 1.02 (4) 
C(5)-H(5B) 0.96 (4) 
C(6)-H(6A) 1.04 (4) 
C(6)-H(6B) 1.08 (4) 

Oxygen-chlorine distances 
(hydrogen bonded) 

C1-O(10) c 3-118 (3) 
C1-O(9) a 3-122 (3) 
C1-O(7) c 3.135 (3) 
C1-O(10) b 3.141 (3) 

Hydrogen bonds (to oxygen) 
0(9) . . . .  H(7A) 2.04 (4) 
0(9) . . . .  H(8A) ° 1.95 (5) 
O(10)...H(8B) 1.98 (5) 
O(10)...H(9A) e 2.01 (5) 

Carbon-oxygen bonds 
O(1)-C(2) 1-436 (4) 
O(1)-C(6) ° 1.445 (4) 
O(4)-C(3) 1.441 (4) 
O(4)-C(5) 1.436 (4) 

Oxygen-hydrogen bonds 
O(7)--H(7A) 0.79 (4) 
O(7)--H(7B) 0.84 (4) 
O(8)--H(8A) 0-90 (5) 
O(8)--H(8B) 0.81 (5) 
O(9)--H(9A) 0-77 (5) 
O(9)--H(9B) 0.71 (6) 
O(10)-H(10A) 0.82 (5) 
O(10)-H(10B) 0.64 (4) 

Oxygen-oxygen distances 
(hydrogen bonded) 
0(7) . . .0(9)  2.766 (4) 
0(8) . . .  0(9)" 2.792 (4) 
0(8)..-O(10) 2.777 (4) 
0 ( 9 ) ' "  O(10) b 2"779 (4) 

Oxygen-oxygen distances 
(nonbonded) 
O(1)-O(4)" 2"728 (3) 
O(1)-O(4) 2"737 (4) 
0(7)-0(8)" 2"859 (4) 
0(7)-0(8) 3"017 (4) 

Hydrogen bonds 
(to chlorine) 
CI.- • H(7B) c 
CI. • • H(10A) c 
CI. • • H(9B) ~ 
CI.-.H(10B) b 

2"30 (4) 
2"30 (5) 
2-43 (5) 
2"51 (5) 
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for their positional and thermal  parameters  upon re- 
finement. The largest remaining positive and negative 
peaks in the difference maps had ampli tudes of  
0.26 e ,~-  a and - 0.36 e A -3 respectively. Simultaneous 
full-matrix least-squares refinement of  all a tomic posi- 
tions, hydrogen isotropic temperature  factors, and 
anisotropic temperature  factors for the CI, Ca, C, and 

O atoms converged at final values of  R1 =0.031 and 
R2=0.033 for the 1142 reflections above background.  
In the final cycle no parameter  shift exceeded 0.043. 
A correction for secondary extinction did not  appear  
to be necessary and none was made. The atomic scat- 
tering factors were taken from International Tables for 
X-ray Crystallography (1962). 

Table 3. Selected interatomic angles (°) 

Angles at calcium 
O(1)-Ca-O(1) ~ 100.5 (1) 
O(1)-Ca-O(4) 65-7 (1) 
O(1)-Ca-O(4) ° 65.4 (1) 
O(1)-Ca-O(7) 84.6 (1) 
O(1)-Ca-O(7)" 137.9 (1) 
O(1)-Ca-O(8) 148.5 (1) 
O(l)-Ca-O(8)" 76.4 (1) 
O(4)-Ca-O(4)" 99.3 (1) 
O(4)-Ca-O(7) 79.6 (1) 
O(4)-Ca-O(7)" 146.7 (1) 
O(4)-Ca-O(8) 85-3 (1) 
O(4)-Ca-O(8)" 135"0 (1) 
O(7)-Ca-O(7)" 119.2 (1) 
O(7)-Ca-O(8) 78.2 (1) 
O(7)-Ca-O(8)" 73.4 (1) 
O (8)-Ca-O(8) ~ 122.2 (1) 

Angles at chlorine 
H(7B)c--C1-H(10A) c 81 (3) 
H(7B)C--CI-H(9B) n 91 (3) 
H(7B)~--CI-H(10B) b 136 (3) 
H(10A)~-C1-H(9B) n 106 (3) 
H(10A)c-C1-H(10B) b 107 (3) 
H(9B)n--CI-H(10B) b 126 (3) 

Angles at ether oxygens 
C(6)"-O(1)-C(2) 113.1 (3) 
C(6)~-O(1)-Ca 111.4 (2) 
C(2)--O(1)-Ca 118.4 (2) 

C(3)--O(4)-C(5) 113.0 (3) 
C(3)--O(4)-Ca 111.4 (2) 
C(5)--O(4)-Ca 120.1 (2) 

Angles at hydrogen 
O(7)--H(7A) . . . .  0(9) 153 (4) 
O(7)--H(7B) . . . .  CV 177 (5) 
O(8)--H(8A) . . . .  0(9)" 155 (4) 
O(8)--H(8B) . . . .  O(10) 170 (5) 
O(9)--H(9A) . . . .  O(10) g 177 (5) 
O(9)--H(9B) . . . .  CP 166 (5) 
O(10)-H(10A)... CF" 174 (5) 
O(10)-H(10B).-" C1 e 170 (5) 

Torsion angles in ring 
O(6)a-O(1)-C(2)--C(3) - 164-5 (3) 
O(1) -C(2)-C(3)--O(4) 56.2 (4) 
C(2)--C(3)-O(4) -C(5) 84-0 (3) 
C(3)--O(4)-C(5)--C(6) - 167.5 (3) 
0(4) -C(5)-C(6)--O(1)" 55.2 (4) 
C(5)--C(6)-O(1)°-C(2) ° 83.9 (4) 

Angles at carbon 
O(1)--C(2)-C(3) 
O(1)--C(2)-H(2A) 
O(1)--C(2)-H(2B) 
C(3)--C(2)-H(2A) 
C(3)--C(2)-H(2B) 
H(EA)-C(E)-H(2B) 

C(2)--C(3)-0(4) 
C(2)--C(3)-H(3A) 
C(2)--C(3)-H(aB) 
O(4)--C(3)-H(aA) 
O(4)--C(3)-H(3B) 
H(3A)-C(a)-H(3B) 

O(4)--C(5)-C(6) 
O(4)--C(5)-H(5A) 
O(4)--C(5)-H(5B) 
C(6)--C(5)-H(5A) 
C(6)--C(5)-H(5B) 
H(5A)-C(5)-H(5B) 

C(5)--C(6)-O(1)" 
C(5)--C(6)-H(6A) 
C(5)--C(6)-H(6B) 
O(1)"--C(6)-H(6A) 
O(1)"--C(6)-H(6B) 
H(6A)-C(6)-H(6B) 

Angles at water oxygens 
H(7A)--O(7)--H(7B) 
H(7A)--O(7)--Ca 
H(7B)--O(7)--Ca 
0(8) .0(7)--0(8)" 
0(8)"- -0(7)- -0(9)  

106-5 (3) 
111 (2) 
109 (2) 
111 (2) 
109 (2) 
110 (3) 

110.9 (3) 
110 (3) 
114 (2) 
108 (2) 
103 (2) 
110 (3) 

106-3 (3) 
113 (2) 
107 (2) 
109 (2) 
110 (2) 
111 (3) 

111.1 (3) 
108 (2) 
113 (2) 
110 (2) 
105 (2) 
110 (3) 

99 (4) 
124 (3) 
134 (3) 
91.4 (1) 
59.5 (1) 

H(8A)--O(8)--H(8B) 100 (4) 
H(8A)--O(8)--Ca 117 (3) 
H(8B)--O(8)--Ca 130 (3) 
0(7) . 0(8)--0(7)" 88"6 (1) 
0(7)"--0(8)--0(9)"  58"6 (1) 
O(7)"--O(8)--O(10) 176"6 (1) 
O(9)"--O(8)--O(10) 122-7 (1) 
O(7) O(8)--O(10) 89"7 (1) 
H(9A)--O(9)--H(9B) 103 (5) 
0(7) 0(9)--0(8)" 61.9 (1) 
0(7) O(9)--O(10) 9 110"9 (1) 
0(7) - -O(9)--CP 129.1 (1) 
O(8)a--O(9)--O(10) g 128"8 (1) 
O(8)"---O(9)--C1 h 115.2 (1) 
O(10)g--O(9)--C1 h 106-9 (1) 

H(10A)-O(10)-H(10B) 107 (5) 
0(8) O(10)-O(9) e 107.0 (1) 
0(8) O(10)-CV 94.9 (1) 
0(8) O(10)-CF 114.8 (1) 
O(9)e--O(10)-C1 s 113.7 (1) 
O(9)~---O(10)-C1 e 119.4 (1) 
CP" O(10)-Cl e 104.3 (1) 

Symmetry transforms (a)-(e) are the same as in Table 2. (f)=k+x,k-y,z-¼; (g)=½+x,y,½+z; (h)= x,y,z-1. 
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Atomic parameters and their standard deviations (as 
computed from the least-squares analysis) are given in 
Table 1. Errors for the interatomic distances and an- 
gles, summarized in Tables 2 and 3 respectively, were 
computed from the variance--covariance matrix gen- 
erated in the final least-squares cycle.* 

Discussion 

The calcium ions are situated on the crystallographic 
twofold axes and are coordinated to eight oxygen 
atoms in a square antiprismatic geometry (Fig. 1). Al- 
though there are minor differences, the conformation 
of the heterocycle closely resembles that observed in 
(I) and (II), and exhibits an approximate non-crystallo- 
graphic fourfold ((74) axis. In Ca(CsH1604)CI 2. 8H20 
the sides of the approximate square formed by the 
ether oxygens, 2.728 (3) and 2.737 (4) A, are some- 
what shorter than those found in the sodium com- 
plexes, which ranged between 2.777 and 2.809 A. The 
perpendicular distance from the cation to the least- 
squares plane (Table 4) through the four oxygens is 
substantially larger, 1.625 A, for the Ca complex than 
the values (1.528, 1.497, 1.505 A) observed for the 
sodium compounds. The least-squares planes through 
the two chemically distinct types of carbon atoms in 
the Ca conformation, previously (Boer & van Remoor- 
tere, 1974) labelled ~ and fl, are 2-102 and 2.663 A 
distant from the cation (Table 4) for the c~ and fl car- 
bons respectively, or again about 0.10 A further than 
the corresponding values in the Na + (CsH1604)2 struc- 
tures. The average Ca-O distance for the ether oxy- 
gens is 2.525 .~, slightly longer than the average value 
of 2.489 /~. in the sodium complexes. The difference 
may be related to the difference in ion radius between 
Na + (0.95 A) and Ca '.+ (0-99 A). Small but significant 
differences occur in the internal bond angles and tor- 
sion angles of the heterocycle as compared to the aver- 
age values (in brackets) found for 
Na(C8Hx604)zC1.5H20 and Na(C8H1604)zOH. 8HzO, 
but differences in bond distances are probably not 

* A list of observed and calculated structure factors has been 
deposited with the British Library Lending Division as Supple- 
mentary Publication No. SUP 31165 (8 pp.). Copies may be 
obtained through The Executive Secretary, International Union 
of Crystallography, 13 White Friars, Chester CH1 1NZ, Eng- 
land. 

significant. The internal angles at the ~ carbons are 
110-9 (3) and 111.1 (3) ° [112.6°]; at the fl carbons, 
106-3 (3) and 106-5 (3) ° [107-7°]; and at oxygen, 
113"0 (3) and 113.1 (3) ° [113.5°]. For the three types 
of torsion angles (ignoring H atoms), the comparisons 
are, C,-O 84.0 (3) and 83.9 (4) ° [80.3°]; O-C a, - 164.5 
(3) and - 167-5 (3) ° [163.6°]; and C~-Ca, 55.2 (4) and 
56-2 (4) ° [58.6°]. The methylene hydrogens are very 
well staggered. The average C-O and C-C bond dis- 
tances found in the five metal ion complexes of tetra- 
oxacyclododecane studied to date are 1.430 and 1.495~ 
for 40 and 20 individual measurements respectively. All 
the values found here but one [O(1)-C(6)', 1.445 (4) ,~] 
are within three standard deviations of these mean 
values (atoms related by the diad are designated by 
primes). The average C-H bond distance of 1.05 ,/k 
reflects the systematic shortening from the true inter- 
nuclear separation [about 1.09 A (Sutton, 1958)] that 
results from the shift of electron density from hydro- 
gen upon bond formation (Stewart, Davidson & Simp- 
son, 1965) and from the effects of thermal vibrations 
(Hamilton & Ibers, 1968). All individual C-H distances 
are within three standard deviations of the mean value, 
and all bond angles involving the methylene hydrogens 
are within 3o" of the tetrahedral angle. 

Table 4. Selected least-squares planes 
Atoms in brackets were not included in the plane calculation. 
Atoms related by the twofold axes are designated by primes. 
The planes are all orthogonal to the z axis. 

Plane 3 Plane 4 
Plane 1 Plane 2 (~ carbons) (fl carbons) 

1 O(7), O(7)' O(1), O(1)' C(3), C(3)' C(2), C(2)' 
2 O(8), O(8)' O(4), O(4)' C(6), C(6)' C(5), C(5)' 
3 O(9), O(9)' [Cal [Cal [Cal 
4 O(10), O(10)' 
5 [H(7A), H(7A)q 
6 [H(7B), H(7B)'] 
7 [H(8A), H(8A)'I 
8 [H(8B), H(8B)'I 
9 [Ca] 
Adt 0"053 0"003 -- 0"021 -- 0"011 
Adz 0"098 0"003 0"021 0"011 
zld3 -0"152 -1"625 -2"102 -2"663 
/Ida o.ooo 
Ads o.ooo 
rid6 -0.167 
Ad7 0.010 
dd8 0"117 
,dd9 1-258 

o , ~ , o  c. 

C t l  ¢ Ct5 t21 

0 t  

0c~ ~c, 

Fig. 1. Three-dimensional stereo pair diagram of the basic structural unit in Ca(CaH~604)CIz. 8H20. The crystallographic twofold 
axis is vertical and passes through the cation. The thermal ellipsoids are drawn at 50 % probability. 
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The remaining four ligands in ~the distorted square 
antiprism are the oxygen atoms O(7), O(7)', O(8), and 
0(8)'. These atoms are considerably nearer the calcium 
ion [Ca-O(7), 2.380 (2) N; Ca-O(8), 2.402 (2) &] than 
the ether oxygens and form a parallelogram with sides 
3.017 (4) and 2-859 (4) /~ and angles 88.6 (1) and 
91-4 (1) ° (Fig. 2). By comparison the two unique Ca-O 
distances in CaC12.6H20, where the Ca is coordinated 
to nine oxygen atoms, are 2.446 and 2.592 A. The dis- 
tances separating oxygens in the water quadrangle 
from those in the cyclomer square are all well above 
the sum (2.8 ~,) of two oxygen van der Waals radii. 

Atoms O(7), O(8), O(9), O(10) and their symmetry- 
related pairs form an approximately planar structure 
(Fig. 2). The least-squares plane through these atoms 
is described in Table 4. Atom 0(9) is held by the hydro- 
gen bonds to form a nearly equilateral triangle whose 
base is the short edge of the {O(7), O(8), O(7)', 0(8)'} 
parallelogram. On the other hand O(10) is bound to 
this parallelogram by a single hydrogen bond and is 
essentially collinear with the 0(7)' -+ 0(8) vector. The 
remaining hydrogen atom associated with the water 

parallelogram, namely H(7B), forms a hydrogen bond 
to chloride. The hydrogens on O(10) form hydrogen 
bonds to two separate chloride ions; a fourth hydro- 
gen bond to chloride utilizes H(9B) of 0(9). H(9A) 
is donated in a hydrogen bond joining 0(9) with O(10) 
of a calcium polyhedron related by a diagonal glide. 
The chloride ion is bound by a distorted tetrahedron 
of hydrogen bonds. The observed H . . .C1  distances, 
the H. • • CI. • • H angles, and the appropriate symmetry 
transformations are given in Tables 2 and 3. This tetra- 
hedral arrangement contrasts with the structure of 
CaCI2.6H20 (Agron & Busing, 1969) where the chloride 
ions occupy octahedral sites with unique O . . . C I  dis- 
tances of 3.188 and 3.209 A. The 0(9) . . .O(10)  hydro- 
gen bond links Ca (C8H1604) (H20)8 units together in 
interlocked helical arrays centered on the screw diads 
parallel to z. Portions of these helices are apparent in 
the crystal structure diagram, Fig. 3. 

The O-H bonds, which average 0.79 A are subject 
to systematic shortening for the same reasons as the 
methylene hydrogens (Stewart, Davidson & Simpson, 
1965; Hamilton & Ibers, 1968). In a neutron diffrac- 

To Cl 

To 0 (9) ~-" 
~,, ~.,~ H (lOB) 

...... ( el I 

o(,o)  GToA) 
[u  ' 

H(8B) t ~  I H(TB) 
081 ~''l l C t 0 

°C8  o  oooo> 

~ 6 1 . 9  n t CO i) I1~ / ~  /~t~) H(9B) 
/ v~-',t"~,,. ~ 9 . ~ ~  n ~.'1,,~-"3/" 0 (9) 0.TU 

" " ~::~. To CI 
• oo<,o> 

,4 l 

CI J - - -  

Fig. 2. Diagram of the water plane in Ca(CsHlo04)CI2.8H20 showing some of the hydrogen bonds. 
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Fig. 3. Three-dimensional stereo pair diagram of a unit cell of Ca(CsH1604)CI2.8H20 as viewed down the z axis. The y axis is 
vertical and x is horizontal. 

tion study (AAron & Busing, 1969) of CaCI2.6H20 
the O-H distances were 0.949 and 0.963 A. Thus the 
magnitude of the shortening appears to be somewhat 
greater for the water molecules than for the methylene 
groups, and is in fact of the same order as found in the 
X-ray study (Boer, Neuman, Steiner & van Remoor- 
tere, 1975) of Mg(H20)6C12.CsH1604, where an aver- 
age O-H distance of 0-80 A was found, compared with 
neutron diffraction (AAron & Busing, 1969) values of 
0.966 to 0.988 A. in MgC12.6H20. The H - O - H  bond 
angles found in the present study are all very reason- 
able: 99 (4) °, 100 (4) °, 103 (5) °. Of the hydrogen bonds 
to oxygen, two show bond angles with moderate varia- 
tions from linearity [O(7)-H(TA). . .0(9) ,  153 (4) ° and 
O(8)-H(8A) . . .0 (9) ,  155 (4)°]. These are part of the 
near equilateral triangle described above. The O-H.  • • 
Cl angles range from 166 to 177 ° (Table 3). 

The ellipsoids of thermal motion are drawn (John- 
son, 1965) in Figs. 1 and 2, and the root-mean-square 
components along the principal axes are summarized 
in Table l(c). None of the amplitudes are unusually 
large. As is typical of metal complexes in which tetra- 
oxacyclododecane acts as a tetradentate ligand, the 
cation has the smallest vibrational amplitudes and is 
fairly isotropic and the ether oxygens exhibit less an- 
isotropy than the ring carbons. The chlorine atom also 
displays very little anisotropy. 

We thank T. P. Blumer for adapting the program 
ORTEP to the IBM 1130 computer and for preparing 
the stereo diagrams. 
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