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resolved into its two half-components and had to be placed at 
the mean position. Consequently, the listed values for distances 
and angles involving C( 1) have little physical significance and 
certainly cannot be used to infer bond orders. We expect that 
C-O(n0) will have a lower bond order than the other two 
(O(n0) is involved in two Cu-0 bonds rather than just one) 
and therefore will be longer. Valence shell replusion fur- 
thermore predicts that angle O(nl)-C-O(n2) will be larger 
O(&)-C-O(nl)/O(n2)' unless there are external forces acting 
upon the group such as stereochemical requirements or hy- 
drogen b o n d i ~ ~ g . ~ , ' ~  

As can be seen in Figure 1, the major vibration axes of 
C1( 10) and Cl(20) are not normal to the Cu-Cl-Cu plane, as 
would be expected, but lie in plane. This suggests that the 
C1 atoms might be disordered to a small extent, probably in 
concert with the orientation of the carbonate. C1( 10) would 
be expected to be located further from the center for carbonate 

In than for carbonate 2n and conversely for Cl(20). Conse- 
quently, when the two orientations are superimposed, the 
electron density of the C1 atoms would be elongated in the 
direction observed. Disorder of the C1 atoms would also be 
expected to affect the Cu atoms slightly and, indeed, the 
observed thermal anisotropy of the Cu atoms is in agreement 
with this. It should be noted that the possible C1 disorder is 
at right angles to the Cu-Cu vector and so does not affect the 
relative length of Cu(21)-C1(20) (cf. Cu(22)-C1(20)) to any 
significant degree. 
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Considerable effort has been devoted to understanding the 
factors that govern ligand arrangements in eight-coordinate 
complexes.'-3 One of the most common and most intensively 
studied polyhedra is the dodecahedron. When the ligands are 
chelating, and especially when they have a small bite, they tend 
to span the m edges: giving a structure of the mmmm type, 
although this is not invariably the case.5 If the chelating 
ligands are identical but unsymmetrical, there are six possible 
stereoisomers.' A consideration of metal-ligand 6- and a- 
bonding factors suggests that the a bonding will predominate3 
in determining the preferences for sites A and B.4 It is not 
always easy to decide which of two ligating atoms has the 
greater a-donating or a-accepting ability, but for the ligand 
used in this work, the anion of 2-mercaptopyrimidine, 1, it 

1 (mPd-1 

seems clear that the mercaptide sulfur atom would be the 
better ?r donor and the aromatic nitrogen atom the better a 

(1) HawthornerS. L.; Bruder, A. H.; Fay, R.  C. Inorg. Chem. 1978, 17, 
2114 

(2) Sieffen, W. L.; Fay, R. C. Inorg. Chem. 1978, 17, 2120. 
(3) Burdett, J. K.; Hoffmann, R.; Fay, R.  C. Inorg. Chem. 1978, 17,2553. 
(4) For definitions of terms such as m edges, A aid  B vertices, etc., see ref 

1-3. 
(5) Lewis, D. F.; Fay, R. C. J .  Chem. Soc., Chem. Commun. 1974, 1046. 

0020-1669/8,1/1320-0614$01 .OO/O 

Table I. Crystdoyaphic Parameters 

space group C2/c myst size, mm 0.30 X 0.30 X 0.30 
a, A 24.991 (3) p, cm-' 54.47 

14.611 (2) 20 range, deg G45 b, ..& 
c, A 14.112 (2) no. of data 2285 
 CY=^, deg 90.0 Fo7 > 2.5o(FoZ) 2008 
P ,  deq 111.52 (1) no. of variables 279 
v, '4 4794 (2) R ,  0.028 
d,,g/cm3 1.639 R, 0.040 
Z 8 esd 0.944 
fw 591.53 

acceptor. For a d2 metal ion, the arguments of Burdett, 
Hoffmann, and Fay3 suggest that the nitrogen atoms should 
be found in the B positions and the sulfur atoms in the A 
positions. 

We have prepared and structurally characterized an M- 
(mpd), molecule, where M is the d2 species Wrv, and we find 
that the implied prediction of Burdett, Hoffmann, and Fay 
is obeyed. 
Experimental Section 

Materials. Tungsten carbonyl was purchased from Pressure 
Chemical Co., and 2-mercaptopyrimidine, Hmpd, was purchased from 
Aldrich Chemical Co., Inc. All other compounds and solvents were 
of reagent grade or better from commercial sources. Diglyme was 
dried over sodium and deoxygenated prior to use. Reactions were 
performed under argon by using standard Schlenk techniques. 

Preparation of W(mpd)4.'/2(diglyme). To 30 mL of dry diglyme 
were added 0.352 g (1 mM) of W(CO)6 and 0.444 g (4 mM) of 
2-mercaptopyrimidine. The mixture was then heated under reflux 
for - 16 h to give a brown-violet solution. The mixture was filtered, 
and slow evaporation of the mother liquor gave an essentially 
quantitative yield of mostly microcrystalline product in which there 
were one or two crystals suitable for X-ray diffraction. 

X-ray Crystallography. A suitable crystal was secured to the end 
of a thin glass fiber with epoxy cement and mounted on a Syntex Pi 
automatic diffractometer. Procedures used for data collection as well 
as solution and refinement of the structure have been described 

0 1981 American Chemical Society 
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Table 11. Table of Positional and Thermal Parameters and Their Estimated Standard Deviations 

atom X Y z Ell B22 B 3 3  Bl’ B13 ’23 

0.07845 (1) 
0.02025 (9) 
0.14801 (9) 
0.07351 (10) 
0.07086 (9) 

-0.0141 (3) 
-0.0913 (3) 

0.1686 (3) 
0.2533 (3) 
0.0774 (3) 
0.07 12 (4) 
0.0801 (3) 
0.0716 (3) 

-0.0357 (3) 
-0.1283 (4) 
-0.1101 (4) 
-0.0511 (4) 

0.1983 (3) 
0.2846 (4) 
0.2586 (4) 
0.1999 (4) 
0.0736 (4) 
0.0710 (5) 
0.0748 (5) 
0.0786 (4) 
0.0740 (3) 
0.0765 (4) 
0.0838 (4) 
0.0848 (4) 

0.24688 (2) 
0.3666 (1) 
0.3525 (2) 
0.0746 (2) 
0.1940 (1) 
0.2331 (4) 
0.3224 (5) 
0.2180 (5) 
0.2887 (6) 
0.1816 (5) 
0.0269 (5) 
0.3528 (4) 
0.3485 (5) 
0.3048 (6) 
0.2648 (6) 
0.1865 (6) 
0.1734 (6) 
0.2819 (6) 
0.2259 (9) 
0.1570 (8) 
0.1556 (7) 
0.0906 (6) 
0.0530 (7) 
0.1442 (8) 
0.2104 (7) 
0.3100 (6) 
0.4389 (7) 
0.4902 (6) 
0.4457 (6) 

0.03753 (2) 2.31 (1) 1.64 (1) 1.89 (1) 
0.0855 (2) 
0.1647 (2) 
0.0349 (1) 

-0.1369 (2) 
-0.0318 (4) 
-0.0223 (6) 

0.0733 (5) 
0.1876 (6) 
0.1744 (5) 
0.2184 (5) 

-0.0678 (5) 
-0.2425 (5) 

-0.0870 (7) 
-0.1228 (6) 
-0.0965 (6) 

0.0036 (6) 

0.1443 (6) 
0.1585 (8) 
0.0880 (8) 
0.0461 (7) 
0.1540 (6) 
0.3086 (7) 
0.3343 (7) 
0.2669 (7) 

-0.1563 (6) 
-0.2406 (7) 
-0.1545 (7) 
-0.0654 (7) 

3.09 (8) 2.33 (9) 3.54 (8) 
2.92 (9) 2.94 (9) 3.50 (9) 
4.7 (1) 1.91 (8) 2.31 (8) 
3.65 (8) 2.14 (8) 2.25 (7) 
2.8 (2) 1.6 (3) 2.0 (2) 
3.6 i3j 
2.9 (3) 
3.0 (3) 
4.4 (3) 

10.7 (5) 
2.6 (2) 
4.9 (3) 
2.9 (3) 
3.4 (3) 
2.9 (3) 
3.6 (3) 
2.6 (3) 
3.6 (4) 
3.7 (4) 
2.8 (3) 
4.0 (4) 

11.1 (6) 
10.9 (7) 
6.3 (5) 
2.6 (3) 
5.5 (4) 
6.1 (4) 
3.9 (3) 

4.3 i4j 4.3 i3j 
3.2 (3) 2.1 (3) 
5.4 (4) 4.4 (3) 
2.7 (2) 1.7 (2) 
2.6 (3) 3.9 (3) 
1.7 (3) 2.5 (3) 
2.6 (3) 3.4 (3) 
2.1 (3) 2.9 (3) 
4.3 (5) 3.3 (3) 
4.1 (4) 2.7 (3) 
3.0 (4) 2.0 (3) 
2.9 (4) 2.8 (3) 
7.8 (7) 4.6 (5) 
5.9 (6) 5.1 (5) 
4.3 (4) 4.0 (4) 
1.9 (3) 3.0 (3) 
3.6 (5) 4.8 (4) 
3.9 (5) 3.2 (4) 
4.2 (5) 3.1 (4) 
2.8 (4) 3.1 (3) 
3.8 (5) 4.8 (4) 
2.7 (4) 5.8 (4) 
2.1 (4) 4.1 (4) 

0.00 (1) 0.666 (8) 
0.01 (8) 1.29 (6) 

0.10 (8) 1.30 (7) 
-0.22 (9) 0.62 (7) 

-0.04 (8) 1.21 (6) 
-0.3 (2) 0.8 (2) 
-0.0 (3) 2.2 (2) 

1.1 (3) 0.5 (2) 
-0.3 (3) 1.1 (2) 
-0.3 (3) 1.6 (2) 

-0.0 (2) 0.6 (2) 
0.7 (3) 4.2 (3) 

0.8 (3) 2.2 (2) 
0.5 (3) 1.4 (2) 

-0.8 (4) 1.1 (3) 
-1.0 (3) 0.9 (3) 
-1.2 (3) 1.2 (2) 
-0.1 (3) 0.8 (3) 

0.4 (5) 1.2 (3) 
0.9 (4) 1.3 (4) 
0.7 (3) 1.6 (3) 
0.1 (3) 1.4 (3) 

-0.1 (5) 4.8 (4) 
-0.3 (5) 3.4 (4) 

0.2 (4) 2.2 (3) 
0.4 (3) 1.0 (3) 
0.9 (4) 2.5 (3) 
0.9 (4) 3.7 (3) 

-0.1 (3) 1.9 (3) 

-0.24 (1) 
-0.95 (8) 
-1.23 (9) 
-0.05 (7) 
-0.00 (7) 
-0.2 (2) 
-0.2 (3) 

0.4 (2) 
-1.4 (3) 
-0.5 (2) 

1.0 (3) 
-0.0 (2) 

0.4 (3) 
0.1 (3) 
0.0 (4) 
0.6 (3) 

-0.1 (3) 
0.1 (3) 

-0.1 (5) 
-0.5 (5) 
-0.5 (4) 

0.1 (3) 
0.1 (4) 

-0.1 (4) 
-0.2 (4) 

0.0 (3) 
1.0 (4) 
1.6 (3) 
0.8 (3) 

atom X V Z B. A’ atom X V Z B, A’ 

C(21) 0.2465 (10) 0.338 (2) 0.458 (2) 16.3 (8) O(20) 0.2500 (0) 0.250 (0) 0.500 (0) 20.3 (11) 
C(22) 0.2459 (10) 0.415 (2) 0.506 (2) 18.7 (11) O(23) 0.2597 (9) 0.390 (2) 0.624 (2) 11.5 (7) 
C(24) 0.2680 (9) 0.458 (2) 0.675 (2) 13.8 (7) O(23’) 0.2606 (13) 0.462 (2) 0.561 (3) 17.4 (11) 

a The form of the anisotropic thermal parameter is exp[-1/4(Bllh20*2 + B,2k2b*2 + B3,1*c*’ + 2B12hka*b* + 2E13hla*c* + 
2Bl3kZb*C*)]. 

Table 111. Bond Distances for W(mpd)..’/2(diglyme) 
atoms atoms 

2.521 (3) 
2.517 (3) 
2.520 (3) 
2.520 (3) 
2.166 (7) 
2.162 (8) 
2.164 (7) 
2.156 (7) 
1.71 (1) 
1.73 (1) 
1.697 (9) 
1.72 (1) 
1.36 (1) 
1.35 (1) 
1.32 (1) 
1.33 (1) 
1.37 (1) 
1.34 (1) 
1.29 (1) 
1.36 (2) 
1.36 (1) 
1.36 (1) 

dist, A 

1.32 (1) 
1.33 (1) 
1.35 (1) 
1.36 (1) 
1.32 (1) 
1.32 (1) 
1.39 (2) 
1.40 (1) 
1.40 (2) 
1.37 (2) 
1.38 (2) 
1.38 (2) 
1.38 (2) 
1.41 (2) 
1.37 (5) 
1.61 (4) 
1.20 (3) 
1.00 (6) 
1.55 (5) 
1.40 (4) 
1.32 (5) 

previously.6 The standard corrections were made to the data as well 
as an empirical absorption correction based on J. scans at x = 90’. 
The minimum, maximum, and average transmission factors are 0.938, 
0.999, and 0.975, respectively. Pertinent crystallographic parameters 
for the compound are summarized in Table I. 

Results and Discussion 
Atomic positional and thermal parameters for W(mpd),- 

’/?(diglyme) are listed in Table 11. Figure 1 shows the mo- 

( 6 )  Cotton, F. A.; Ilsley, w. H.; Kaim, w. Inorg. Chem. 1978, 18, 3569. 

Table IV. Bond Angles for W(m~d), . l /~ (diglyme) 
atoms angle. deg atoms annle, deg 

S(l jW(l)-S(2) 72.5 (1) W(l)-N(7)-C(13) 106.3 (6) 
-N(1) 63.9 (2) -C(16) 136.2 (7) 
-N(5) 82.5 (2) C(13)-N(8)-C(14) 115.6 (9) 
-N(7) 81.2 (2) S(l)-C(l)-N(l) 108.6 (7) 

S(2)-W(l)-N(3) 64.2 (2) -N(2) 126.8 (8) 
-N(5) 82.3 (2) N(l)-C(l)-N(2) 124.6 (9) 
-N(7) 82.5 (2) N(2)-C(2)-C(3) 122 (1) 

S(3)-W(l)-S(4) 72.1 (1) C(2)-C(3)-C(4) 118.1 (9) 
-N(l) 82.1 (2) C(3)-C(4)-N(1) 119.0 (9) 
-N(3) 81.4 (2) S(2)-C(5)-N(3) 107.2 (7) 
-N(5) 63.7 (2) -N(4) 126.1 (8) 

-N(3) 82.3 (2) N(4)-C(6)-C(7) 122 (1) 
-N(7) 63.9 (2) C(6)-C(7)-C(8) 118 (1) 

N(lkW(lbN(3) 159.5 (3) C(7)-C(8)-N(3) 121 (1) 
-N(5) 90.1 (3) S(3)-C(9)-N(5) 108.7 (7) 
-N(7) 92.5 (3) -N(6) 127.0 (8) 

N(3)-W(l)-N(5) 93.4 (3) N(5)-C(9 jN(6 )  124.3 (9) 
-Fi(7) 91.1 (3) N(6)-C(lO)-C(ll) 120 (1) 

N(S)-W(l)-N(7) 160.3 (3) C(lO)-C(ll>-C(12) 121 (1) 
W(l)-S(l)-C(l) 82.1 (2) C(ll)-C(12)-N(5) 117 (1) 
W(l)-S(2)-C(5) 82.5 (2) S(4)-C(13)-N(7) 107.7 (7) 
W(l)-S(3)-C(9) 82.2 (2) -N(8) 125.2 (8) 
W(l)-S(4)-C(13) 82.1 (2) N(7)-C(13)-N(8) 127.2 (9) 
W(l)-N(l)-C(l) 105.4 (6) N(8)-C(14FC(15) 123 (1) 

-C(4) 135.8 (6) C(14)-C(15)-C(16) 119 (1) 
C(l)-N(2bC(2) 117.4 (9) C(15)-C(16kN(7) 118 (1) 
W(l)-N(3)-C(5) 106.0 (6) C(21)-0(20)-C(21)’ 180 (4) 

-C(8) 136.9 (7) 0(20)-C(21)-C(22) 125 (3) 
C(5)-N(4)-C(6) 116 (1) C(21)-C(22)-0(23) 107 (4) 
W(l)-N(5)-C(9) 105.4 (6) -0(23)‘ 156 (6) 

-C(12) 135.8 (7) C(22)-0(23)-C(24) 112 (3) 
C(9)-N(6)-C(10) 118.3 (9) C(22)-0(23)’-C(24) 131 (6) 

S(4)-W(l)-N(l) 81.1 (2) N(3)-C(S)-N(4) 126.6 (9) 

lecular structure and labeling scheme for the compound. Bond 
distances and angles are presented in Tables I11 and IV, re- 
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C l O  

N6 
Cl2  

C6 

c3 

N 8  C14 

Figure 1. ORTEP drawing of the W(mpd), molecules showing the 
numbering used in the tables. Each atom is represented by its ellipsoid 
of thermal vibration, scaled to enclose 3096 of the electron density. 

Table V 

Equations of Plane8 for W(mpd);’/Z (diglyme) 
S(3), W(1), N(5) -0.9328 0.0456 -0.3576 -1.6592 
S(1), W(l), N(1) 0.2987 0.5673 -0.7674 2.1958 
S(2), W(1), N(3) 0.2916 0.6009 -0.7442 2.3160 
S(4), W(1), N(7) -0.9449 0.0731 -0.3190 -1.5626 

Dihedral Angles, Deg 
Pl IP, 88.8 pa /p, 2.4 
Pl /p, 88.8 p2 /p, 89.8 
Pl /p, 2.8 p,/p, 89.7 

a The equation of the plane is of the form AX + BY + CZ - D = 
0, where A,  B, C, and D are constants and X ,  Y,  and Z are orthog- 
onalized coordinates. 

Table VI. Lengths (A) of m Edges 

S(l)-N(l) 2.498 (7) S(4)-N(7) 2.495 (8) 
S(2)-N(3) 2.505 (8) av 2.497 (5) 
S(3)-N(5) 2.488 (8) 

spectively. Dihedral angles and equations for selected planes 
are presented in Table V. 

The structure of W(mpd)4J/2(diglyme) was solved in the 
monoclinic space group C2/c .  Each W(mpd), molecule oc- 
cupies a general position within the unit cell. The diglyme 
molecules sit on the inversion centers at (1/4, 1/4, I/*), (3/4, 
3/4, (3/4, 0), and 3/4, 0) and show disordering 
of the M H 3  oxygen atoms. The tungsten atom is, of course, 
bonded to four mercaptopyrimidine ligands. Within experi- 
mental error the four ligands occupy two planes that are 
mutually perpendicular (see Table V) and contain the tungsten 
atom. The m edges4 are equal within experimental error 
(Table VI) with a mean value of 2.497 (5) A. 

The structure of the W(mpd), molecule has DU virtual 
symmetry and can be described as a dodecahedron with the 
mmmm arrangement of ligands. The A vertices are all oc- 
cupied by sulfur atoms and the B vertices by ring nitrogen 
atoms. The angles4 tIA and OB have the mean values 36.2 f 
0.1 and 80.0 f 0 . 2 O .  The former is very typical for all do- 
decahedral complexes while the latter is somewhat greater than 
the usual values, which are more commonly around 72’. 

The excellent agreement of the observed ligand arrangement 
with that expected from the analysis of Burdett, Hoffmann, 
and Fay3 is very gratifying. It would be interesting to know 
if there would be a reversal of site preferences for a do complex 
such as Zr(mpd),. If so, it might also be expected that the 
wrapping pattern would change to gggg, as in the case5 of 
Zr(8-0xoquinoline)~, to minimize nonbonded contacts between 
the aromatic rings. We do not, however, plan such a study 
at  present. 
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The ability of certain diazapolyoxabicyclic ligands 
(“cryptands”) to form inclusion complexes (“cryptates”) 
containing various alkali, alkaline-earth, transition-metal, and 
heavy-metal ions has been established by structural and 
thermodynamic studies.’ The early reports2 noted a variation 
in the stability of cryptates formed with a series of ions, e.g., 
the alkalis, which reaches a maximum when the estimated sizes 
of the cryptand cavity and the included ion are nearly the same. 
As more measurements were made,3 including ~alor imetry,~ 
other factors began to appear relevant for explaining the ob- 
servations. Among these were (1) the relative importance of 
enthalpy and entropy in complex formation and cation sol- 
vation, (2) the cation charge, and (3) the nature of the complex 
formed in solution, Le., whether the cation is completely en- 
closed, is partly enclosed with small anions also included, or 
perhaps is even an exterior c ~ m p l e x . ~  

Lanthanide elements also form cryptates,“8 and crystal 
structures have been determined*-’O in which each of the ions 
La3+, Sm3+, and Eu3+ are enclosed in the cryptand called 
[2.2.2] (see ref 11 for nomenclature). Electrochemical 
methods have been used to measure the effect of the metal 

(1 )  Lehn, J. M. Acc. Chem. Res. 1978, 11, 49. 
(2) Lehn, J. M.; Sauvage, J.  P. J .  Am. Chem. SOC. 1975, 97, 6700. 
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Mathieu, F.; Metz, B.; Moras, D.; Weiss, R. J .  Am. Chem. Soc. 1978, 
100,4412. 
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(b) Kauffmann, E.; Dye, J. L.; Lehn, J. M.; Popov, A. I. Ibid. 1980,102, 
2274. (c) Spiess, B.; Arnaud-Neu, F.; Schwing-Weill, M. J.  Helu. 
Chim. Acta 1979, 62, 1531. 

(6) Ganzow, 0. A.; Kauser, A. R.; Triplett, K. M.; Weaver, M. J.; Yee, E. 
L. J .  Am. Chem. Soc. 1977, 99, 7087. 

(7) Ciampolini, M.; Dapporto, P.; Nardi, N. J .  Chem. Soc., Chem. Com- 
mun. 1978, 788. 

(8) Hart, F. A.; Hursthouse, M. B.; Malik, K. M. A,; Moorhouse, S. J .  
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The three numbers denote the ether oxygen in each strand of the bicyclic 
molecule. The cryptands used in this work are designated as follows: 
[2.1.1] represents 4,7,13,18-tetraoxa- 1 ,IO-diazabicyclo[ 8.5.51eicosane; 
[2.2.1] represents 4,7,13,16,21-pentaoxa-l,lO-diazabicyclo[8.8.5] t r i o  
sane; [ 2.2.21 represents 4,7,13,16,21,24-hexaoxa-1 ,IO-diazabicyclo- 
[8.8.8]hexacosane. The mathematical symbol for inclusion is used in 
naming cryptates. 
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