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Reaction of the alloy KGeSb with 2,2,2-crypt in ethylenediamine (en) produces a dark red solution from which crystals 
of both (2,2,2-~rypt-K+)~Sb:- (I) and (2,2,2-~rypt-K+)~Sb?--2en (11) can be isolated. The former has also been obtained 
from like reactions of KAuSb and KPbSb compositions. Four octants of X-ray diffraction data were collected for each 
complex on an automated diffractometer using monochromated Mo K a  radiation, at room temperature for I and at -80 
OC for 11. Compound I crystallizes in the space group Pi with a = 11.555 (1) A, b = 11.795 (1) A, c = 11.067 ( I )  A, 
a = 97.60 ( 1 ) O ,  /3 = 97.80 (1)O, y = 61.24 (1)O, V = 1306.1 (2) A', and Z = 1 and is isostructural with the known 
(2,2,2-cry~t-K+)~Bi,~-. Refinement of positional and anisotropic thermal parameters for all 29 non-hydrogen atoms by 
full-matrix least-squares techniques yields R = 0.081 and R, = 0.1 13 for 3909 independent observed reflections. The Sbz- 
anion is effectively square planar (D4,,), with bond lengths of 2.749 (1) and 2.751 (1) 8, and bond an les of 90.05 (3)' 
and 89.95 (3)O. Compound I1 also occurs in space group Pi with a = 14.589 (2) A, b = 21.753 (3) 1, c = 13.857 (2) 
A, a = 92.46 (1)O, /3 = 99.63 (2)O, y = 89.12 (2)O, V =  4331 (1) A3, and Z = 2. Positional and thermal parameters (anisotropic 
for all but carbon) for the 96 non-hydrogen atoms were refined to R = 0.075 and R, = 0.093 for 7281 independent observed 
reflections. This structure contains the Sb73- anion with approximately C,, symmetry; the anion was previously known 
(but less well defined) in the (2,2,2-cr~pt-Na+)~Sb~'- salt, but the two compounds are not isostructural. 

Introduction 
In the last 10 years, many polyatomic anions of the post 

transition elements, Bi42-,2 Sb73-,3 and As113-4 in group 5 ,  for 
example, have been isolated as stable salts by the reaction of 
their alkali-metal alloys with 2,2,2-crypt, an excellent com- 
plexing agent for the metal cation Recent investigations have 
included reactions to produce heteropolyatomic clusters of 
group 4 and 5 elements in order to explore new electronic 
configurations and structures; Sn2Bi2-5 and Pb2Sb2-6 are two 
examples of such anions that have recently been structurally 
characterized. 

As part of this study we explored the reactions of a KGeSb 
alloy. Instead of the expected heteropolyatomic Ge/Sb anions, 
two antimony clusters were produced as the K+-crypt salts. 
One compound contained the new Sb42- anion, and the second, 
the Sb7j- anion in a new structure. 

Experimental Section 
Materials and Synthesis. All manipulations were performed either 

in an inert-atmosphere drybox or on a vacuum line. Antimony 
(99.999% pure) was obtained from A. D. Mackay, Inc., potassium 
("purified") from J. T. Baker Chemical Co., germanium (zone refined) 
from United Mineral and Chemical, and the 2,2,2-crypt 
(4,7,13,16,2 1,24-hexaoxa- 1,l 0-diazabicyclo[8.8.8] hexacosane) from 
Merck. Ethylenediamine (en) (Fisher Scientific Co.) was first dried 
by refluxing over CaH2 and then stored over molecular sieves. The 
ternary alloy composition KGeSb was prepared by the fusion at 970 
OC of stoichiometric amounts of the elements in a sealed tantalum 
tube enclosed in a fused silica jacket, followed by quenching which 
yielded a dark gray, microcrystalline product. Vessels for the 
crypt-alloy reactions have been previously d e ~ c r i b e d . ~ , ~  

KGeSb reacts with a stoichiometric amount of crypt in en to give 
a dark red solution. Crystals were grown a t  room temperature after 
5-7 days by slow removal of the solvent (1-2 weeks). If the solution 
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is decanted from the alloy residue before crystal growth, large crystals 
of the Sbz- phase (I) deposit irreversibly, though the majority of the 
product is an unknown phase that is blade or needle shaped but poorly 
crystalline. If crystal growth occurs with the solution in contact with 
unreacted alloy, the Sb42- phase crystallizes first, as before, but two 
other phases (I1 and 111) that are indistinguishable by eye also form. 
Phase 11, which contains the Sb7'- anion, crystallizes with a unit cell 
at room temperature of a = 14.72 A, b = 21.87 A, c = 13.98 A, a 
= 92.7O, 6 = 99.9O, y = 89.3O, and V =  4428 A3 (parameters after 
tuning on three standard reflections on the diffractometer). Phase 
I11 may also contain Sb73-, perhaps with a different packing ar- 
rangement, since the unit cell parameters are similar for the main 
part: a =  14.85A,b=22.02A,c= 13.97A,a=93.7O,@= 106.1°, 
y = 91.7O, V = 4373 A'. Also, microprobe analyses cannot distinuish 
between I1 and I11 and indicate the absence of Ge in both. The phase 
(2,2,2-~rypt-K+)~Sb~~- has also been observed as the major product 
of the reaction of the alloy KAuSb with crypt.* The alloy KPbSb 
will similarly react to produce both phase I and 111 (each identified 
by the unit cell parameters obtained after tuning on three standard 
reflections on the diffractometer), but only when crystals are grown 
with the solution in contact with the alloy residue. The product of 
this reaction was also analyzed by microprobe, and again no significant 
amount of the other alloy component (Pb) was found in either phase 
I or phase 111 crystals. Therefore it is clear all three phases must 
contain only homopolyatomic antimony anions. 

The crystals were rinsed with dry heptane to remove any unreacted 
crypt, and then suitable crystals were mounted into 0.3- or 0.5-mm 
capillaries in a drybox. (2,2,2-~rypt-K+)~Sb?- occurs as hard, black, 
wedge-shaped crystals that have very reflective, bluish colored faces 
and are insoluble in en. (2,2,2-~rypt-K+),Sb,~-.2en crystallizes as 
dark red rods which can be redissolved in en. 

Data Collection and Reduction. (2,2,2-~rypt-K+)~Sb~~- (I). A 
strongly diffracting crystal of dimensions 0.62 X 0.30 X 0.17 mm was 
examined by using Mo Ka  radiation monochromatized with graphite 
(A = 0.71034 A) on an automated four-circle diffractometer designed 
and built in the Ames Labora t~ry .~  A total of 5371 reflections were 
collected at -25 OC for the four octants HKL, HE, HKE, and H i U  
with 28 < 50'. Three standard reflections that were measured every 
75 reflections showed only a 7% decay in intensity during data col- 
lection (in sharp contrast to the isostructural Bi42- salt, which decayed 
so rapidly two crystals were necessary to obtain a complete data set2). 
An empirical absorption correction using a &scan method (p = 22.8 
cm-l, 6 = 0-350°, A@ = loo) was applied with the program ABSN;" 

(8) Burns, R. C.; Corbett, J. D., unpublished research. 
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transmission coefficients ranged from 0.75 to 0.99. After the data 
were corrected for decay, absorption, Lorentz, and polarization effects 
and averaged in the space group Pi (Rav = 0.035), the final data set 
consisted of 3909 independent observed reflections ( I  > 3 4 I )  and 
F > 34F)) .  

Preciselatticedimensionsofa = 11.555 (1) A, b = 11.795 (1) A, 
c = 11.067 (1) A, CY = 97.60 (l)",  @ = 97.80 (l)",  y = 61.24 (l)", 
and V =  1306.1 (2) A3 (Z = 1, d& = 1.68 g/cm3, MI = 1318) were 
obtained by a least-squares fit to the 28 values of 24 reflections in 
the range 36O < 28 < 42" which had been tuned on both Friedel- 
related peaks to eliminate any instrument or centering errors. This 
cell compares well with that for (2,2,2- t-K+)2Bk2- salt: a = 11.604 
(4) A, b = 11.796 (4) A, c = 11.096 (3, CY = 98.12 (3)", /3 = 98.02 
(3)", y = 61.37 (3)", and V = 1315.2 (7) A3;2 the two are clearly 
isostructural. 
(2,2,2-cry~t-K+)~Sb~~--2en (11). Data were collected by using a 

crystal of dimensions 0.42 X 0.13 X 0.04 mm at low temperature (-80 
"C) on the Ames Laboratory diffractometer. The crystal was not 
a strong diffractor, but the diffraction peaks were very sharp. A total 
of 12 049 reflections with 26 < 44" in the four octants HKL, HEL, 
HKL, and HKL were measured. The data were corrected for decay 
(according to a 22% decrease in the integrated intensities of three 
standard reflections), Lorentz, polarization, and absorption effects 
(by the +scan method, p = 23.8 cm-l; transmission coefficients ranged 
from 0.73 to 0.99). The final data set contained 7281 independent 
observed reflections after averaging in the space group Pi (Rav = 
0.033). 

Precise unit cell dimensions are a = 14.589 (2) A, b = 21.753 (3) 
A, c = 13.857 (2) A, CY = 92.46 (l)", @ = 99.63 (2)O, y = 89.12 (2)", 
and V = 4331 (1) A3 obtained, as before, from 24 reflections with 
25" < 26 < 34"; Z = 2, dcalcd = 1.70 g/cm3, MI = 2219. 

Structure Solution. (2,2,2-crypt-K+)$bz- (I). Since the unit cell 
parameters indicated the compound was isostructural with the Bi42- 
salt,2 the least-squares refinement began with the Bi atom coordinates 
for the two Sb positions, which immediately gave an agreement factor 
R = 0.305 = CllFol - IFcll/CIFol. Further full-matrix least-squares 
refinement and Fourier electron density syntheses located all the crypt 
atoms (in essentially the same positions as in the Bi42- structure) to 
give R = 0.080 when all 29 atoms were allowed to have anisotropic 
thermal parameters (of the form exp[-1/,(Bllh2a*2 + B22k2b*2 + 
B,PC*~ + 2B12hka*b* + 2B13hZa*c* + 2B2,klb*c*)]). At this point, 
both electron density and difference maps indicated a disorder in the 
crypt carbons CY and @ to the nitrogen nearest the Sbz- anion, similar 
to that found in the Bi," structure. In particular, C1, C2, C l l ,  C12, 
and C22 were resolvable into pairs (a and b) with separations of 0.7-1.0 
A. (The 'thermal" ellipsoid for C21 is also considerably elongated 
but not enough to make resolution feasible.) With isotropic thermal 
parameters and a multiplicity of 0.50 for these carbon atoms (from 
which they do not appear to vary significantly), the residuals were 
essentially unchanged at  R = 0.08 1 and R, = 0.1 13 = [ Cw (IFol - 
IFc1)2/ZwlFo12]'/2 where w = up2. This disordered model is clearly 
the preferred one in terms of chemical sensibility as otherwise the 
N-C and C-C bond distances are much too short. 
(2,2,2-~rypt-K+)~Sb~~-.2en (11). Analysis of a conventional Pat- 

terson map clearly showed a seven-atom cluster with bond distances 
and configuration indicative of Sb,* (as in the known crypt-Na+ salt3). 
Least-squares refinement of the seven Sb and three K positions ob- 
tained from the Patterson map immediately yielded R = 0.223. The 
crypt atoms and two en solvent molecules were located on an electron 
density map, and subsequent refinement of all 96 atoms with isotropic 
thermal parameters gave R = 0.104 and R, = 0.13 1. Final block- 
diagonal least-squares refinement allowing the Sb, K, 0, and N atoms 
(in crypt, not the solvent molecules) to be anisotropic converged at 
R = 0.075 and R, = 0.093. 

For each structure, the final difference map was essentially flat 
to f 2 e/A3 near the antimony atoms and less than A1 e/A3 in the 
rest of the map. The 72 hydrogen atoms for structure I and 124 for 
I1 have not been located or estimated in the structure factor calcu- 
lations; these represent 11 .O% and 11.3% of the total electron density, 
respectively. Structure factor calculations and least-squares refine- 
ments were carried out by using the block matrix/full matrix program 
ALLS,~~ and Fourier series calculations were done with the program 
 FOUR.^^ The neutral atom scattering factors13 included corrections 
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Figure 1. Approximate [TlO] view of the unit cell of (2,2,2-crypt- 
K+)2Sb42- with thermal ellipsoids at  the 30% probability level. For 
clarity, only one consistent set (b) of the disordered carbon atoms 
is shown. 

Figure 2. Two views of the Sb," anion. Thermal ellipsoids are drawn 
at the 50% probability level. 

for the real and imaginary parts of anomalous dispersion for antimony 
and potassium. 

Results and Discussion 
The final positional da t a  for all atoms in (2,2,2-crypt- 

Kf)2Sb42- and (2,2,2-~rypt-K+)~Sb:-.2en are  listed in Tables 
I and 11, respectively. Distances and angles for the Sb:- anion 
are given in Table  111, while characteristic distances for the 
Sb73- anion together with comparable values from the 
crypt-Na+ salt are give in Table IV. Bond angles for Sb73-, 
thermal parameters for all atoms, distances and angles for the 
cations and en molecules, and the observed and calculated 
structure factors for the two compounds appear in the sup- 
plementary material. 

T h e  Sb42- salt  is indeed isostructural with the Bi42- com- 
pound. A drawing of the unit cell presented in Figure 1 
demonstrates the pseudohexagonal close packing of the anions, 
a feature that  is common for 2- a n i ~ n s . ~ + ~ J ~  I t  is amazing 
how similar t he  disorder of the a- and @-carbon atoms is in 
the two compounds, in spite of t he  smaller Sb42- anion, sup- 
porting the assumption that  the disorder is real and correctly 
treated. This disorder represents a choice of whether the 

~ ~~ ~ ~ 
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Table 1. Ibinal Positional Parameters for (2,2,2-crypt-~'),Sb~'. 

atom Y 1' atom X V 

Sbl 0.18408 (6) 0.86645 (7)  0.00182 (6) C25 0.6544 (9) 0.0627 (9) 0.4697 (10) 
Sb2 0.02067 (6) 0.06419 (6)  0.85552 (6) c 7  0.1467 (9)  0.3058 (10) 0.6514 (8)  
I( 0.3232 (2) 0.3242 ( 1) 0.4082 ( I  ) C17 0.3088 (9) 0.5695 (8) 0.6609 (8) 
03' 0.0967 (8) 0.3211 (10) 0.2767 (6)  C27 0.5702 (8) 0.1587 (8) 0.6606 (8) 
0 1 3  0.3303 (8) 0.5 186 (6) 0.2866 (5) C8 0.2802 (9) 0.2755 (9) 0.7219 (7) 

0 6  0.1 732 (5) 0.2568 (6) 0.5262 (5) C28 0.4835 (8) 0.2890 (8) 0.7293 (7)  
0.086 (2) 016 0.5644 (5) 0.1774 (5 )  0.5371 (5) Clab 0.200 (2) 0.278 (2) 

026 0.2691 (5) 0.5615 (5) 0.5343 (5) Clb 0.156 (3) 0.343 (3) 0.097 (2) 
NO 0.3026 (9) 0.3043 (8) 0.1372 (6) C l l a  0.282 (2) 0.425 (2) 0.093 (2) 

0.145 (2) C2 1 0.4102 (18) 0.1831 (16) 0.0937 (11) C2a 0.075 (2) 0.350 (2)  
c 4  0.0814 (11) 0.2242 (13) 0.3294 (13) C2b 0.113 (2) 0.257 (3) 0.155 (2)  
C14 0.2399 (9) 0.6413 (9) 0.3395 (9) C12a 0.358 (2) 0.490 (2) 0.154 (2) 
C24 0.6455 (13) 0.0857 (1 1) 0.3401 (11) C12b 0.262 (2) 0.533 (2) 0.158 (2) 
C5 0.0567 110) 0.2590 (13) 0.4544 (11) C22a 0.482 (2) 0.094 (2) 0.148 (2)  
C15 0.2846 (10) 0.6500 (7) 0.4728 (8) C22b 0.542 (2) 0.123 (2) 0.167 ( 2 )  

0 2 3  0.5212 (8) 0.1058 (6) 0.2865 (5) C18 0.2741 (9) 0.4856 (8) 0.7250 (7) 

N9 0.3426 (6) 0.3463 (6 )  0.6817 (5) C l l b  0.357 (3) 0.386 (2) 0.101 (2)  

a The last digit indicates the position along the crypt chain: the first digit ( 0  (missing), 1 or 2) identifies the chain. a and b denote the 
disordered pairs of carbon atoms (0.50 occupancy). 

Table 11. I'inal Positional Parameters for (2,2,2-crypt-Kt),Sb. 3-.2en 
atom Y $' 

Sb 1 0.31262 (9) 0.15894 (6) 
Sb2 0.36995 (9) 0.24997 (7) 
Sb3 0.20155 (9) 0.18220 (6) 
Sb4 0.23242 (10) 0.22837 (6) 
Sb5 0.31312 (10) 0.35957 (7) 
Sb6 0.05935 (9) 0.25747 (6) 
Sb7 0.15470 (9) 0.32173 (6) 
K 1  0.8189 (3) 0.0255 (2)  
K2 0.2790 (3) 0.4783 (2)  
K3 0.7745 (3) 0.3084 (2)  
N100' 0.0264 (10) 0.9632 17) 
N109 0.3386 (11) 0.9871 (7) 
0103 0.1003 (8) 0.0851 16) 
0106 0.2660 (9) 0.0891 (5) 
01 12 0.0231 110) 0.9144 (6) 
01 15 0.1575 112) 0.9402 (6) 
0120 0.2097 (8) 0.9100 (5) 
ClOl 0.980 (1) 0.0247 (10) 
c102 0.050 ( I )  0.0762 ( I O )  
C104 0.168 (1) 0.1338 (9) 
C105 0.214 11) 0.1427 (9) 
C107 0.316 ( 1 )  0.0988 (10) 
C108 0.385 (2) 0.0472 ( 1  1) 
c110 0.957 (1)  0.9182 ( I O )  
C l l l  0.938 (2) 0.9266 (12) 
C113 0.005 (2) 0.9068 (12) 
C114 0.087 (2) 0.8938 (12) 
C116 0.242 (2) 0.9319 (1  1) 
C117 0.306 (2) 0.9840 ( 1  1 )  
C118 0.061 (1) 0.9424 ( I  0) 
C119 0.128 (1) 0.8897 (9) 
C121 0.278 (1) 0.8637 (9) 
c122 0.363 (1) 0.8877 110) 
C124 0.426 (1) 0.9261 ( I O )  
C125 0.404 12) 0.9344 (10) 
c201 0.302 ( 1 )  . 0.3175 (9) 
c202 0.292 ( 1  ) 0.3099 (9) 
C204 0.214 (2) 0.3478 (1 I )  
C205 0.151 ( 2 )  0.3992 (1 1)  
C207 0.155 (2 )  0.5026 ( 1 2 )  
C208 0.219 (2)  0.5607 112) 
C 2 l O  0.331 ( 1 )  0.3871 (9)  
C211 0.234 (1) 0.4080 ( 1  0) 
C213 0.129 ( 1 )  0.4925 (10) 
C214 0.120 (2) 0.5555 ( 1  1) 
C216 0.1 13 ( 2 )  0.6086 (13) 
C217 0.1 19 (2)  0.5994 (13) 
C218 0.449 ( 1)  0.3669 (10) 

' The t ' i r h t  digit identities the crypt cation, the nes  

2 dtom 

0.79123 (9) 0123 
0.66639 (10) N200 
0.60189 (9) N209 
0.92250 (9) 0203 
0.74188 (10) 0206 
0.63954 (10) 0212 
0.80308 (10) 0215 
0.8112 13) 0220 
0.3173 (3)  0223 
0.0782 (3) N300 
0.3033 (1 1) N309 
0.0726 ( 1  1) 0303 
0.2630 (8) 0306 
0.1811 (9) 0312 
0.0985 (9) 0 3  15 
0 9807 (10) 0320 
0.3680 (8) 0323 
0.309 (2) C219 
0.340 (2) c221 
0.288 (1) c222 
0.200 (1) C224 
0.103 (1 )  C225 
0.102 (2) C301 
0.248 (1) C302 
0.137 (2) C304 
0.993 (2) C305 
0.957 (2) C307 
0.935 (2) C308 
0.968 (2) C310 
0.403 (1) C311 
0.402 (1) C313 
0.375 ( I )  C3 14 
0.340 (1) C3 16 
0.209 (2) C3 17 
0.099 (2) C318 
0.221 ( 1 )  C3 I9 
0.329 (1 )  C32 1 
0.452 (2) C322 
0.481 (2)  C324 
0.532 12) C325 
0.536 (2) Nen 1 
0 099 (1) Ccnl 
0.065 (2) Cen2 
0.076 (2) Nen2 
0.128 (2) Nen3 
0.275 (2)  Nen4 
0.388 (2) Ccn3 
0 240 (2) Cen4 

t twu the pocition therein. 

X 

0.3424 (8) 
0.3506 (10) 
0.2120 (15) 
0.2280 (9) 
0.1979 (10) 
0.2218 (8) 
0.1289 (10) 
0.4749 (9) 
0.4036 (12) 
0.0484 (9) 
0.3976 (10) 
0.1581 (8) 
0.3475 (8) 
0.2092 (8) 
0.3570 (9) 
0.0637 (8) 
0.2219 (7) 
0.504 (2) 
0.521 (2) 
0.500 (2) 
0.380 (2) 
0.278 (2) 
0.010 (1) 
0.080 (1) 
0.228 (1) 
0.304 (1) 
0.421 (1) 
0.464 (1 )  
0.060 (1) 
0.1 16 (1) 
0.265 (1) 
0.363 (1) 
0.447 (1) 
0.441 ( I )  
0.983 (1) 
0.975 (1) 
0.058 (1) 
0.150 (1) 
0.308 (1) 
0.381 (1) 
0.300 (2) 
0.366 (2) 
0.303 (2) 
0.366 (2) 
0.434 (2) 
0.529 (2) 
0.441 (3) 
0.517 ( 3 )  

Y 
0.9028 (6) 
0.3742 ( 6 )  
0.5829 (8) 
0.3566 (6) 
0.4558 (6) 
0.4684 (6) 
0.5496 (7) 
0.4679 (6) 
0.5779 (6) 
0.6845 (7) 
0.6990 (7) 
0.5741 (5) 
0.5874 (6) 
0.7480 (6) 
0.7797 (6) 
0.7410 (5) 
0.7182 (5) 
0.4275 (1 1) 
0.5256 (10) 
0.5660 (11) 
0.6176 115) 
0.6344 (14) 
0.6233 (8) 
0.5704 (10) 
0.5312 (9) 
0.5292 (9) 
0.5861 (9) 
0.6505 (9) 
0.6990 (10) 
0.7584 (10) 
0.8007 (10) 
0.7905 (10) 
0.7774 (9) 
0.7598 (9) 
0.7317 (8) 
0.7270 (9) 
0.7401 ( 9 )  
0.7592 (8) 
0.7319 (9) 
0.6909 (9) 
0.0356 (12) 
0.0184 (14) 
0.9778 (13) 
0.9657 (11) 
0.0859 (1 1) 
0.2354 (11) 
0.168 (2) 
0.157 (2)  

0.2396 (8) 
0.2053 ( I O )  
0.4348 (12) 
0.35 19 (8) 
0.4782 (9) 
0.1 116 (8) 
0.2278 (11) 
0.3160 (10) 
0.3874 (1 1) 
0.7874 (IO) 
0.0565 ( I O )  
0.8464 (8) 
0.9286 (8) 
0.7374 (9) 
0.8900 (9) 
0.9851 (8) 
0.1254 (8) 
0.242 (2) 
0.316 (2) 
0.399 (2)  
0.466 (2) 
0.437 (2) 
0.791 (1) 
0.769 (1) 
0.822 (1 )  
0.911 (1) 
0.012 (1) 
0.030 (1) 
0.685 (1) 
0.683 (1) 
0.735 (1) 
0.791 (2) 
0.948 (1) 
0.052 (1) 
0.821 (1) 
0.929 (1) 
0.088 (1) 
0.149 (1) 
0.186 (1) 
0.157 (1) 
0.482 12) 
0.571 (2)  
0.633 (2) 
0.725 (2) 
0.353 (2) 
0.453 12) 
0.371 (3) 
0.423 13) 

conformations of the N-Ca-CP fragments at the two ends of 
each crypt chain are placed in an essentially eclipsed (a) or 

crossed (b) manner when viewed down the N-K-N axis, the 
latter being the normal configuration for 2,2,2-crypt-K+ salts. 



Homopolyatomic Anions of Post Transition Elements 

Table 111. Distances and Anales for SbA2- in (crvot-K').Sb.2- 

atom 1 atom 2 d, a atoms angle, deg 
Sbl Sb2 2.749 (1) 1-2-1' 89.95 (3) 
Sbl Sb2' 2.751 (1) 2-1-2' 90.05 (3) 
Sbl Sbl '  3.888 (1) 
Sb2 Sb2' 3.891 (1) 

Table 1V. Comparative Distances for Sbq3- Anions 

1-2 2.906 (2) 
1-3 2.904 (2) 
2-3 2.876 (2) 
1-4 2.717 (2) 
2-5 2.735 (2) 
3-6 2.728 (2) 
4-7 2.782 (2) 
5-7 2.741 (2) 
6-7 2.785 (2) 
1-7 4.207 (2) 
2-7 4.180 (2) 
3-7 4.159 ( 2 )  
4-5 4.183 (2) 
4-6 4.359 (2) 
5-6 4.345 ( 2 )  

a This work. Reference 3. 

2.856 (4)  
2.880 (4) 
2.838 (3) 
2.693 (4) 
2.706 (4) 
2.711 (4) 
2.824 (4) 
2.755 (4) 
2.776 (4) 
4.210 (4) 
4.159 (4) 
4.209 (4) 
4.313 (4) 
4.253 (4) 
4.397 (4) 

The disordered end of the crypt does have the closer inter- 
actions with the anion, which undoubltedly influences this 
behavior. 

The Sb2- is truly square planar (D4,,), Figure 2 and Table 
111, although the point symmetry is only required to be C,. As 
with Bi42- and Te42+, the MO diagram implies a bond order 
of 1.25, with four bonding levels (alg, b2 , e,, a2,) and one 
nonbonding (actually slightly antibondingj level (e,) accom- 
modating the 14 skeletal electrons.2 The average Sb-Sb bond 
distance of 2.750 A is significantly shorter than that in Sb73-, 
2.797 A. 

It is odd that the Sb42- anion was never found in earlier 
studies of Na/Sb binary alloy reactions with crypt, in spite 
of the fact that alloy compositions ranging from NaSb to 
NaSb3 were investigated; rather (2,2,2-crypt-Na+),Sb7> was 
the only product. However, the ternary alloys KGeSb, KAuSb, 
and KPbSb demonstrate facile formation of Sbt-. Although 
binary K/Sb alloys have not been investigated, presumably 
Sb2- could be readily produced from these as well unless the 
ternary alloys serve in some unusual way as reducing agents. 
There is a cell volume decrease expected on switchin from 
crypt-K+ to crypt-Na+ cations (approximately 30 f3 per 
crypt15) that may destabilize the smaller anion. More likely, 
the growth conditions used for the earlier Na/Sb reactions, 
namely solvent evaporation after a few days, may have been 
inadequate for formation of Sbz- crystals that spontaneously 
precipitate over longer periods. 

The unit cell for (2,2,2-crypt-K+),Sb7+.2en bears no obvious 
resemblance to that of the previously known (2,2,2-crypt- 
Na+)3Sb73- salt3 ( P 2 1 / n  with a = 23.292 (7) A, b = 13.791 
(6) A, c = 25.355 (6) A, /3 = 108.56 (2)O, V = 7721 A3, and 
643 A3/crypt). Instead, the present phase's large volume (722 
A3/crypt) and close similarity in dimensions to other cells 
containing six crypt-K+ ions such as (2,2,2-crypt-K+),- 
(T1Sn83TlSn93-) 1/2-en16 led to an expectation of a nine-atom 
cluster. The packing of the ions in the unit cell is indeed 
similar, with the center of the anion and the three independent 
potassium atoms in essentially the same positions as in the 
TI/% salt although the N-K-N axes of the cations are or- 
iented in different directions. The second solvent molecule 
compensates for the smaller Sb7+ anion. The 2,2,2-crypt-K+ 

( I S )  Burns, R. C.; Corbett, J. D. J .  Am. Chem. SOC. 1981, 103, 2627. 
(16) Burns, R. C.; Corbett, J .  D. J .  Am. Chem. SOC. 1982, 104, 2804. 
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Figure 3. The SbT3- anion with the approximate C3, axis vertical. 
Thermal ellipsoids are drawn a t  the 50% probability level. 

cations in this structure have normal conformations, with the 
potassium centrally located along the N-N axis. 

This structure is very well behaved, with small thermal 
parameters originating from both the low temperature of the 
data collection and the good quality of the crystal; even the 
en solvent molecules show none of the usual disorder. Con- 
sequently, the standard deviations for the bond distances are 
generally about half those observed for the crypt-Na+ salt (see 
Table IV). The Sb7,- anion depicted in Figure 3 has an ap- 
proximate C, configuration, analogous to the isoelectronic P,* 
anion17 or P4S3 molecule.'* It is interesting that the anion 
chooses to be distorted somewhat from C3, symmetry in that 
the Sb2-Sb3 bond distance is significantly shorter than Sbl- 
Sb2 and Sb2-Sb3 in the triangular base and Sb5-Sb7 is 
shorter than Sb4-Sb7 and Sb6-Sb7 to the trigonal apex. 
There is one fairly short contact to a crypt carbon, Sb5-C221 
at 3.71 (2) A, which may be pertinent to the latter difference. 
The shortest distance to an en atom is Sb3-NENI at 3.90 (3) 
A, which is much too long to allow contemplation of any 
hydrogen bonding interaction. However, there does appear 
to be hydrogen bonding between the two en molecules, with 
a NENI-NEN3 distance of 3.10 (3) A. The average distance 
observed for common N-H-sN hydrogen bonds is 3.1 A.19 
These two nitrogen atoms are also surprisingly close to two 
crypt oxygens, with distances NEN3-0106 and NEN1-0120 
of 3.12 (2) A and 3.27 (3) A, respectively. 

The distortions in the Sb7,- anion found in the crypt-Na+ 
salt are qualitatively somewhat similar but there are also major 
differences, e.g., in Sb4-Sb7 (Table IV). In general, com- 
parable distances in the two clusters differ by 2-10a, changes 
in the crystal packing of the surrounding crypt cations un- 
doubltedly being the prime factor here. However, it is sur- 
prising that the result of the crypt-K+ structure solution at 
-80 O C  actually has the longer average Sb-Sb bond distances, 
2.797 A, compared with the room temperature results for 
crypt-Na+ salt of 2.782 A. 

It is clear that the presence of alloy residue during crystal 
growth greatly enhances the production of the homopolyatomic 
anions, especially for the more soluble elements. In the KPbSb 
reaction that produces S b P  and phase I11 (see Experimental 
Section), only small amounts of Pb are found in the products, 
while the heteroatomic Pb2Sb22- anion is easily obtained from 
solutions decanted from the same alloy after 3 days.6 Rudolph 
and co-workersZ0 also observed during NMR investigations 
of similar ternary alloy systems dissolved in en that equili- 
bration between anions in solution is very slow and occurs 
principally at the surface of the solid alloys. A much more 
germanium-rich alloy is probably required in order to produce 

(17) Dahlmann, W.; v. Schnering, H.-G. Naturwissenrchaften 1972,59,420; 
1973, 60, 429. 

(18) Leung, Y. C.; Waser, J.; van Houten, S.; Vox, A.; Wiegers, G. A,; 
Wibenga, F. H. Acta Crystallogr.,Sect. B 1975, BIO, 574. 

(19) Hamilton, W. C.; Ibers, J. A. "Hydrogen Bonding in Solids"; Benjamin: 
New York, 1968; p 16. 

(20) Rudolph, R. W.; Wilson, W. L.; Parker, F.; Taylor, R. C.; Young, D. 
C. J .  Am. Chem. SOC. 1978, 100, 4269. 
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Ge/Sb heteropolyatomic anions, since G e  homoatomic anions 
like Geq4- and Ge2-2' and perhaps any  mixed anions as well 
a r e  much less soluble than  the  polyantimony anions. The 
situation with K A u S b  is probably similar. 

In closing, it is interesting to speculate whether the unknown 
Bi73 ion can be produced. Zintl et  reported a Bi73 species 
from exhaustive extraction of bismuth-rich sodium alloys, but 
their analytical da ta  are much more appropriate to the com- 
position BiqZ-.2 I t  should be noted that  they also saw no ev- 
idence for Sb t - ,  only Sb3* and Sb,3.22J3 Reactions of various 

(21) Belin, C. H. E.; Corbett, J. D.; Cisar, A. J .  Am. Chem. SOC. 1977, 99, 
7163. 

(22) Zintl, E.; Dullenkopf, W. Z .  Phys. Chem., Abi. B 1932, 16, 183. 

K/Bi alloys with crypt in en have produced only the B i t -  salt, 
though various colored solutions have been noted in the course 
of the reac t ioa2  Perhaps the use of Na /Bi  alloys or an  ap- 
propriate ternary composition would facilitate the isolation of 
a BiY3- anion analogous to SbT3-. 

Registry No. I, 88524-92-9; 11, 88510-57-0; KGeSb, 88510-55-8. 
Supplementary Material Available: Listings of the positional and 

thermal parameters for all atoms, distances and angles in the crypt 
cations, and the observed and calculated structure factors for the Sbd2- 
and Sb7)- salts (37 pages). Ordering information is given on any 
current masthead page. 

(23) Zintl, E.; Goubeau, J.; Dullenkopf, W. Z .  Phys. Chem., Abt. A 1931, 
154, 1. 
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111) with Titanium(II1 

The rate constants for the reaction of enol and keto forms of pentane-2,4-dione with Ti3+ (at 25 "C in 1 M LiC1) are 2.4 
X lo3 M-I and 0.7 M-' 8, respectively. (3-Formylpentane-2,4-dionato)bis(pentane-2,4-dionato)ruthenium(III) oxidizes 
Ti(II1) in a reaction that involves two relaxations with rate constants k; k[Ti(III)]h[H+]-' + k'and k,' z 20 M-l s-I, 
where h = [H+]/([H+] + 0.004 M), k = 2 X lo2 M-' s-l, and k ' =  750 M-I s-l. These results are interpreted as indicating 
rate-determining electron transfer within a deprotonated binuclear intermediate. 

Previous work in this laboratory has demonstrated several 
mechanisms for reactions tha t  involve titanium(II1) species 
as reductants and ruthenium(II1) complexes a s  oxidants. If 
the Ru(II1) oxidant contains only ligands (such as NH3 and 
en) that  are not good bridging groups, then outer-sphere 
electron transfer (ET)  occurs,l with TiOH2+ acting as re- 
ductant. If pentane-2,4-dione, or another electron-delocalizing 
ligand, is present in the coordination sphere of the oxidant, 
then outer-sphere ET also involves Ti3+ as reductant.2 If the 
oxidant contains carboxylate, or another effective lead-in 
group, then an inner-sphere mechanism  dominate^.^ In all 
Ru(II1)-Ti(II1) inner-sphere reactions studied, formation of 
the binuclear intermediate is rate determining, through-bridge 
ET is rapid, and  Ti3+ (rather than  TiOH2+) is the reductant. 
W e  now report a kinetic study of the formation of (pentane- 
2,4-dionato)titanium(III) and also of the reaction of Ti(II1) 
with (3-formylpentane-2,4-dionato)bis(pentane-2,4-dionato)- 
ruthenium(II1). W e  conclude that  ET through the bridging 
ligand is ra te  determining for this redox reaction4 
Experimental Section 

Methods and reagents were generally as described in previous 
 paper^.'^ During the course of this study, our stopped-flow spec- 
trophotometers were interfaced to a microcomputer. Earlier data were 

(1) (a) Davies, K. M.; Earley, J. E. Inorg. Chem. 1978, 17, 3350. (b) 
Iadevia, R.; Earley, J. E. Inorg. Chim. Acta 1981, 53, L143. (c) 
Orhanovic, M.; Earley, J. E. Inorg. Chem. 1975, 14, 1478. (d) Chal- 
ilpoyil, P.; Davies, K. M.; Earley, J. E. Ibid. 1976, 16, 3344. 

(2) Earley, J. E.; Bose, R. N.; Berrie, B. H. Inorg. Chem. 1983, 22, 1836. 
(3) (a) Lee, R. A.; Earley, J. E. Inorg. Chem. 1981, 20, 1739. (b) Adegite, 

A.; Earley, J. E.; Ojo, J. F. Ibid. 1979, 18, 1535. (c) Bose, R. N.; 
Earley, J. E. Ibid. 1981, 20, 2739. (d) Ali, S. Z.; Chalilpoyil, P.; Earley, 
J. E. Inorg. Chim. Acta 1981,48, 57. (e )  Olubuyide, 0.; Earley, J. E. 
Inorg. Chem. 1981, 20, 3569. 

(4) Berrie, B. H.; Earley, J. E. J .  Chem. SOC., Chem. Commun. 1982, 471. 

stored temporarily in a Biomation transient recorder and permanently 
as charts of absorbance or transmission vs. time. These data were 
interpreted by using standard graphical techniques. Later data were 
recorded on diskettes and interpreted by using BASIC codes. For 
both sets, rate parameters were accepted if differences between sim- 
ulation and experiment were comparable to experimental uncertainty. 
(3-Formylpentane2,4-dionato) bis( pentane-2,4dionato)mtheNm- 

(III) (hereafter Ru(fpd)) was prepared by using procedures similar 
to those developed by Collman5 and used by Balahura and Lewis6 
in analogous preparations. Phosphorus oxytrichloride (4.6 mL) was 
slowly added to 10 mL of freshly distilled dry dimethylformamide 
(DMF) in a 250" round-bottomed flask immersed in an ice bath. 
Tri~(pentane-2,4-dionato)ruthenium(III),~ hereafter Ru(pd), (10 g), 
in dry freshly distilled DMF was added dropwise with stirring. The 
reaction mixture was warmed to room temperature and stirred for 
4 h. An ice/water slurry of NaHCO, (10.6 g) was slowly added, and 
the reaction mixture was stirred until effervescence ceased (14 h). 
Aliquots were evaporated to dryness. Residues were dissolved in 
anhydrous methanol and passed through silica gel (60-200 mesh) 
columns, using methanol as eluant. The product moved as a single 
band; a black powder was obtained by evaporating the solvent from 
it. The IR spectrum (KBr disks) of the product was similar to that2 
of Ru(pd),, except for the presence of an additional absorption peak 
at 1670 a n - I ,  which peak is assigned to the C 4  stretch of a carbonyl 
group in conjugation with the pseudoaromatic ring. .A peak at 1200 
cm-', assignable to the C-H stretch involving the central carbon of 
the pd ligand, is present both in the spectrum of the product and also 
in that of the starting material. The intensity of this peak is less in 

(5) (a) Collman, J. P.; Kittleman, E. T. J .  Am. Chem. SOC. 1961.83, 3529. 
(b) Silverstein, R. M.; Ryskiewicz, E. E.; Willard, C. "Organic 
Syntheses"; Wiley: New York, 1963; Collect. Vol. IV, p 831. (c) 
Collman, J. P.; Marshall, R. L.; Young, W. L., 111; Goldby, S. D. Inorg. 
Chem. 1962, 1, 704. (d) Collman, J. P. Ada Chem. Ser. 1963, No. 37, 
78. 

(6) (a) Balahura, R. J.; Lewis, N. A. J. Chem. Soc., Chem. Commun. 1976, 
268. (b) Balahura, R. J.; Lewis, N. A. J .  Am. Chem. SOC. 1977, 99, 
4716. (c) Balahura, R. J.; Lewis, N. A. Can. J. Chem. 1979, 57, 1765. 
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