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The crystal structures of the bis(triphenylethylphosphonium) hexahalouranates(IV), [P(C 6H5)3 C 2H5 ] 2[U X 6] 
IX = (I) chlorine, (II) bromine], have been determined from three-dimensional X-ray diffraction data 
collected on an automatic Philips PW 1100 four-circle diffractometer using 2894 (I) and 1448 (II) structure 
amplitudes from independent reflexions. The compounds crystallize in the (I) triclinic P i, and (II) mono- 
clinic P2~/n space groups with the lattice constants (I): a = 10.53 (1), b = 10.95 (1), c = 10.31 (1) A, a= 
113.22 (5), fl = 105.20 (5),), = 80.40 (5)°; and (II): a = 10-45 (1), b = 13.51 (1), c = 15.46 (1) A, fl = 
96.67 (5) °. In both structures the U atoms are situated at centres of symmetry [Z = 1 (I) and 2 (II)]. Trial 
atomic coordinates, obtained by the usual heavy-atom techniques, were refined by blocked-full-matrix least- 
squares refinement procedures to values for the conventional R of 0.029 (I) and 0.055 (II). The mean values 
of the U - X  bond lengths and their estimated standard deviations are U-CI  = 2.624 (1) and U-Br  = 
2.770 (2) A. 

Introduction 

The increasing number of accurate crystal-structure 
determinations in recent years on oxty-halo complexes 
of uranium with oxidation states U w to U vI, as well as 
those of the type UX4L 2 (X  = CI, Br; L a neutral 
oxygen donor ligand) has provided sufficient structural 

* Author to whom correspondence should be addressed. 
t Present address: Chemistry Department, University of Read- 

ing, Reading, England. 

data to permit important conclusions to be drawn with 
regard to the nature of the bonding by U in such 
complexes. Thus, de Wet & du Preez (1977) have 
adduced strong evidence that the nature of the bonding 
between U and its coordination neighbours is pre- 
dominantly ionic, since l igand-ligand repulsions can 
account for the observed bonding distances as well as 
the shifts in U - X  (X  = oxygen, halogen) bond lengths 
which accompany changes in charge density, donor 
strength and coordination position of the ligands. For 
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example, the UIV-Cl bond length varies between 
2.618 (4) and 2.665 (5) A in the UC14L 2 complexes 
(de Wet & Darlow, 1971; Bombieri, Brown & 
Graziani, 1975; Caira & Nassimbeni, 1977; Sommer- 
ville & Laing, 1976), while a larger variation in UvI--C1 

bond lengths has been reported: 2.41-2.51 (4) A in 
UCI 6 (Taylor & Wilson, 1974), 2.668 (5) A in salts of 
UO2C142- (Brusset, Nguyen & Haffner, 1974; Bois, 
Nguyen & Rodier, 1976), and 2.443-2.536 (3) A in 
the tetraphenylphosphonium salt of UOCI~ (de Wet & 
du Preez, 1977). Similar variations may be expected 
for other U-halogen bonds. In view of the sensitivity of 
such bond lengths to the chemical environment of U, 
and the association between their variations and 
bonding relationships, it is desirable to have available 
bond lengths which could be used as comparison 
standards. If the crystallographic environment is similar 
for a series of U-halogen complexes, and the bonds are 
chemically equivalent (e.g. terminal U - X  in U X  6 octa- 
hedra), then the effects that cause variability are kept 
constant and intercomparison is possible, both for one 
type of halogen in different U oxidation states, and for 
different halogens and the same oxidation state. 

These criteria are not feasible for neutral U X 6, but 
suitable model compounds are available for the lower 
oxidation states (U w and U v) in the salts of U X~'- 
anions (n = 1, 2). This paper presents the first results in 
a series of accurate U--halogen bond-length deter- 
minations. The results for Uv-c1 are in part II (de 
Wet, Caira & Gellatly, 1978). As cations we have 
selected unsymmetrical phosphonium derivatives, 
[P(C6Hs)3R1 + (R = benzyl, ethyl, etc.), in order to 
induce low crystallographic symmetry in the complex; 
in this way problems such as twinning (Staritzky & 
Singer, 1952) are avoided, and more independent bond- 
length estimations are possible. 

limit were used in the structural analysis and refinement. 
After applying Lorentz and polarization corrections, 
the crystal radius for the crystal used for data collection 
of (II) was considered sufficiently large (/lr = 0.96) to 
warrant additional spherical corrections for absorption; 
these were executed and, over the relevant 0 range (0- 
25°), A* varied between 3.93 and 3.72 (International 
Tables for X-ray Crystallography, 1967). 

Structure determination and refinement 

In each structure the number of formula units per unit 
cell requires the U atoms to lie at symmetry centres, 
from which it also follows that the cations are centro- 
symmetrically disposed around these centres. Three- 
dimensional electron difference syntheses, with U 
placed at coordinates (I) (0,0,0), and (II) (0,0,0; 1 l 1~ 
allowed trial positional coordinates to be obtained for 
all nonhydrogen atoms. For both structures refinement 
was performed on three models with increasing 
parameter freedom: (i) all atoms thermally isotropic, 
the phenyl C atoms being constrained to an idealized 
benzene configuration with C - C  = 1.395 A; (ii) all 
atoms isotropic and free; (iii) anisotropic U, halogen 
and ethyl C atoms C(1) and C(2), with H atoms placed 
at calculated positions 1.08 A from their parent C 
atoms before each cycle, and methyl, methylene and 
phenyl H atoms refining with a common isotropic 
temperature factor for each of these three types. A 
riding model was used for placement of the methylene 
and phenyl H atoms, while those of the methyl group 
followed from the rigid-body orientation of this moiety. 

Table 1. Crystal and intensity measurement data 

Experimental 

The hexachloro complex (I) was prepared by treating 
an ethanol-HCl solution of uranium with the stoichio- 
metric quantity of the bromide salt of the cation; the 
hexabromo analogue (II) was obtained by similarly 
treating an acetone solution of the complex 
UBr4(CH3CN)4. Both salts were recrystallized from 
anhydrous methyl cyanide. Intensity data were collec- 
ted on a Philips PW 1100 computer-controlled four- 
circle diffractometer, and, in order to avoid absorption 
errors as far as possible, suitable crystal fragments were 
ground spherically to within 10% in a Hilger & Watts 
crystal grinder. Accurate cell dimensions were obtained 
by least-squares analysis of the angular data from 25 
high-order reflexions. The crystal and intensity- 
measurement data for (I) and (II) are collected in Table 
1; the criterion used to classify intensities as 'unob- 
served' was IFol < 1.65a(Fo); only those above this 

(I) (II) 
C20H20P2UCI6 C20H20P2UBr6 

Space group Pi  P 2 J n  
a (A) 10.53 (1) 10-45 (!) 
b (A) 10.95 (1) 13.51 (1) 
c (A) 10.31 (1) 15.46 (1) 
a ( ° )  113.22 (5) 90 
fl (o) 105.20 (5) 96.67 (5) 
y(o) 80.40 (5) 90 

M r 1032.7 1299.4 
U(A 3) 1051-4 2167.9 
Z 1 2 
D C (g cm -3) 1.631 1.990 
D m (g cm -3) 1.64 !.96 
F(000) 504 1224 
/~(Mo Kt0 (cm -~) 41.3 90.9 
Crystal radius (mm) 0. 170 0.106 
Scan mode o~20 o J-20 
0 range (o) 3-23 3-20 
Scan width (°0) 0.9 1.0 
Scan speed (°0s-~) 0.03 0.04 
Reflexions measured 2907 2122 
Reflexions observed 2894 1448 
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The quantity minimized was E wA 2 ( , 4  = IFol - klFcl ). 
Unit weights were employed for the isotropic models, 
while for (iii) weights, w, were proportional to [a2(Fo) + 

2--1. gF~] , the constant g was optimized for constancy of 
the sampling distribution of <wA 2> after each refine- 
ment cycle. Because of computer-memory limitations, Compound (I) 
no more than 112 parameters could be refined simul- u 
taneously by the full-matrix procedure, and refinement c1(I) 
of model (iii) proceeded by using a blocked-matrix c1(2) 

El(3) technique. The parameter blocks were constituted so as C(I) 
to ensure least-squares interactions between any two c(2) 
parameters at least once during a series of refinement P 
cycles. C(l l) 

The refinements proceeded as follows: For (I) three .c(12) 
C(13) 

full-matrix cycles with model (i) and two with ( i i )  c(14) 
resulted in a value for the conventional R of 0.048. A c(15) 
further eight blocked-matrix cycles with model (iii), in c(16) 
which anisotropic atom parameters underwent six c(21) 

C(22) refinement cycles and the remainder four, gave con- C(23) 
vergence of R at 0.029. Five strong, low-order c(24) 
reflexions, suspected to be suffering from extinction c(25) 
error (i20, 021, 121, l i l ,  and i i2) ,  were omitted c(26) 
during the final four cycles. The value of g finally c(31) 

C(32) 
refined to 1.58 x 10 -3 and the value of R w c(33) 
[=(EwlAI)/F, IFol] was 0.032. One-way sampling of con) 
(wA 2> with respect to the variables sin 8, Ihl, Ikl and c(35) 
Ill, showed no distinct trends, although the sampled c(36) 
means tended to decrease by about one-half over the 
range IFol --,  [Folma x for the variable [Fo/Fo(max)] ~/2. 
This was possibly due to slight residual absorption u Br(1) 
error. The mean final shift/e.s.d, ratio for the refined Br(2) 
parameters was 0.13 and only 4.56°/6 of the reflexions Br(3) 
had IAI > 2a(Fo), with IAIma x = 4.50. For (II) the c(1) 
refinement was similar, except that only one cycle was c(2) 

P 
executed for model (i). The corresponding values of R c(11) 
were 0.082 and 0.055 (final) respectively; g refined to c(12) 
8.4 × 10 -4, and R w was 0.057. The sampling behaviour c(13) 
of (wA 2) was similar to that in (I). The final mean c(14) 
shift/e.s.d, ratios and percentage of reflexions with IAI C(15) 

C(16) 
in the range quoted for (I) were 0.03 and 5.18% c(21) 
respectively. Final difference syntheses revealed no c(22) 
peak maxima >0.6 e A -a (I) and 0.9 e A -3 (II). c(23) 
Scattering factors were calculated analytically (for U, c(24) 

C(25) 
Cromer & Liberman, 1970; for the remaining atoms, C(26) 
Cromer & Mann, 1968); those for U and the halogen c(31) 
atoms were corrected for anomalous dispersion c(32) 
(Cromer & Liberman, 1970). Except for the absorption c(33) 

C(34) corrections, all computing was done with the program c(35) 
system S H E L X  (Sheldrick, 1977). Final atomic and C(36) 
isotropic* thermal parameters are listed in Tables 2 and 
3. 

* Lists of structure factors and anisotropic temperature factors 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 33009 (30 pp.). Copies may 
be obtained through The Executive Secretary, International Union 
of Crystallography, 13 White Friars, Chester CHI 1NZ, England. 

Table 2. Final non-hydrogen atomic fractional coordi- 
nates (x 104) and isotropic temperature factors (× 103) 

(deviations in parentheses) 

x y z U (]k 2) 

0 0 0 * 
1184 (1) 326 (2) -1770 (2) * 

184 (1) 2540 (1) 1612 (2) * 
2291 (1) --620 (1) 1450 (2) * 
2752 (6) 5725 (6) 310 (5) * 
1742 (6) 4688 (7) -582 (7) * 
3484 (1) 5754 (1) 2107 (1) 42 (0) 
4685 (5) 6986 (5) 2978 (5) 46 (1) 
5239 (5) 7449 (5) 2189 (6) 56 (1) 
6202 (6) 8329 (6) 2896 (7) 69 (2) 
6638 (7) 8731 (7) 4363 (8) 81 (2) 
6089 (8) 8291 (8) 5179 (9) 87 (2) 
5126 (6) 7397 (6) 4467 (7) 68 (2) 
4323 (5) 4148 (5) 1997 (5) 44 (1) 
3586 (5) 3030 (5) 1489 (6) 54 (1) 
4249 (6) 1784 (6) 1302 (6) 59 (1) 
5608 (6) 1646 (6) 1593 (6) 63 (1) 
6333 (6) 2746 (5) 2087 (6) 57 (1) 
5691 (5) 4001 (5) 2297 (5) 47 (1) 
2236 (5) 6166 (5) 3141 (5) 45 (1) 
1344 (6) 7266 (6) 3119 (7) 64 (1) 
417 (6) 7654 (7) 3963 (7) 73 (2) 
357 (6) 6983 (6) 4834 (7) 66 (2) 

1230 (6) 5877 (6) 4823 (6) 63 (1) 
2168 (5) 5477 (5) 3995 (5) 52 (1) 

Compound (II) 

0 0 0 * 
1203 (2) 59 (2) 1683 (1) * 

-2184 (2) 856 (2) 547 (1) * 
950 (2) 1865 (2) -329 (2) * 

-1633 (19) 180 (17) 3026 (13) * 
-415 (21) 533 (18) 3619 (14) * 

-2361 (5) -877 (4) 3458 (3) 34 (2) 
-1175 (18) -1862 (14) 3499 (12) 32 (5) 

-367 (21) -2037 (18) 4240 (15) 56 (7) 
625 (24) -2770 (18) 4210 (17) 67 (7) 
643 (27) -3286 (22) 3451 (18) 83 (9) 

-211 (25) -3117(20) 2728(18) 79(8) 
-1163 (22) -2378 (17) 2746 (15) 53 (6) 
-3763 (17) -1214 (14) 2759 (12) 30 (5) 
-4609 (19) -1915 (15) 3038 (13) 40 (6) 
-5776 (23) -2138 (18) 2539 (15) 62 (7) 
-5991 (21) -1684 (16) 1742 (14) 47 (6) 
-5175 (23) -1039 (18) 1445 (16) 66 (7) 
-4047 (22) -786 (18) 1958 (15) 61 (7) 
-2753 (16) -598 (13) 4525 (1 l) 23 (5) 
-2897 (19) -1376 (16) 5120 (13) 39 (6) 
-3274 (19) -1149 (15) 5936 (13) 39 (6) 
-3471 (21) -163 (15) 6169 (15) 50 (7) 
-3309 (18) 576 (16) 5592 (13) 43 (6) 
-2987 (19) 347 (16) 4785 (13) 43 (6) 

• Anisotropic temperature factors for these atoms have been 
deppsited. 

Results and discussion 

It is interesting that, despite chemical and geometric 
similarities, the two anions do not form isomorphous 
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Table 3. Calculated fractional atomic coordinates 
(× lO3)for the hydrogen atoms 

x y z 

Compound (I) 

H(1A) 354 552 -26 
H(1 B) 227 670 40 
H(2A) 141 484 -159 
H(2B) 92 488 -6  
H(2C) 214 367 -79 
H(12) 491 712 103 
H(13) 662 871 229 
H(14) 742 940 490 
H(15) 641 864 634 
H(16) 471 702 507 
H(22) 252 314 125 
H(23) 370 92 93 
H(24) 611 67 143 
H(25) 740 263 231 
H(26) 626 486 269 
H(32) 138 780 245 
H(33) -27 850 395 
H(34) -36 731 551 
H(35) 117 532 547 
H(36) 285 463 402 

Compound (II) 

H(IA) -233 78 296 
H(1B) -136 -1 239 
H(2A) -12 115 324 
H(2B) 37 2 375 
H(2C) -69 80 423 
H(12) -47 -164 483 
H(13) 133 -291 477 
H(14) 138 --384 342 
H(15) --17 -356 215 
H(16) --185 --222 218 
H(22) -435 -229 365 
H(23) -647 -264 277 
H(24) -687 -186 133 
H(25) -540 -71 81 
H(26) -339 -26 173 
H(32) -272 -213 495 
H(33) -341 -174 639 
H(34) -375 1 680 
H(35) -344 134 577 
H(36) -291 94 433 

crystal  structures, as might have been expected, 
a l though the packing densities are very similar 
[volumes per non-hydrogen  a toms are (I) 36.3,  and (II) 
37.4 As]. The differences in conformat ion  of  the cat ion 
groups relative to the U X  6 oc tahedra  are shown up 
clearly when the two structures are viewed along a 
c o m m o n  direction, e.g. a tr igonal  oc tahedra l  axis (Fig. 
1). 

Bond lengths and angles (except those involving H 
atoms) are listed in Tables 4 and 5 respectively. Uis o for 
the methyl,  methylene,  and phenyl  H atoms were, 
respectively, for (I) 0 .09  l, 0 .068  and 0 .080  A 2, and for 
(II) 0 .093,  0 .009  and 0 .092  A 2. The overall precision 
of  the results obtained for the chloro complex (I) is 

C1251(~ 
c~261~ -~ ct23~ 

..... CII~I 

(a) 

acc3s, 
or-C" Y 

c,3,3 ~ -  ~ o _1c,,, 

C 1 2 3 ~  

- ~ c(2,~ ( b )  

Fig. 1. Atomic numbering schemes and views of (a) the hexa- 
chlorouranate and (b) the hexabromouranate compounds. In 
each case the view is along a trigonal axis of the anion. 

Table 4. Interatomic distances (,~,) with estimated 
standard deviations in parentheses 

Compound (I) Compound (II) 

U-CI(1) 2.621 (2) U-Br(1) 2.757 (2) 
U-CI(2) 2.627 (1) U-Br(2) 2.776 (2) 
U-Ci(3) 2.623 (1) U-Br(3) 2.777 (2) 

Compound Compound 
(I) (II) 

C(1)-C(2) 1.53 (1) 1.56 (3) 
P-C(I)  1.80 (1) 1.79 (2) 
P-C(1 l) 1.80 (l) 1.81 (2) 
P-C(21) 1.81 (1) 1.78 (2) 
P-C(31) 1.80 (1) 1.79 (2) 
C(l I)-C(12) 1.39 (1) 1.36 (3) 
C(12)-C(13) 1.37 (1) 1.44 (3) 
C(13)-C(14) 1.37 (1) 1.37 (4) 
C(14)-C(15) 1.39 (1) 1.37 (4) 
C(15)-C(16) 1.38 (1) 1.41 (4) 
C(16)-C(11) 1.39 (1) 1.36 (3) 
C(21)-C(22) 1.40 (1) 1.40 (3) 
C(22)-C(23) 1.39 (1) 1.40 (3) 
C(23)-C(24) 1.38 (1) 1.37 (3) 
C(24)-C(25) 1.38 (1) 1.34 (3) 
C(25)-C(26) 1.39 (1) 1.39 (3) 
C(26)-C(21) 1.39 (1) 1.37 (3) 
C(3 I)-C(32) 1.40 (1) 1.42 (3) 
C(32)-C(33) 1.38 (1) 1.40 (3) 
C(33)-C(34) 1.38 (l) 1.40 (3) 
C(34)-C(35) 1.39 (1) 1.36 (3) 
C(35)-C(36) 1.38 (1) 1.37 (3) 
C(36)-C(31) 1.39 (1) 1.37 (3) 

ra ther  better, par t icular ly  as regards cons tancy  of  the 
U - h a l o g e n  bond lengths. At first sight the U - B r ( 1 )  
bond appears  to be significantly shorter  (by nine 
e.s.d.'s) than  the other  two similar bonds.  However,  
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Table 5. Bond angles (°) with estimated standard 
deviations in parentheses 

Compound (I) Compound (II) 

CI(I)-U-CI(2) 89.1 (1) Br(I)-U-Br(2) 90.1 (1) 
CI(I)-U-CI(3) 89.9 (1) Br(1)-U-Br(3) 90.7 (1) 
C1(2)-U-C1(3) 91.3 (1) Br(2)-U-Br(3) 90.1 (1) 

Compound Compound 
(1) (If) 

C(2)-C(I)-P 115.2 (5) 112 (2) 
C(l ) -P-C(l  I) 109.3 (3) 106.3 (9) 
C(l)-P-C(21) 109.2 (2) 109.5 (9) 
C(l)-P-C(31) 110.1 (3) 109.3 (9) 
C(I I)-P-C(31) 109.3 (2) 110.6 (9) 
C(2 l)-P-C(31) 110.8 (3) 110.8 (9) 
C(11)-P-C(21) 108.2 (2) 110.2 (9) 
P-C(I 1)-C(12) 121.7 (4) 121 (2) 
P-C(1 I)-C(16) 118.1 (5) 115 (1) 
P-C(21)-C(22) 119.6 (4) 120 (1) 
P-C(21)-C(26) 120.0 (4) 121 (2) 
P-C(31)-C(32) 117.7 (5) 120 (l) 
P-C(31)-C(36) 122.4 (4) 122 (2) 
C(I 1)-C(12)-C(13) 119.4 (5) 118 (2) 
C(12)-C(13)-C(14) 120.5 (8) l l7 (2) 
C(13)-C(14)-C(15) 121.2 (7) 123 (3) 
C(14)-C(15)-C(16) 118.4 (7) 120 (3) 
c(15)-c(16)-c(11) 120.5 (8) 117 (2) 
c(16)-c(1 i)-c(12) 120.0 (5) 124 (2) 
c(21)-c(22)-c(23) 118.9 (5) 121 (2) 
c(22)-c(23)-c(24) 120.5 (6) 116 (2) 
C(23)-C(24)-C(25) 120.5 (5) 124 (2) 
C(24)-C(25)-C(26) 119.9 (5) 120 (2) 
C(25)-C(26)-C(21) 119.9 (5) 120 (2) 
C(26)-C(21)-C(22) 120.2 (4) 119 (2) 
C(31)-C(32)-C(33) 119.3 (7) 119 (2) 
C(32)-C(33)-C(34) 121.3 (6) 120 (2) 
C(33)-C(34)-C(35) 118.8 (7) 120 (2) 
C(34)-C(35)-C(36) 120.8 (7) 120 (2) 
C(35)-C(36)-C(31) 120.0 (5) 124 (2) 
C(36)-C(31)-C(32) 119.8 (6) 118 (2) 

blocked-matrix approximations in least-squares refine- 
ment produce underestimated standard deviations in 
the atomic coordinates (Cruickshank, 1965) and in any 
event the physical significance of e.s.d.'s of less than 
0.01 ,~ in bond lengths should be regarded with 
scepticism. We consider ,-.0.01 /k to be a more realistic 
estimate of a ( U - B r )  and conclude, therefore, that the 
three U - B r  bonds are equivalent, i.e. in both structures 
the anions possess undistorted octahedral symmetry. 
This inference is supported by the absence of any 
spectroscopic data to the contrary. 

The U - B r  bond length determined in (II) is the first 
to be reported for U Iv, and that of U-C1  in (I), 
although in agreement with the mean value of 2.60 (2) 
~, found for hexakis(dimethyl sulphoxide)dichloro- 
uranium(IV) hexachlorouranate(IV), [UC12(OSMe2)6]- 
[UCI6] (Bombieri & Bagnall, 1975), is probably more 
reliable, because of the sensitivity of the latter complex 
to X-rays and the rapid-scan technique which was used 
to minimize decomposition during data collection. 

We wish to thank Dr G. Gafner, South African 
Council for Scientific and Industrial Research (CSIR), 
for the services of the national X-ray Data Collection 
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