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Additionally, it must discussed whether the struc-
tural instabilities caused by a trigonal planar coordi-
nation of water molecules can be compensated by a
deviation from sp® hydridization of the water
oxygen, i.e. partly sp® hybridization. This could
explain the enlarged intramolecular H—O—H angle
(see Table 3), which is obviously due to metal-
oxygen interaction. This interaction might also be
responsible for the low frequency of the H,O bend-
ing fundamental (1604 cm~"', 95 K; Henning, 1988);
see the discussion given by Falk (1984) and Lutz
(1988).

The authors would like to thank the Bundes-
minister fiir Forschung und Technologie (project
code PFR-DI1-54-03-LUISIES), the Institut Laue—
Langevin (ILL), Grenoble, and the Fonds der
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Actinide Structural Studies. 19.* Structure of af-Dinitrato-bd-dioxo-
ce-bis(urea)uranium(VI)
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Abstract. [U(NO,),(0)(CH4N,0),]), M, = 514-09,
monoclinic, P2,/c, a=14-109 (3), b=17-727 (3), ¢ =
11210 3) A, B =99-02(2)°, ¥'=12070(5) A3, Z=
4, D,=281, D,=283gcm *? A(Mo Ka)=
071069 A, u=1284cm™', T=290K, R=0028
for 1799 unique observed [//a(I) = 2-0] reflections.
The title compound contains a UO, group [mean
U—O 1-754 (6) A] coordinated by two trans urea
molecules [mean U—O 2:345 (4) A] and two trans
bidentate nitrate groups [mean U—O 2:530 (5) A].

* Part 18: Alcock, Kemp, Leciejewicz & Pennington (1989).

1 To whom correspondence should be addressed.

1 On leave from the Institute of Nuclear Chemistry and Tech-
nology, Warsaw, Poland.

0108-2701/90/060981-03$03.00

Two weak intramolecular N—H:-O bonds are
formed between urea molecules and one of the
uranyl O atoms [N--O 3-15 (1) A].

Introduction. All uranyl complexes with urea pre-
viously studied by X-ray and neutron diffraction
show pentagonal bipyramidal coordination by O
atoms around the uranyl group. In the case of nitrate
complexes, the coordination about the UO, group
was reported to consist either of five oxygens contri-
buted by the urea molecules (Zalkin, Ruben & Tem-
pleton, 1979) or of four oxygens belonging to the
urea molecules and one water molecule respectively
(Dalley, Mueller & Simonsen, 1972), and in each
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case nitrate groups are not bonded to the uranyl
group. We considered it worthwhile to study the
structure of the uranyl nitrate complex with the
smallest reported number of urea molecules, i.e.
UO,(NO3),[CO(NH,),],, to determine the effect of
the reduced UQ,:urea ratio on the coordination.

Experimental. The title compound was obtained by
adding solid urea to a solution of uranyl nitrate in
ethanol, the ratio of UO2* to CO(NH.,), being 1:2.
After a few days yellow platy single crystals sepa-
rated out, some of which were twinned. Data were
collected with a Nicolet P2, four-circle diffractom-
eter in /26 mode. Crystal dimensions were 0-06 X
0-28 x 0-38 mm. Maximum 26 was 50°, with scan
range * 1-1° (20) around the Ka,—Ka, angles, scan
speed 5-29° min~'!, depending on the intensity of a
2's prescan; the background was measured at each
end of the scan for 0-25 of the scan time. Ak/ ranges
were: 0/16; 0/9; —13/13. Three standard reflections
were monitored every 200 reflections and showed no
significant changes during data collection. Unit-cell
dimensions and standard deviations were obtained
by least squares using 15 reflections (28 <26 < 30°).
Reflections were processed using profile analysis to
give 2121 unique reflections (R;,, = 0-025); 1799 were
considered observed [I/o(l)=2:0] and used in
refinement; they were corrected for Lorentz, polari-
zation and absorption effects, the last by the
Gaussian method; maximum and minimum trans-
mission factors were 0-43 and 0-22.

The U atom was located by the Patterson inter-
pretation section of the SHELXTL program and the
light atoms then found on successive Fourier syn-
theses. Anisotropic temperature factors were used for
all non-H atoms. One urea ligand was very well
defined, and its H atoms appeared on difference
syntheses; these were included riding on the corre-
sponding N atoms with fixed U=0-08 A% In the
other urea ligand, the N atoms had much larger
thermal parameters, no H-atom positions could be
seen and so none were included in refinement. Final
refinement was on F by cascaded least-squares
methods refining 173 parameters including a second-
ary-extinction parameter of 0-00036 (4). The largest
positive and negative values in a final difference
synthesis were 11 and —0-8 e A~3 (ripples around
U). A weighting scheme of the form w = 1/[¢*(F) +
gF?] with g = 0-002 was used and shown to be satis-
factory by a weight analysis. Final R = 0-028 (0-036
for all data), wR = 0-033. Maximum shift/e.s.d. in
final cycle 0-4. Computing was performed with
SHEXTL-PLUS (Sheldrick, 1986) on a DEC
MicroVAXII computer. Scattering factors in the
analytical form and anomalous-dispersion factors
were taken from International Tables for X-ray
Crystallography (1974). Final atomic coordinates are

[U(NO;)(0)(CH4N;0).]

Table 1. Atomic coordinates (< 10*) and equivalent
isotropic displacement parameters (A% x 10%)

U, is defined as one third of the trace of the orthogonalized

U, tensor.
x y z- Uy
U 25317 (2) 36722 (4) 59441 (2) 30(1)
o(1) 2744 (4) 2810 (8) 7419 (5) 43()
0Q) 2355 (4) 4585 (8) 4504 (5) 412
o(11) 1561 (4) 6141 (8) 6646 (6) 49(2)
0(12) 3052 (4) 6661 (7) 6683 (6) 49 2)
0(13) 2128 (6) 8693 (8) 7137 (7) 68 (3)
0@l 3478 (4) 1181 (8) 5279 (6) 54(2)
0(22) 1969 (4) 888 (8) 4867 (6) "54(2)
0(23) 2857 (6) ~1116 (9) 418 (7) 71 (3)
N(1) 2256 (5) 7241 (10) 6826 (6) 20
NQ) 2776 (5) 273 (10) 4803 (6) 4303
0(3) 4182 (3) 4221 (8) 6079 (5) 46 2)
N@31) 4905 (6) 3977 (14) 8014 (8) 92 (5)
N(32) 5772 (4) 4567 (12) 6523 (8) 65 (3)
ci3) 4925 (6) 4259 (12) 6854 (8) 443
0(4) 886 (4) 3133 (8) 5804 (6) 52(2)
N@1) 483 (7) 2140 (21) 7579 (12) 125 (6)
N@42) 596 (7) 2615 (30) 6004 (13) 171 (8)
C(@) 263 (6) 2588 (14) 6400 (10) 58 (4)
Table 2. Bond lengths (A) and angles (°)

U—o(1) 1764 (6) U—0() 1744 (6)
u—o(11) 2:544 (6) U—0(12) 2:524 (6)
U—0(1) 2:521 (6) U—0(22) 2:533 (6)
U—0(3) 2:348 (5) U—0(4) 2341 (5)
O(11)—N() 1290 (9) 0(12—N(1) 1:243 (10)
O(13)—N(1) 1197 (10) 0(12)—N(2) 1262 (9)
0(22—N(2) 1247 (10) 0(23}—N(2) 1217 (10)
0(3—C(3) 1252 (9) N@1)—C@3) 1:324 (12)
NGE)—CQ) 1328 (11) 0(4)—C(4) 1256 (12)
N(41)—C(4) 1:354 (17) N(42—C(4) 1:224 (13)
N(@41)—0(1) 3263 (17)
N@GL—O(1) 3149 (12)
O(1-H@1a) 2361 (30)
N@1)—H(31a) 1094 (30)
o(1—U—0(2) 1778 (2) o(1—U—o(11) 908 (2)
0@2—U—0(11) 887 (2) 0(1—U—0(12) 923 (2)
0Q2—U—0(12) 857 (2)
Oo(1—-U—0Q1) 882 (2) 0(2—U—0(1) 92:3(2)
0(1—U—0(22) 969 (2) 0(2—U—0(22) 850 (2)
0(1)—U—0(3) 893 (2) 0(2—U—0(3) 890 (2)

0(12)—U—0(3) 651 (2)
0(21)—U—0(3) 659 (2)
0(1)~U—0() 909 (2) 0(2—U—0(4) 908 (2)
0(11)—U—0(4) 650 (2)

0(22)—U—0(4) 654 (2)
0(3)—U—0(4) 1798 (4)

U—0(3)—C(3) 1397 (6)
0B—CE)—N@l) 1222 (8) 0(3)—C()—N(32) 1202 (8)
NGD—C(3)—N@G2) 1176 (8) U—0(4)—C(4) 1425 (6)
O(4—C@—N@l) 12211 8) O(@4)—C(4—N(42) 1224 (12)
N(41)—C(4H)—N@42) 1149 (11)
N@I)—HQ@la}—0(1) 1275

given in Table 1 and bond lengths and angles in
Table 2.* Fig. 1 shows a view of the molecule, and
Fig. 2 a projection of the unit cell along the ¢ axis.

* Lists of structure factors, H-atom parameters, anisotropic
thermal parameters and full angles have been deposited with the
British Library Document Supply Centre as Supplementary Publi-
cation No. SUP 52593 (11 pp.). Copies may be obtained through
The Technical Editor, International Union of Crystallography, 5
Abbey Square, Chester CHI 2HU, England.
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Discussion. The title compound is monomeric and
displays hexagonal bipyramidal coordination about
the U atom (Fig. 1) resulting from the two uranyl O
atoms, the O atoms from the two urea molecules and
four O atoms from two bidentate nitrate groups.
Thus it shows a significant difference from the pre-
vious urea complexes which lack coordinated nitrate
(Dalley et al., 1972; Zalkin et al., 1979), but the
overall coordination is that typical of UO2"* with at
least two short-bite bidentate ligands, as in
[UO,(Ph3;P0O)»(NO3),] (Alcock, Roberts & Brown,
1982), or [UO,(H;0),(NO3),] (Dalley, Mueller &
Simonsen, 1971). The observed bond lengths and
angles are in good agreement with those reported
earlier for the UO, group, nitrate and urea molecules
respectively. The UO, is nearly linear with a U—O
bond distance of 1-754 (4) A (mean), close to the
value of 1-73 A deduced from Raman and infrared
spectroscopy data (Bullock, 1969).

The U—O(NO,) distance [mean 2-530 (5) A] is
significantly longer than the U—O(urea) distance
[2:345 (4) A]. Such distinction between U—O dis-

H(31al

Fig. 1. The UQ,[CO(NH,),],(NOs), complex showing the atomic
numbering.

Fig. 2. View of the unit cell down the ¢ axis.

983

tances is also found in [UO,(NO;),(H,0),], with
averaged U—O(NO;) of 2497 (5) and U—O(OH,)
of 2452 (5) A (Dalley et al., 1971). The most striking
feature of the coordination of the urea molecule
containing C(3) is its orientation, with its molecular
plane perpendicular to the equatorial plane of the U
atom with a dihedral angle of 105-0(8)°. (The
dihedral angle of the other urea molecule is 94-9°.)
The direct location of the H-atom positions on the
urea molecule containing C(3) from a difference
synthesis confirms that they lie as expected, in the
N,CO plane, allowing conjugation between the p
orbitals on these atoms. This orientation permits a
weak N—H---O interaction with one of the uranyl O
atoms with an H--O distance of 2-36 (3) A, i.e. just
within the 2-4 A distance criterion for O--H hydro-
gen bonding suggested by Hamilton & Ibers (1968).
N—H-+O is 127-5°. The other urea is bent out of the
equatorial plane on the same side; it probably inter-
acts similarly with this O (although its H atoms
cannot be directly located). This probably explains
why this U—O bond is slightly longer than that on
the other side. Two such N—H--O interactions are
also present in the [UO,(H,O)(urea),]*>* ion (Dalley
et al., 1972), though they were not considered sig-
nificant when the structure was originally described.
They have an (N)H---O(U) distance of 2-26 (3) A and
N—H:--O of 143-7 (1-3)° for one bond and 239 (3) A
and 135-3 (1-4)° for the other. The crystal packing
(Fig. 2) shows that the molecules are aligned in
planes perpendicular to a, with O---O van der Waals
contacts within the planes, and face-to-face contacts
between urea molecules between planes. Surprisingly,
no intermolecular N—H---O hydrogen bonds can be
identificd.

One of us (JL) wishes to thank the British Council
for a fellowship.
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