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Abstract. Dioxobis( 1,2,3,6-tetrahydro-2,6-dioxo-4- 
pyrimidinecarboxylato)uranium(VI) pentahydrate, 
[UO2(CsH3N2Oa)21.5H20, Mr=670.29 ,  monoclinic, 
C2/c, a -- 16.167 (4), b = 10.384 (2), c = 
10.866 (3) A, f l=  97.62 (2) °, V=  1808.0 (7) A 3, Z 
= 4, D m = 2-51, D x = 2-462 Mg m -3, ~(Mo K~) = 
0.71069/k, # = 86.5 cm -1, F(000) = 1264, T= 
295(2) K, final R = 0 . 0 2 2 ,  wR=0 .029  for 1533 
observed reflections with Fo >_ 5.0a(Fo). The U atom is 
seven-coordinate and has a pentagonal-bipyramidal 
coordination. The orotate ion acts as a monodentate 
ligand through the carboxylate group. 

Introduction. Orotic acid is a key compound involved 
in the de nuovo biosynthesis of pyrimidine bases of 
nucleic acids in living organisms (Leberman, Kornberg 
& Simms, 1955; Genchev, 1970; Lehninger, 1970). The 
overall process of enzymatic phosphoribosylation of 
orotic acids from phosphoribosyl pyrophosphate ulti- 
mately requires an unsubstituted N(1) nitrogen atom 
(Victor, Greenberg & Sloan, 1979). Metal ions 
make orotic acid available in the form of its reactive 
N(3)H dianion where N(1) is unsubstituted, thus 
contributing to the phosphoribosylation at the N(1) site 
(Sander, Wright & McCormick, 1965). It is also known 
to display bacteriostatic and cytostatic properties 
(Small Medical Encyclopedia, 1967). 

Orotic acid, besides being biologically important, is 
also an interesting potentially multidentate ligand, since 
coordination may occur through the two N atoms of 
the pyrimidine ring, the two carbonyl oxygens and the 
carboxylic group. However, complexity of the 
pyrimidine system results also from pH changes. 

* To whom all correspondence should be addressed. 
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Between pH 3 and 9 orotic acid is present in aqueous 
solutions mainly as the orotate anion (I). N(3)H with 
N(1) unsubstituted is obtained by abstraction of a 
second proton (pK = 9.45) and, according to previous 
observations on related uracil anion systems, should be 
present together with the N(1)H tautomer (II) (Psoda, 
Kazimierczak & Shugar, 1974; Bensaude, Aubard, 
Dreyfus, Dodin & Dubois, 1978). 
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Although the crystal structures of orotic acid 
monohydrate (Takusagawa & Shimada, 1973) and 
ammonium orotate monohydrate (Solbakk, 1971) are 
known, very few structural studies of metal complexes 
with this ligand have been published. Crystal data of the 
complexes diammine(orotato)copper(II) (Mutikainen & 
Lumme, 1980) and tetraaqua(orotato)nickel(II) hydrate 
(Sabat, Zglinska & Jerowska-Trzebiatowska, 1980) 
indicate that complexation stabilizes the N(3)H tauto- 
mer and coordination to the metal occurs via 
carboxylate oxygen and the N(1) atom as chelation 
sites. The crystal structures of two complexes of 
5-nitroorotic acid with Cu ll have also been reported 
recently (Arrizabalaga, Castan & Daham, 1983). 

Experimental. The title complex was obtained by 
mixing aqueous solutions of sodium orotate and uranyl 
nitrate in a 2:1 molar ratio. Upon evaporation of the 
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Table 1. Positional (x 104) and equivalent isotropic 
thermal (x 103) parameters of the non-hydrogen atoms 

with e.s.d.'s in parentheses 

Ueq = (U], + U22 + U33)/3. 

x y z Ueq(A 2) 
u 5000 4351.9 (2) 7500 21.7 (2) 
0(13) 5418 (3) 4351 (3) 9088 (3) 39 (2) 
W(I) 6330 (2) 5143 (3) 7006 (3) 34 (2) 
W(2) 5000 6676 (5) 7500 49 (4) 
W(3) 4770 (4) 1652 (8) 597 (5) 67 (4) 
N(I) 6982 (2) 1219 (3) 6135 (3) 25 (2) 
C(2) 7447 (3) 554 (4) 5397 (4) 25 (2) 
0(2) 7852 (2) 1085 (3) 4657 (3) 39 (2) 
N(3) 7433 (3) --760 (3) 5533 (4) 22 (2) 
C(4) 7001 (3) -1417 (4) 6328 (4) 24 (2) 
0(4) 7019 (2) -2615 (3) 6329 (3) 39 (2) 
C(5) 6558 (3) -650 (4) 7122 (4) 27 (2) 
C(6) 6545 (3) 633 (4) 6974 (4) 25 (2) 
C(7) 6026 (3) 1502 (4) 7703 (4) 28 (2) 
O(1) 5891 (2) 2610 (3) 7210 (3) 33 (2) 
0(3) 5769 (2) 1066 (4) 8624 (3) 28 (2) 

solution at room temperature crystals precipitated 
slowly over a period of several days. D m measured by 
flotation. 

Syntex P21 diffractometer, Mo Ka Zr-filtered 
radiation, 0-2/9 scan, 2/9 < 55.0 °, scan speed variable 
1.00-12.00 ° min -I, scan range 0.9 ° below Kct l, 0.9 
above Kct 2, background counting 0.5 s of scan time. 
Crystal 0.26 x 0.20 x 0.41 mm. Cell parameters from 
15 independent reflections (20 < 2/9 _< 22°), data form 
- h ,  +k, +l. No significant intensity variation for three 
reflections monitored every 67 reflections. Lp and 
empirical ~scan  absorption correction applied (Syntex, 
1976). Data collected/unique/Ri, t 3492/1609/0.006. 

The U atom was deduced from a Patterson synthesis. 
Subsequent difference Fourier synthesis revealed the 
positions of all the other non-hydrogen atoms. The 
structure was refined with SHELX76 (Sheldrick, 1976) 
in space group C2/c (attempts to refine it in Cc led to 
negative U's) by full-matrix least squares in which 
~.wA: was minimized. H atoms located from AF maps, 
except those of uracil calculated at a distance of 1.0 A. 
Non-H atoms anisotropic, H atoms isotropic. Weight- 
ing scheme for the last steps of refinement w =  
1.574/[32(Fo) + 0.00035Fo2]. Two reflections showing 
poor agreement were given zero weight during final 
refinement cycles, R = 0.024 and wR = 0.030 for all 
data; APmax = 0.71, ZJPmtn = 0.77 e ,~-3 in the vicinity 
of the U atom. (A/tr)max=0.589. Atomic scattering 
factors from International Tables for X-ray Crystal- 
lography (1974). The final atomic parameters of the 
non-H atoms are given in Table 1,* bond lengths and 
angles in Fig. 1. 

* Lists of structure factors, anisotropic thermal parameters and 
H-atom parameters have been deposited with the British Library 
Document Supply Centre as Supplementary Publication No. SUP 
44110 (9 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 5 Abbey 
Square, Chester CH 1 2HU, England. 

D i s c u s s i o n .  The U atom lies on a twofold axis 
perpendicular to the U - O ( U )  bond and passes through 
W(2), Fig. 1. It has a pentagonal-bipyramidal coordi- 
nation which is the preferred geometry for seven- 
coordinated uranyl compounds (Lintredt, Heeg, 
Ahmad & Glick, 1982). The equatorial pentagon 
formed by the carboxylic O(1) of the two monodentate 
orotate ligands and the oxygen atoms of three water 
molecules is planar with a maximum deviation from the 
least-squares plane of 0.029 (1)A for O(1). The 
coordination sphere is completed by the linear uranyl 
group nearly perpendicular to the equatorial plane with 
a maximum deviation from 90 ° of less than 2 °. 

The uranyl bonds fall in the normal range (Lintredt 
et al., 1982; Mackinnon & Taylor, 1983; Burns, 1983; 
Toivonen & Laitinen, 1984). The pyrimidine ring is 
planar, the maximum deviation from the best plane 
being 0.024 (7)A for C(5). The mutual angle of the 
best planes of the two pyrimidine rings is only 6.6 (3) °, 
each forming a 33.0 (1) ° angle with the coordination 
pentagon. 

In all the structures that we are aware of and which 
contain the orotate ligand, whether it is complexed to a 
metal or not, the respective bond lengths in the 
pyrimidine ring are quite similar, which shows that 

OU-U-O~-.2U~ ) ou-u-w~.,.m) 
ou-u-o, .9,.,,,, ~OU-U-W,.,,.,,,, 

/ouu:u.,,N 
(a) 

L ~','.,,.et~r :,z3, ¢~ 

® g 

Fig. 1. (a) Pentagonal-bipyramidal coordination of the U atom with 
bond lengths and angles. (b) Bond lengths and angles of the 
orotate ligand. (Distances in A, angles in o.) 
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Table 2. Some interatomic d&tances (A) and angles (o) 
in orotate ligands 

Present 
work 

C(7)-O(3) 1.221 
C(7)-O(1) 1.275 

C(6)-N(1)-C(2) 122.9 
C(2)-N(3)-C(4) 125.7 
N(I)-C(2)-O(2) 122.8 
N(3)-C(2)-O(2) 122-2 
N(3)-C(4)-O(4) 119.1 
C(5)-C(4)-O(4) 124.6 

A B C D E F 
1.197 1.247 1.227 1.241 1.225 1.209 
1.306 1.250 1.285 1.256 1.267 1.284 

122.7 122.6 117.9 118.3 118-7 118-1 
126.4 126.5 126.5 125.8 127.3 120.7 
124-1 123.1 124.4 122.8 123.3 121.1 
121-2 121.9 118.2 119.3 119.5 118.1 
119.5 120.2 120-6 119.8 121.5 120.2 
125.0 125.0 125.2 126.0 126.4 124.0 

References: A Takusagawa & Shimada (1973). B Solbakk (1971). 
C Mutikainen & Lumme (1980). D Sabat, Zglinska & Jerowska- 
Trzebiatowska (1980). E, F Arrizabalaga, Castan & Daham 
(1983). 

metal complexation has no effect on the pyrimidine 
bond lengths. On the other hand, complexation and/or 
protonation do cause changes in the bond angles of the 
pyrimidine ring and the bond lengths of the carboxyl 
group. These changes are in agreement with two 
empirical rules which have been established on the 
bases of previous structural work (Terzis & Mentzafos, 
1983, and references therein): (1) The magnitude of the 
valence angle of N atoms in six-membered heterocyclic 
rings depends on the exocyclic attachment to the N 
atoms. The angle is considerably larger when the N is 
protonated than when it is not. (2) The proton, being a 
better electron sink than a coordinated metal, is more 
effective than the metal in inducing structural changes. 
In Table 2 we see that the angle C ( 2 ) - N ( 3 ) - C ( 4 )  is 
'large', 125.7-127.3 °, in all structures where N(3) is 
protonated, but 'small', 122.6 o in structure F where the 
proton has been substituted with Cu II. Similarly, the 
angle C(6)--N(1)--C(2) is 'large', 122.6-122.9 °, in 
structures A and B and the present work where N(1) is 
protonated, but 'small ' ,  117.9-118.7 o, in the structures 
C, D, E and F where the proton is substituted by Ni II 
or Cu II. Looking at the carboxylic group we have two 
extreme situations in structures A and B. In A the 
carboxyl group is protonated at O(1) and we have a 
long (single) C(7) -O(1)  bond of 1.306 A and a short 
(double) C(7) -O(3)  of 1.197 A. In B there is no proton 
and because of resonance the two bonds are practically 
equal at 1.250 and 1.247 A respectively. In all other 
structures the proton is substituted by a metal and the 
bond length is intermediate between those in A and B. 

From Table 3 we see some systematic differences in 
the exocyclic angles of the two carbonyls. For the 
carbonyl C(4)--O(4) the angle C ( 5 ) - C ( 4 ) - O ( 4 )  is in 
all structures larger than N ( 3 ) - C ( 4 ) - O ( 4 )  by about 
5 °. This is consistent with the predictions of VSEPR 
theory (Gillespie, 1970) since N(3) is more electro- 
negative than C(5). For the carbonyl C(2) -O(2)  no 
such systematic difference is observed since the 
carbonyl is bonded to two N atoms. And in the present 
structure where both nitrogens are protonated 

Table 3. Bond lengths (A) and angles (o) involving 
hydrogen bonds 

Symmetry position of atom Y: (a)x, y, z; ( b ) - x , - y , - z ;  (c) ½-x, 
½-y, -z. 

X-H-..Y X-H H... Y X... Y X--H... Y 
N(I)-HN(1)...O(2) (c) 1.000 2.004 2.951 157.1 
N(3)-HN(3)...O(4) (c) 0.999 1.913 2.864 157.9 
W(1)-H(IA)...O(2) (c) 0.716 1.983 2.697 174.3 
W(I)-H(1B)...O(4) (a) 0.970 1.788 2.724 161.0 
W(2)-H(2B)... W(3) (b) 1.015 1.714 2.688 159.3 
W(3)-H(3B)...0(3) (a) 0.834 2.226 2.914 140.1 
E.s.d.'s 0.1 0.1 0.006 2.0 

Fig. 2. ORTEPII view (Johnson, 1976) of the molecular packing 
with the hydrogen bonds indicated by bold lines. 

(therefore equivalent) the two angles N ( 1 ) - C ( 2 ) - O ( 2 )  
and N(3)--C(2)--O(2) are equal. In structures A and B 
where again both nitrogens are protonated the angle 
difference is 'small', 2.9 and 2.2 ° respectively. In the 
other structure where N(1) is coordinated to a metal the 
situation approaches that of the C(4) -O(4)  carbonyl 
since, as we mentioned before, a complexed metal is not 
as good an electron sink as the proton. 

In all structures known to date where the orotate is 
complexed to a metal it acts either as a bidentate ligand 
through O(1) and N(1) (Mutikainen & Lumme, 1980; 
Sabat, Zglinska & Jerowska-Trzebiatowska, 1980; 
Arrizabalaga, Castan & Daham, 1983) or as a 
tridentate ligand through O(1), N(1), N(3) (Arriz- 
abalaga, Castan & Daham, 1983). The present is the 
only structure where it is monodentate, through 
O(1), and it is perhaps a testimony to the 'hardness' of 
the uranyl ion (Pearson, 1963). 

The hydrogen bonding is extensive. There are many 
potential donor and acceptor sites, nearly all of them 
being used. The hydrogen bonds are listed in Table 3 
and shown in the OR TEPII (Johnson, 1976) stereoview 
of the molecular packing in Fig. 2. 
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Structure of Di-a-carbonyl-bis[~7 5-methylcyclopentadienylcobalt(II)](Co-Co) 

BY PETER LOUCA AND JUDITH A. K. HOWARD 

School of Chemistry, The University, Bristol BS8 1TS, England 

(Received 10 September 1986; accepted 22 June 1987) 

Abstract. [Co2(C6HT)z(CO)2] , M r = 3 3 2 . 1 3  , C2/m, 
a - - 7 . 9 8 9 ( 4 ) ,  b = 8 . 5 7 3 ( 4 ) ,  c = 9 . 9 3 4 ( 4 )  A, t =  
114.76(1) ° , U = 6 1 7 . 8 ( 2 ) A  a, Z = 2 ,  D x =  
1.79 Mg m -a, Mo Ktz, 2 = 0.71069 ./k,/~ = 2.67 mm -~, 
F(000) = 336, T ~ 220 K, final R = 0.037 and wR 
= 0.045 for 1307 unique reflections with F > 3e(F). 
The structure is isomorphous with the analogous Ni 
complex, the 2/m symmetry reducing the number of 
unique atoms to 11. The carbonyl ligands asymmetri- 
cally bridge the two Co atoms, extending away from the 
neighbouring methyl substituent on the cyclo- 
pentadienyl rings which lie across the crystallographic 
mirror plane. 

Introduction. The deformation electron density of a 
series of dinuclear organometallic structures is currently 
being studied (Gregson & Howard, 1984; Howard, 
Louca & Mclntyre, 1987) in order to investigate the 
nature of metal-metal bonds and the role played by 
bridging carbonyl ligands. The Ni analogue of this Co 
complex has revealed no accumulation of electron 
density between the two metal atoms, the linkage 
between which has a formal bond order of one, based 
on simple electron counting rules. As a useful com- 
parison we have chosen to investigate the title complex, 
first reported by Hersh, Hollander & Bergman (1983), 
which formally has a bond order of two. This 
preliminary experiment is intended to confirm that the 

0108-2701/87/101908-02501.50 

complex satisfies certain criteria which would enable us 
to carry out an accurate deformation electron density 
study. 

Experimental. [Co2(CO)2(MeCp) 2] prepared by a 
method similar to that proposed by Hersh et al. (1983); 
brown crystals obtained by recrystallization from 
toluene. Rectangular plane crystal, 0.1 x 0.25 x 
0.32 mm, mounted under N 2 in a Lindemann-glass 
capillary. Intensity data collected using a Nicolet P3m 
diffractometer with g.raphite monochromator and N 2 
gas-flow cooling device. Cell parameters determined by 
least-squares refinement using 15 accurately centred 
reflections in the range 2 9 < 0 < 3 1  ° . 1415 unique 
reflections were recorded using 09-28 scan techniques, 
28ma × = 70 °, 1307 [F > 3tr(F)] used in analysis, h 0 -  
+12, k0 -13 ,  10--16. Check reflections showed no 
systematic variation, Lorentz and polarization factors 
applied, no absorption correction. Structure solved by 
heavy-atom method, all atoms located by successive 
electron-density difference syntheses. Blocked-cascade 
least-squares refinement using SHELXTL (Sheldrick, 
1981) on 64 parameters. Isotropic thermal parameters 
for H, minimized ~w(IFol--IFel) 2, W = [ t y 2 ( F ) +  
0.0004F2] -1, tr(F) from counting statistics, R = 0.037, 
wR = 0.043, S = 1.7. Max. height in final difference 
Fourier synthesis 1.5 e A -3. Max. shiff/e.s.d. = 0.003. 
Atomic scattering factors including corrections for 
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