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Three polynuclear manganese( ti) complexes containing orotic acid (2,6-dioxo-l,2,3,6-tetrahydro- 
pyrimidine-4-carboxylic acid, H,L1) or one of its substituted derivatives [3-methyl- ( H,L2) or 5-nitro- 
2,6-dioxo- 1,2,3,6-tetrahydropyrimidine-4-carboxylic acid ( H,L1)] have been synthesized and character- 
ized by X-ray crystallography, UV/VIS and magnetic susceptibility measurements. Complex 1 consists 
of neutral [Mn,(HL1),(H,O),] units, which form polymer chains along the z axis with a 
Mn(1) Mn(2) distance in the unit cell of 5.628(1) A while the Mn(2) Mn(2) distance in the 
chain is 4.715(1) A. Each unit cell of complex 2 contains one neutral centrosymmetric dimer 
[Mn2(L2),(H,0),] containing a short Mn M n  distance [3.472(2) A] and an antiferromagnetic 
exchange interaction is present. The experimental data were fitted to the susceptibility equations 
resulting from the Hamiltonian H = -WS,S,  to give exchange parameter J = -1.3 cm-l and g = 1.95. 
From EPR spectra of 2, the hyperfine interaction parameter A = -0.27 GHz and the zero-field 
splitting parameter D = k 2.93 GHz have been calculated. Each unit cell of complex 3 consists of one 
dinuclear anion [Mn,(HL3),(H,0)4C1,]2- and of one cation [K2(H2O)I2+. The Mn(1) and Mn(2) 
atoms and the water molecule of the cation [KJH,0)]2+ are situated at inversion sites. The dinuclear 
anions are associated to form chains but the shortest Mn M n  distance of 5.642(3) A is observed 
within the [Mn2(HL3),(H,0)4C12]2- unit between Mn(1) and Mn(2). 

Orotic acid (2,6-dioxo-1,2,3,6-tetrahydropyrimidine-4-carb- 
oxylic acid, H3L1) is closely related to the biologically 
important pyrimidine bases (Fig. 1). It occupies a singular 
position among the free pyrimidines being the only precursor 
for pyrimidine bases of nucleic acids in living organisms.'i2 The 
overall process of enzymatic phosphoribosylation of pyrimidine- 
carboxylic acids from phosphoribosylpyrophosphate ultimately 
requires an unsubstituted N' nitrogen atom.3 In aqueous solu- 
tions, H,L' acts as a diacid, with the acidic functions localized 
at the exocyclic carboxylic group (pK, = 2.09) and at the N3 
site (pK, = 9.45).4 One of the roles played by the metal is 
making H3L1 available in the form of its reactive N3H dianion, 
thus contributing to the phosphoribosylation at the N' site. 

Its importance is also obvious as 'vitamin B13' in metabolism 
and it is also known to display bacteriostatic and cytostatic 
properties.' 

Besides its biological importance, H3L' and its substituted 
derivatives which may be viewed as substituted pyrimidine- 
2,4( 1 H,3H)-diones are also interesting ligands since they are 
potentially multidentate, the co-ordination may occur through 
the two N atoms of the pyrimidine ring, the two carbonyl 
oxygens and the carboxylic group. However, studies on its co- 
ordination properties in solution and in the solid state show 
that H3L1 co-ordinates mainly oia N' and the carboxylate 
g r o ~ p . ~ - ' ~  The only exceptions known so far are the copper(@ 
complex of 5-nitro-2,6-dioxo-1,2,3,6-tetrahydropyriimidine-4- 
carboxylic acid which co-ordinates via the N' and N3 nitrogen 
and the uranium complex of H3L' which co-ordinates only by 
one oxygen of the carboxylate group." Compound H3L' does 
not enter the inner co-ordination sphere of the metal in zinc and 
magnesium compounds. "*" 

t Supplementary data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1995, Issue 1, pp. xxv-xxx. 
Non-SI units employed: pa x 9.274 x J T'. G = lo4 T. 
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H2L4 H H H C02Me 
H ~ L ~  H H H H 
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H2L2 H Me H C02H 

Fig. 1 Numbering scheme of H,L3 and related compounds; H,LS is 
pyrimidine-2,4( 1 H,3H)-dione and HL6 is 1 -methylpyrimidine-2,4- 
(1 H,3H)dione 

As a part of a program oriented towards the evaluation 
of antioxidative properties of low-molecular weight metal 
complexes and accordingly with the reported superoxide radical 
scavenging activity of the Mn2 + ion in a number of in oitro and 
in oiuo systems,I8 we studied the influence of this antioxidant 
effect by complexing manganese with weak ligands such as 
carboxylic acids. Recently, we have described the quantitative 
analysis of such properties by EPR spectroscopy.20 Both the 
biological role and the nature of these substituted carboxylic 
acids prompted us to investigate the radical scavenging 
properties of manganese@) complexes of H3L1 and of some of 
its derivatives. Preliminary steps in this program have been to 
investigate the molecular structures and the physical properties 
of pyrimidinecarboxylate complexes with manganese. 

In this paper we report on complexes of H,L' and some of 
its derivatives i.e. 3-methyl- (H2L2), 5-nitro-2,6-dioxo- 1,2,3,6- 
tetrahydropyrimidin+carboxylic acid (H3L3) and 2,6dioxo- 
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1,2,3,6-tetrahydropyrimidine-4-methylcarboxylate (H,L4) with 
manganese(@. 

Experimental 
Compounds H3L1, H,L4 and the potassium salt of H3L3, 
K2(H,L3), were purchased from Aldrich Chemical Co. All 
other chemicals and solvents were reagent grade. 

Synthesis of H,L2.-This synthesis implies the prepar- 
ation ofa hydantoinicester (obtained by condensation ofmethyl- 
urea with an oxalacetate) and an intramolecular transposition 
by enlargement of the heterocycle.21 Sodium (23 g) 
was slowly added to absolute ethanol (700 cm3) and after 
dissolution the solvent was evaporated off. After cooling, 
anhydrous diethyl ether (700 cm3) was added to the solid crust 
and the mixture vigorously shaken. A mixture of diethyl oxalate 
(146 g) and ethyl acetate (88 g) was slowly added to this 
suspension and stirred overnight. A sulfuric acid solution (10% 
in water, 300 cm3) was then added to the yellow reaction 
mixture. The organic layer was decanted, neutralized by a 
solution of NaHCO,, washed with water, and finally dried over 
CaCl,. Distillation under reduced pressure gave EtCO2CH,CO- 
C0,Et [b.p. (20 mmHg x 2.66 x 103Pa) = 132 "C]. Hydrogen 
chloride was bubbled for 0.5 h in a mixture, maintained at 
100 "C, of the oxalacetic ester (26 g), methylurea (15 g) and pure 
acetic acid (10 cm3) and the reaction was kept at room 
temperature overnight. The crude crystalline product was 
washed with cold water, filtered and dried. The product so 
obtained, 3-methylhydantoin, was recrystallized from ethanol. 
This latter product (18 g) dissolved in a minimum amount of 
hot ethanol was refluxed for 2 h with an aqueous solution of 
potassium hydroxide (100 cm', 2 mol drn-,). Ethanol was 
removed under reduced pressure and the residue dissolved in 
water. A white product was precipitated from this solution by 
adding diluted hydrochloric acid. Three recrystallizations gave 
pure H,L2. M.p. = 31 1 "C, h,,, = 280 nm at pH = 7. 

Synthesis of [Mn,(HL'),(H,O),] 1.-An aqueous solution 
of MnCl, (5 cm3, 1 mmol) was added to a suspension of H3L' 
(1 mmol) in water-ethanol (60 cm3, 1/1) and the resulting 
mixture stirred for 1 h. Then the pH was adjusted to 9 by adding 
an ammoniacal solution (4 mol drn-,) and after stirring for 2 h, 
the mixture was filtered off. After standing the filtrate for 3 
weeks in a closed flask at room temperature, pale tan crystals 
were formed (Found: C, 22.45; H, 2.9; N, 10.90. Calc. for 
CSH,MnN,o7: C, 22.85; H, 3.05; N, 10.65%). 

Synthesis of [Mn2(L2)2(H20),] 2.-The complex was 
prepared by adding an aqueous solution of MnC12-4H,0 
(1 mmol) to an aqueous solution of H2L2 (1 mmol) dissolved 
in the minimum amount of warm water (40 "C). The pH was 
adjusted to 7 by adding NH40H and then the solution was 
filtered off. Bright yellow crystals were formed after two weeks 
(Found: C, 25.9; H, 3.6; N, 10.0. Calc. for C,H,,MnN,0,: C, 
26.00; H, 3.65; N, 10.10%). 

Synthesis of [K,(H,0)][Mn,(HL3),(H,0),Cl,] 3.-The 
salt MnC1,-4H2O (1.5 mmol in the minimum of water) was 
added to an aqueous solution of the potassium salt of H,L3 (1 5 
cm3, 1 mmol). The solution was kept at 4OoC, with stirring 
during 2 h. At this time the pH of the reaction mixture was 2. 
The pH was then increased to 7.6 by slowly adding a water- 
triethylamine solution (4 : 1). After stirring vigorously for 5 h, 
the solution was filtered off and diluted with acetonitrile (8 
equivalents). By leaving the resulting deep yellow solution in a 
closed flask containing glass fibres, yellow crystals were 
collected on the fibres within 5 d and were washed with diethyl 
ether (Found: C, 15.65; H, 1.45, C1, 9.60; Mn, 14.25; N, 10.90. 
Calc. for CSH,ClKMnN,08.S: C, 16.05; H, 1.60; CI, 9.49; Mn, 
14.70; N, 11.25%). 

Attempted Synthesis of the Complex of the Methyl ester of 
H,L'.-An equivalent amount of H,L4 in a minimum amount 
of hot water was added to a solution of MnC1,4H20. On 
standing at room temperature the solution rapidly yielded pale 
yellow crystals (Found: C, 22.9;.H, 3.05; N, 10.8%). 

Physical Measurements.-Elemental analyses were carried 
out at Service Interuniversitaire de Microanalyse, Toulouse; 
W spectra were recorded on a SECOMAM S 1000 
spectrometer in aqueous solutions; IR spectra were recorded 
on a Perkin-Elmer 983 G spectrometer coupled with a Perkin- 
Elmer infrared data station with samples run in the solid state 
(KBr pellets). Variable-temperature magnetic susceptibility 
data were collected on powdered samples of the compounds 
with use of a SQUID-based sample magnetometer on a 
Quantum Design Model MPMS instrument. All data were 
corrected for diamagnetism of the ligands estimated from 
Pascal's constants.22 The EPR spectra were recorded on a 
Bruker ESP 300E spectrometer and were run either in the solid 
state (300 and 120 K) or as water or water-ethylene glycol 
(ethane-l,Zdiol) glasses at 100 K. 

X-Ray Crystal Structure Determinatiom-Graphite-mono- 
chromated Mo-Ka radiation (h = 0.710 73 A) was employed as 
X-ray source for all studies. X-Ray diffraction measurements 
were made using an ENRAF NONIUS CAD4 diffractometer 
for 1 and a Stoe-Stadi-4 diffractometer for 2 and 3. 
Intensity data were collected at 295 K with 03-20 scan mode. 
Crystal data, intensity measurements and structure refinements 
are summarized in Table 1. The data were corrected for 
Lorentz, polarization and absorption effects with empirical 
absorption correction. Transmission factors are given in Table 
1. The structures were solved using direct methods and final 
refinements involve absorption corrected data and anisotropic 
refinement for all non-hydrogen atoms. Residuals R and R' are 
given in Table 1. For complex 3, the quantity minimized was 
wR, using all reflections with wR, = [(C{w(FO2 - FC2)'/X(w- 
(F02)2}]* (= 0.0877). The R and R' values are also given in 
Table 1 for comparison with complexes 1 and 2. Program 
packages used for calculations, refinements and plotting were 
successively, SHELXS 86,,, CRYSTALS 24 and PLATON- 
90,' for 1, SHELXS 86,,, ORFFE-326 and SHELXTL 
PLUS 27 for 2 and SHELXS and SHELXL for 3. The 
program KPLOT2' was used for plotting the structure of the 
compouunds. Atomic scattering factors and anomalous dis- 
persion terms were obtained from program packages or from 
ref. 30. All hydrogen atoms have been observed on Fourier- 
difference maps and refined with fixed isotropic thermal 
parameters for 1, and free isotropic thermal parameters for 
2 and 3. Non-hydrogen atom positional parameters with 
estimated standard deviations (e.s.d.s) are gathered in Tables 
2-4 for complexes 1-3, respectively. Selected interatomic 
distances and angles are listed in Tables 2-5 and plots of the 
molecules are shown in Figs. 2-6 along with the labelling 
schemes. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

Results and Discussion 
Synthesis.-It was shown potentiometrically that when the 

esters of H,L' are used as metal complexing agents no 
complexation was observed. This indicates the important role 
played by N' and the carboxylate group for metal chelation. 
Although a complex has been obtained by treating H2L4 with a 
manganese@) salt, the results of chemical analysis were not in 
accord with a complex of H,L4 but rather with H3L1 itself. This 
suggests that during the reaction process, hydrolysis of the ester 
function occurs. We have already observed hydrolysis of the 
ester function for a palladium complex and a crystal structure 
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Table 1 Summary of crystal data, intensity measurements and structure refinement 

Compound 
Empirical formula 
M 
Crystal system 

?i= 
blA 
CIA 
a/O 
PI" 
Yl" 
ulA3 
Z 
D,/g 
F(cJw 
p( Mo-Ka)/cm-' 
hkl 
Scan range 20p 
Transmission factors (min., max.) 
No. of measured reflections 
No. of independent reflections 
No. of observed reflections 
No. of parameters 
Criterion for observed reflections 
Refinement 
R, R' 
Max., min. bple k3 

1 

526.1 
Monoclinic 

7.367(2) 
28.569(5) 
8.449(3) 

c1 oH,,Mn2N4014 

%In 

96.24(7) 

1767.8 
4 
1.98 
1064 
14.5 
O-10,@-40, -11 to 11 
2-60 
0.84, 1.00 
4819 
4199 
4188 
272 
1 2  30(0 
F 
0.031,0.039 
0.15, -0.4 

2 

554.2 
Triclinic 
PT 
6.575( 1) 
8.577(1) 
9.608(2) 
64.54(1) 
83 .O 1 (1) 
89.97( 1) 
484.8 
1 
1.89 
282 
13.0 
-20t020, -11 to 11,O-18 
5-60 
0.775,0.874 
3515 
2719 
2548 
186 

F 
0.037,0.033 
0.82, -0.58 

c1 ZH 20Mn2N40 14 

Fo >, 3a(F0) 

3 
CSH6C1KMnN308.s 
373.6 
Triclinic 
PT 
7.291( 1) 
9.014(2) 
10.002(2) 
70.45( 1) 
79.80( 1) 
68.45( 1) 
575.0 
2 
2.16 
372 
17.9 
-9t09, -1OtO11, -12t012 
4.32-55 
0.7 1,0.89 
3236 
2622 
2304 
208 
F o  3 WFO) 
F2 
0.0323,0.0827 
0.435, - 1.254 

Table 2 Positional parameters for non-hydrogen atoms of complex 1 
with e.s.d.s in parentheses 

X 

0.119 95(5) 
0.192 55(5) 
0.041 6(3) 
0.255 O(3) 
0.020 q3 )  
0.210 9(4) 
0.387 9(3) 

0.257 2(3) 
0.056 7(3) 
0.084 7(3) 
0.204 2(3) 
0.224 2(3) 
0.454 9(3) 
0.335 5(3) 

-0.161 O(3) 

- 0.057 2(3) 
0.160 4(3) 
0.228 8(3) 
0.152 5(3) 
0.205 l(3) 
0.215 6(3) 
0.195 2(4) 
0.142 5(4) 
0.124 5(3) 
0.057 5(3) 
0.186 9(4) 
0.193 l(3) 
0.147 l(3) 
0.129 5(3) 
0.085 7(3) 

Y 
0.277 5q1) 
0.087 68( 1) 
0.276 08(6) 
0.385 43(6) 
0.315 21(6) 
0.478 82(7) 
0.256 96(8) 
0.296 32(7) 
0.288 70(7) 
0.208 8q6) 
0.156 62(6) 
0.009 81(7) 
0.108 39(7) 
0.1 18 58(9) 
0.020 58(7) 
0.054 62(7) 
0.350 55(7) 
0.430 49(7) 
0.086 88(7) 
0.059 73(7) 
0.387 94(8) 
0.438 2q9) 
0.397 92(9) 
0.356 55(8) 
0.312 56(8) 
0.051 02(8) 
0.103 33(8) 
0.140 03(8) 
0.129 82(8) 
0.168 07(8) 

Z 

-0.13600(4) 
0.036 64(4) 
0.105 2(2) 

0.328 4(2) 
0.164 8(3) 

- 0.259 9(2) 

-0.026 l(2) 
- 0.230 7(2) 
-0.351 O(2) 
-0.236 7(2) 
- 0.039 3(2) 
-0.279 3(2) 

0.301 2(2) 
0.033 3(2) 
0.064 3(2) 
0.083 l(3) 

-0.041 4(2) 
- 0.044 q2)  
-0.232 8(2) 
-0.487 4(2) 
-0.1 18 4(3) 

0.1 10 3(3) 

0.111 9(3) 
0.192 7(3) 

0.189 l(3) 
-0.328 3(3) 
- 0.556 4(3) 
- 0.454 7(3) 
-0.299 l(3) 
-0.181 5(3) 

has evidenced that H2L4 was demethylated during the 
co-ordination process. 31 The comparatively slow rate of hydr- 
olysis of H2L4 is thus increased in the presence of a metal. 

Solution Study.-Relationships between complexation sites 
of pyrimidine derivatives and W data have been reported. 
From the UV data characterizing the N' and/or N3 meth- 
ylated 2,6-dioxo- 1,2,3,6-tetrahydropyrimidine-4carboxylic 

T a b  3 Positional parameters for non-hydrogen atoms of complex 2 
with e.s.d.s in parentheses 

X 

0.4173( 1) 
0.7336(3) 
0.1328(3) 
0.3788(3) 
0.2957( 3) 
0.2392(3) 
0.227 1 (3) 
0.1952(3) 
0.1335(5) 
0.2044( 3) 
0.1677(3) 
0.2594(3) 
0.3024(3) 
0.3714(3) 
0.3663(3) 
0.43 14(3) 

Y 
0.3OO6( 1) 
0.2678(3) 
0.31 1 l(3) 
0.0262(2) 
0.3 3 5 5 (2) 
0.2072(3) 
0.0523(2) 
0.2484(2) 
0.1076(3) 
0.4 162(3) 
0.4454(2) 
0.5472(3) 
0.501 5(3) 
0.6390(3) 
0.7930(2) 
0.5805(2) 

Z 

0.1520( 1) 
0.2302(2) 
0.0538(3) 
0.27 14(2) 
0.3645(2) 
0.509 1 (3) 
0.5333(2) 
0.6346(2) 
0.79 1 O( 3) 
0.7366(2) 0.6188(3) 

0.4654(3) 
0.3469(3) 
0.1828(3) 
0.153 l(2) 
0.0835(2) 

pyrimidine-2,4( lH,3H)-diones, 3s*36 and their 
related anions, one can predict the sites of deprotonation and 
co-ordina tion. 

In the previously reported nickel(I1) and copper(r1) ' 
complexes, the observed bathochromic shift from the free 
ligand to the complex may be related to the predominance of 
the N3H form and to the concomitant co-ordination of the 
metal to N', also established by X-ray structural determinations. 
The relationship between the UV data and the co-ordination 
sites is further supported by the marked change of UV spectra 
of H2L2 upon compIexation by nickel@) which unambiguously 
occurs at N'.37 These results show that absorbance of a 
complex > 310 nm indicates complexation by N' and thus 
infers the existence of a N3H tautomer (or of a substituted N3), 
while absorbance in the range 280-290 nm infers complexation 
at N3. As already mentioned only one complex, the copper(r1) 
complex of H3L3, has so far been obtained which displays 
complexation by both N' and N3; potentiometric titrations 
also show that the copper@) ion removes all the replaceable 
protons. 

http://dx.doi.org/10.1039/DT9950004005


4008 J. CHEM. soc. DALTON TRANS. 1995 

Table 4 Positional parameters for non-hydrogen atoms of complex 3 
with e.s.d.s in parentheses 

X 

0 
0.1612( 1 )  
0.2716(3) 
0.1 173(3) 
0.0927(3) 
0.0071 (3) 
0.187 1 (3) 
0.3004(3) 
0.3802( 3) 
0.3092(3) 
0.4O94( 3) 
0.5825(3) 
0.3 1 66(3) 
0.2239(3) 
0.2572(3) 
0.3790(3) 
0.1635(3) 
0.5000 
0.1774(1) 
0.4026(3) 
0.0869(9) 

Y 
0 
0.7948( 1 )  

- 0.0422(2) 
- 0.2638(2) 
- 0.39 lO(3) 
- 0.3651(2) 
- 0.5528(2) 
-0.5982(3) 
-0.7467(2) 
- 0.4571(3) 
-0.4947(2) 
-0.5846(3) 
-0.4437(3) 
-0.2975(2) 
- 0.1445(3) 
-0.1696(2) 
- 0.0062(2) 

0 
0.1356(1) 
0.1907(3) 
0.4657( 7) 

z 
1 .oOOo 
0.3920( 1) 
1.0985(2) 
1.0000(2) 
1 . 1  148(2) 
I .2222(2) 
1.1073(2) 
0.9932(2) 
0.9990( 2) 
0.8735(2) 
0.744 1 (2) 
0.7501(2) 
0.6 3 8 7 (2) 
0.8 8 3 5( 2) 
0.7702(2) 
0.6694(2) 
0.791 8(2) 
0.5000 
0.3786( 1) 
0.61 54(3) 
0.4935(5) 

In an attempt to elucidate the metal-ligand binding mode 
of Mn" towards H3L' or its derivatives in solution, UV 
absorption spectra of the free ligands, of ligand-Mn" salt 
mixtures in different ratios and of the isolated complexes (1-3) 
were recorded and compared. 

For the isolated complex 1, no bathochromic shift in the 
maximum absorbance wavelength (h,,, = 284 nm) with 
respect to the free dianion, HL', (A,,,,, = 285-290 nm) was 
observed in aqueous solution. This was not the case with copper 
and nickel complexes of H3L137 for which complexation 
induced a significant bathochromic shift of the ligand 
absorption band (h,,, = 316 nm). When the W studies were 
performed on ligand-Mn" salt mixtures, a bathochromic shift 
in the spectrum (h,,, = 304 nm) was observed at high 
ligand : metal ratio (1 : 20) suggesting a classical co-ordination 
of the metal to N' and to the carboxylate group. These results 
indicate that complex 1 dissociates in aqueous solution and 
has a low stability since complexation is only observed in the 
presence of a large excess of metal salt. This agrees with 
potentiometric studies which have shown that H3L' forms only 
very weak complexes with mangane~e.~ 

For the isolated complex 2, a significant bathochromic shift 
in the maximum absorption band (h,,, ca. 300 nm) with respect 
to the free acid (H,L2, A,,, = 278 nm) is observed. This shift is 
comparable with those observed for the nickel, copper and 
palladium complexes 37*38 implying a complexation at the N' 
and carboxylate chelating sites. By contrast, adding mangan- 
ese(n) salt to a solution of H2L2 does not induce a significant 
bathochromic shift even with a large metal salt excess (1 :40). 
These results indicate that Mn" is only weakly complexed by 
H,L2 in solution, in contrast to Cu" and Ni" ions which form 
more stable complexes with that acid than with H3L' itself.37 
However, once isolated by slow evaporation, 2 does not 
dissociate, or if so, only partially in aqueous solution as 
indicated by the observable bathochromic shift. This stability in 
solution agrees well with the dinuclear structure of complex 2 in 
the solid state for which a short metal-metal distance is 
observed (see below). 

Linear free energy relationships for proton dissociation and 
metal complexation have been observed for the pyrimidine acid 
system.32 Considering the acid dissociation constants of H3L3 
(pK, and pK, of 1.5 and 4.94, respectively) relative to those of 
H3L' (2.07 and 9.49, one might expect the metal complexes 
of H3L3 to be more stable than the corresponding H3L1 

O(7 

Fig. 2 Structure of compound 1 

complexes. Introduction of a nitro group, which was found 
to have a pronounced effect on the dissociation constants 
determined potentiometrically, also induces considerable 
modification of the W spectra. Thus, at the same acidic pH, 
H3L' exhibits a band at 285 nm while H3L3 shows a band at 297 
nm. In basic or neutral media the same band was found to shift 
to 338 nm implying a N' deprotonation for H3L3. In solution, 
complex 3 exhibits a band at 340 nm and when the LJV 
measurement was performed on aqueous ligand-metal salt 
mixtures, the same absorption was observed whatever the 
1igand:metal ratio. These results are in agreement with a 
binding mode at the N' C0,-chelating site and suggest a 
stronger complexing effect of H3L3 compared to H3L' and 
H,L2 toward Mn". 

Description of the Structure of Complex 1 .-The complex 
contains two different types of manganese atom and also 
two different HL' anions. Complex 1 consists of neutral 
[Mn2(HL1)2(H20)6] units which are bonded to each other to 
form polymer chains along the z axis. The core of the chain 
consists of Mn(2) and the HL' anion 2 and the co-ordination 
sphere at the manganese atoms is shown in Fig. 2. Each 
manganese atom is bonded to one HL' anion at ring nitrogen 
N' and at the adjacent carboxylate oxygen. For Mn( 1) the six- 
co-ordination (NO2OW3) is completed by the oxygen of the 
carboxylate group of other HL' anion bonded to Mn(2) and 
thus the HL' anion 1 is bidentate (N', 0'). The remainder of 
the co-ordination sites around Mn(1) are occupied by three 
water molecules. For Mn(2) the six-co-ordination (NO,O,,) is 
completed by an exocyclic keto oxygen (0") of the HL' anion 
2 of another unit and thus the HL' anion 2 is tetradentate (08, 
0 9 ,  01', N3) and bridges two Mn(2) metal ions by an anti-syn 
type of carboxylate bridge forming polymer chains of dinuclear 
units along the z axis (Fig. 3). The remainder of the co- 
ordination sites at Mn(2) are occupied by three water 
molecules. The Mn(1) Mn(2) distance in the unit cell is 
5.628( 1) 8, while the Mn(2) Mn(2) distance in the chain is 
4.7 1 5( 1) 8, (Table 5). In a copper(@ HL' complexg the two C-0 
bond lengths at the carboxylate group are quite different, 
1.267(4) and 1.225(4) A, with that bonded to Cu being the 
1onger.This is observed in many complexes of HL' . By contrast, 
in the manganese complex 1 the two C-O bond lengths of the 
carboxylate group of the HL' anion 2 are nearly the same 
[C(l0)-0(8) 1.263(3), C(10)-0(9) 1.246(3) A] respectively. 
Similarly the Mn( 1)-0( 1) and Mn( 1 )-0(8) distances at 2.178(2) 
and 2.171(2) A, respectively are almost identical. The co- 
ordination at the HL' anion 1 is typical of that of classical 
complexes with two different carboxylate C-O bonds, with one 
of the oxygens co-ordinated to Mn( 1) having a long C-O bond 
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b 

Fig. 3 Representation of the polymeric structure of compound 1 

distance of 1.259(3) A and the oxygen not co-ordinated having a 
short C-O bond distance of 1.239(3) A. The Mn-O distances are 
fairly similar except for Mn(2)-O(1 l), 2.299(2) A, between the 
Mn(2) atom and the exocyclic oxygen of the pyrimidine ring, 
this distance is also longer than that observed in polymeric 
nickel or cobalt HL' complexes where all M-O distances are 
similar at ca. 2.10 A whatever the type of oxygen involved 
(carboxylate, water or exocyclic keto oxygen). 'O Structural 
parameters for the HL' anion compared to those of 
monohydrated H3L' 39 show rather similar bond lengths while 
the bond angles display some marked differences. It should be 
noted that the carbonyl bond lengths are quite similar whether 
the carbonyl group is co-ordinated or not and co-ordination to 
the metal does not influence the CO bond order. The 
C(4)-N(l>-C(l) [117.6(2)"] and C(9)-N(3)-C(6) [117.8(2)"] 
angles are clearly smaller than in H3L' (122.7°)39 due to the 
complexation of the metal by the corresponding nitrogen 
atoms. Correlatively the C(3>-c(4)-N( 1) and the C(8)-C(9)- 
N(3) angles [124.5(2)0 and 124.9(2)", respectively] are increased 
relative to that of H3L' (121.7'). 

The pyrimidine ring deviates only very slightly from 
planarity. The dihedral angle between pyrimidine ring 1 and the 
co-ordination ring plane of Mn(1) is 2.29', while that between 
pyrimidine ring 2 and the co-ordination ring plane of Mn(2) is 
10.08' 

Fig. 4 Structure of the dinuclear compound 2 

Table 5 
e.s.d.s in parentheses for complex 1 

Selected interatomic distances (A) and bond angles (") with 

2.169(2) 
2.202(2) 
2.196(2) 
2.171(2) 
2.242(2) 
5.628( 1) 

73.90(7) 
96.02(7) 
84.58(7) 

106.36(7) 
9 1.16(8) 
85.06(8) 
93.95(8) 

174.89(7) 

1.361(3) 
1.337(3) 
1.367(3) 
1.370(3) 
1.421(3) 
1.364(3) 
1.522(3) 
1.259(3) 
1.239(3) 
1.263(3) 
1.249( 3) 

117.6(2) 
119.8(2) 
1 15.0(2) 
1 18.2(2) 
124.5(2) 
1 24.7(2) 
114.2(2) 

2.193(2) 
2.299(2) 
2.128(2) 
2.188(2) 
2.142(2) 

4.715(1) 
2.264(2) 

73.22(7) 
96.15(7) 
97.17(7) 
92.79(7) 
90.58(8) 
86.42(9) 
84.82(8) 

165.60(7) 

1.352(3) 
1.345(3) 
1.388(3) 
1.374(3) 
1.420(3) 
1.367(3) 
1.534(3) 
1.246(3) 
1.263(3) 
1.250(3) 
1.258(3) 

117.8(2) 
119.3(2) 
114.9(2) 
118.6(2) 
124.9(2) 
125.4(2) 
113.8(2) 

The polymeric chains are held together by an extensive array 
of hydrogen bonds details of which are given in Table 6. 

Description of the Structure of Complex 2.-Each unit cell of 
[Mn2(L2),(H,0),] contains one discrete neutral centrosym- 
metric dimer (Fig. 4). The two manganese atoms Mn and Mh' 
are bridged by oxygens O(7) and O(7') from two carboxylate 
groups. Each metal is six-co-ordinate (NO,O,,) with further 
co-ordination to the deprotonated N' nitrogen atoms of the 
pyrimidine ring adjacent to the carboxylate group, and to three 
water molecules. Carboxylate bridging between transition- 
metal atoms is well known in complexes such as copper(r1) 
acetate hydrate. 40*41 This mode of bridging links adjacent 
metal atoms via two different oxygens of a carboxylate group 
to form M-0-C-0-M bridges (syn-syn, anti-anti or anti-syn). 
However, it is an obvious a priori possibilitv that carboxvlntp 
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Table 6 Distances (A) and angles (“) of hydrogen bonds D-H A, for complex 1; D = donor atom, A = acceptor atom 

H A D * . * A  D-H H0m.A D-H.0.A D 
2.787(3) 
2.859(3) 
2.797(3) 
2.642(3) 
2.872(3) 
3.216(4) 
2.979(3) 
2.850(3) 
2.869( 3) 
2.667(3) 
2.645(3) 
2.974( 3) 
2.636(3) 
2,647(3) 
2.775(3) 

0.84 
0.86 
0.84 
0.93 
0.83 
0.89 
0.89 
0.90 
0.88 
0.86 
0.90 
0.86 
0.90 
0.85 
0.90 

1.95 
2.00 
1.98 
1.73 
2.06 
2.50 
2.50 
1.95 
2.16 
1.83 
1.75 
2.21 
1.77 
1.80 
2.07 

177 
I74 
163 
164 
171 
138 
134 
176 
138 
165 
178 
150 
161 
176 
135 

Symmetry operations: I x,  y ,  z; I 1  -4 + x,  f - y ,  f + z; 111 -; + x ,  + - y ,  -4 + z ;  IV +j + X ,  f - y ,  -+ + z;  v ; + X ,  -; - y ,  -4 + 2; 

v 1 + + x 7 - ; - y  92 + z. 

Table 7 Selected interatomic distances (A) and bond angles (“) with 
e.s.d.s in parentheses for complex 2 

Mn-O( 1) 2.273(2) Mn-0(2) 2.180(8) 
Mn-0(3) 2.128(2) Mn-N( 1) 2.241(2) 
Mn-0(7) 2.199(2) Mn-0(7’) 2.149(4) 
Mn*.-Mn‘ 3.472(2) 

0(1)-Mn-0(3) 85.7(1) 0(2)-Mn-0(3) 90.6( 1) 
O(l)-Mn-N( 1) 89.1( 1) 0(2)-Mn-N(1) 99.6(1) 
0(1)-Mn-0(7) 93.2(1) 0(2)-Mn-0(7) 92.4(1) 
N(l)-Mn-0(7) 73.4(1) Mn4(7)-Mn‘ 106.0( 1) 

12 1.6(2) 
118.2(2) 
1 18.9(2) 
1 18.2(2) 
116.1(2) 
119.2(2) 
1 15.7(2) 
12042) 

11932) 
1 18.9(2) 
122.9(2) 

123.9(2) 
124.1(2) 

124.7(2) 

120.1(2) 

120.1(2) 

can be involved in a monoatomic bridging mode forming an 
M-O-M bridge. The occurrence of such bridges is however 
firmly established in only a few cases.4244 While in complex 1 
the carboxylate group acts as a bridge between two metal atoms 
using both oxygen atoms, in complex 2 the same oxygen of 
the carboxylate group is three-co-ordinate and bridges two 
metal atoms. This unusual bonding mode results in a significant 
difference between the two C-0 bond lengths, 1.280(2) A and 
1.227(3) A, for the bridging and free carboxylate oxygens 
respective1 Consequently, the Mn Mn distance is short 
[3.472(2) 11 and the Mn-O(7)-Mn’ angle is 106.0( 1)O (Table 7). 
The geometry at the metal is quite distorted from octahedral 
because of the steric hindrance arising from the small bite angle 
N(l)-Mn-0(7) of 73.4(1)”. As expected, the bond lengths at 
the pyrimidine ring are normal and do not differ from those 
of H3L1 itself, 

Description of the Structure of Complex 3.-Each unit cell of 
complex 3 consists of one dinuclear anion [Mn,(HL3),- 
(H20)4C12]2- and of one [K2(H20)]2+ cation. The dinuclear 
anions are bonded together to form infinite chains. The co- 

Fig. 5 Structure of the dinuclear anim [Mn2(HL3),(H,0),CI,]2 - 
of compound 3 

ordination spheres about the two manganese atoms Mn(1) 
and Mn(2) are shown in Fig. 5 and interatomic distances and 
angles are given in Table 8. The Mn(1) manganese atom 
situated at an inversion centre is six-co-ordinated (N,O,Ow2) 
by two HL3 anions at ring nitrogen N( 1) and N(l’), at adjacent 
carboxylate oxygens O(6) and O(6‘) and by two water molecules 
0(1) and O(1‘). All the bond lengths around Mn(1) are quite 
similar but the angles differ significantly from the ideal value of 
90” because of the steric hindrance arising from the small co- 
ordination bite angle P(l)-Mn(l)-0(6) 72.98(6)”]. Complex 3 
is the second example where two pyrimidinecarboxylate ligands 
are bonded by N( 1) and by the carboxylate oxygen to the same 
metal atom, the previously described example being the 
cadmium complex of H3L1.l3 However, these two complexes 
are not isostructural. The Mn(2) atom is also situated at an 
inversion centre, the six-co-ordination (Cl,O,O,,) being 
provided by two chlorine atoms Cl(1) and Cl(l’), two water 
molecules O(8) and O(8’) and by the other oxygens O(7) and 
O(7’) of the carboxylate groups of the HL3 anions bonded to 
Mn(1). Thus the HL3 anions are tridentate, with the carb- 
oxylate group acting as an anti-syn bridge between the two 
metal atoms Mn(1) and Mn(2), as shown in Fig. 5. The 
manganese-ligand lengths are quite different around Mn(2) due 
to the manganese-chlorine co-ordination. However, the angles 
are little distorted from the ideal values. The Mn-0 bond 
distances around Mn(1) and Mn(2) are quite similar and the 
negative charge of the carboxylate group is equally distributed 
between the two metal atoms. 

The shortest Mn 9 Mn distance in the [Mn2(HL3),- 
(H20)4C1,]2- unit is between Mn(1) and Mn(2) with a value 
of 5.642(3) A. 

The water molecule O(9) is situated at an inversion centre and 
bridges the two potassium atoms K( 1) and K( 1’). Atom O(9) is 
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Table 8 Selected interatomic distances (A) and bond angles (") with 
e.s.d.s in parentheses for complex 3 

O( 1 )-Mn( 1 )-N( 1) 8866(7) 0(7 )-Mn(2)-Cl( 1) 91.32(6) 
O( 1 )-Mn( 1 )-0(6) 9 1.79(7) 0(7)-Mn(2)-0(8) 92.54(8) 
N( 1)-Mn( 1 m 6 )  72.98(6) CI( 1 )-Mn(Z)-O(8) 89.89(7) 

C(4)-N( l)-C( 1) 119.8(2) N(lK(l)-N(2) 117.7(2) 
N(Z)-C(2)-C(3) 112.8(2) C( 2 jC(  3W(4) 1 20.8( 2) 
C(3)-C(4)-N(1) 12242) 0(6)-C(5)-0(7) 12642) 
N(l)-C(4)-C(5) 113.8(2) 0(4t-N(3W(5) 123.W) 

K(l) CI(1'') 3.074(2) K(l) q1") 2.927(2) 
K ( l ) - - * 0 ( 9 )  3.016(6) K(1)**-0(6*') 2.915(2) 
K( 1) O(4') 2.714(2) K(1)***CI(lU) 3.094(2) 
K( I )  * O(5') 2.765(2) 

Symmetry transformations used to generate equivalent atoms: I 
- x  + 1, -y, -2 + 1; 11 -x, -y + 1,  -2 + 1; I11 x,  y + 1, 
2 - l ;IVx,y + 1,z. 

disordered over two sites, but is well behaved and the atomic 
displacement parameters are normal (see supplementary data). 
Other ionic interactions between the potassium ion and the 
chlorine atoms, the oxygen O(5) of the nitro group, and some 
of the water molecules bonded to manganese are also observed 
(Table 8, Fig. 6). 

In this structure, as in all the structures which contain HL', 
whether complexed or not, the respective bond lengths in the 
pyrimidine ring are quite similar, showing that complexation 
does not affect the n delocalization. 

Magnetic Susceptibility.-The magnetic susceptibilities for 
complexes 1-3 were measured in the range 290-2 K. At room 
temperature, complexes 1, 2 and 3 have effective magnetic 
moments per manganese@) ion of 5.83, 5.66 and 5.86 pB, 
respectively, indicating the high-spin nature of each complex. 

The effective magnetic moment per manganese@) decreases 
slowly from 5.83 to 5.50 pB and from 5.86 to 5.41 at 8 K for 
complexes 1 and 3, respectively. Below 8 K the magnetic 
moment decreases more dramatically and reaches 4.40 and 4.24 
pB per Mn at 2 K for complexes 1 and 3, respectively. The results 
of the crystal structure determination of complex 1 indicates a 
chain structure of dinuclear units with a Mn(2) Mn(2) 
distance of 4.71 5(l) A within the chain and a Mn( 1) . Mn(2) 
distance of 5.628(1) a in the dinuclear unit. Moreover no 
Mn Mn interchain distances below 4.7 15 A are observed. In 
complex 3 the metal-metal distances are lon er, the shortest of 
them being Mn(l).-.Mn(2) of 5.642(3) 1 observed in the 
dinuclear unit. These distances suggest that spin-spin magnetic 
interactions are unlikely to occur between the manganese 
ions of neighbouring chains or within the chain. However, 
the distortion of the manganese co-ordination octahedron in 
complexes 1 and 3 is large enough to result in a zero-field 
splitting of the manganese@) ground state and to afford a small 
lowering of the magnetic moment at low temperature as 
previously observed for some manganese@) complexes.45 

The powder X-band EPR spectra of these two compounds 
exhibit only a temperature-independant and featureless single- 

* 

FQ. 6 Structure of the cation [K2(H20)J2+ and its surroundings in 
compound 3 

line broad resonance with g values of 2.03 and 2.02 at room 
temperature for 1 and 3, respectively. The broadness of these 
isotropic signals are in agreement with the results of the crystal 
structure determinations. The binuclear units are not isolated 
but bridged into infinite chains. In these polymeric structures 
intermolecular interactions, even if too small to be detected 
by magnetic susceptibility measurements, can constitute an 
effective pathway for spin-spin exchange interactions mediated 
by the lattice of  chain^.^^.^' Moreover, as observed by X-ray 
measurements there is a strung distortion from 0, symmet-ry 
so a zero-field splitting is expected but not observed, Axial 
distortion of the ligand field from octahedral have already been 
observed for some polymeric manganese(@ 4methylpyridine 
compounds 48 without observation of zero-field splitting in the 
EPR spectra. 

For complex 2 the effective magnetic moment per 
manganese@) of 5.66 pB is lower than the spin-only value at 
290 K and decteases over the entire temperature range 
explored, reaching 2.48 pB per Mn at 2 K indicating a net 
antiferromagnetic exahange interaction. 

As already mentioned previously the structure consists of 
dinuclear units containing two high-spin manganese(n) ions 
bonded by one oxygen atom of the carboxylate group with a 
short Mn 9 Mn distance of 3.472(2) A. Outwith this distance, 
the shortest Mn Mn distances between two dinuclear units 
are in the order of 6.6 a. Consequently, the interpretation of the 
variation of experimental magnetic susceptibility data with 
temperature was attempted by using the theoretical equation 
for an isotropic magnetic exchange interaction between two 
S1 = S2 = ions by employing the susceptibility equation 
H = - U S 1  S2, the simplest spin H a m i l t ~ n i a n . ~ ~ * ~ ~  

The magnetic susceptibility equation used for this binuclear 
complex of manganese was that proposed by O ' C ~ n n o r ~ ~  
[equation (l)], where x = J/kT. 

Ng2p2 2e2" + 10e6x + 28elZx + 6 0 e 2 O x  + 1 10e30" 
kT 1 + 3eZX + 5e6X + 7e12x + 9eZox + lle3OX x = -  (1) 

The parameters obtained from the fit of the experimental 
values with this theoretical equation are J = - 1.3 cm-' and 
g = 1.95. A best fitting curve (R = 6 x lo4) may be found for 
the same J and g values if a second term accounting for a 
paramagnetic impurity (5%) was added below 6 K. The values 
so obtained are quite similar to those obtained for dinuclear 
manganese@) complexes with Robson-type ligands 50 (J = 
-0.82 cm-' and g = 1.94). In the manganese chain species 
Mn2(edta)9H20 (edta = N,N,N",N'ethylenediaminetetra- 
acetate), values of J = -0.50 cm-' and g = 2.0 are obtained; 
the weakness of the exchange observed in this case may be 
explained by the large distance between the two metal atoms 
(ca. 6 A), the carboxylate group acting as an anti-syn bridge. 
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Fig. 7 Experimental EPR spectrum of complex 2 obtained as a frozen 
glass (water-ethylene glycol) 

Complex 2 exhibits X-band powder EPR spectra character- 
ized by a broad resonance centred near g x 2 which does not 
show appreciable temperature dependence. While frozen 
solution spectra obtained from water glasses also exhibit only a 
very broad isotropic resonance, the frozen solution spectra 
obtained from water-ethyleneglycol glasses at 100 K exhibit a 
central allowed h y p e h e  sextet (Fig. 7). The allowed hyperfine 
lines obey the condition M = $, m t--3 M = -+, m; where 
M and m are the electronic and nuclear magnetic quantum 
numbers. Moreover we can observe the forbidden hyperfine 
lines corresponding to M = i, m f-3 M = -$, m - 1 and 
M = $, m - 1 - M = -$, m. The forbidden doublet 
separation is defined to be the separation between the lines 
corresponding to +, m - -$, m - 1 and +, rn - 1 f-----) -+, 
m. 

This spectrum is typical for a Mn2 + ion and similar spectra 
have recently been observed by MisraS2 for Mn" in Si02 
xerogel samples and by Borras-Almenar et aLS3 from the 
X-band powder spectrum of Mn-doped Zn2(edta)-6H,0. By 
contrast, coupling two S = ions should give a system of 36 
spin states which can be grouped into a six-spin manifold 
(S = 0, 1,2, 3,4 and 5). Nevertheless, the number of observed 
EPR transitions in the spectrum of a pair of Mn2+ ions may 
be much greater that the number observed for a monomeric 
complex. 

The similarity of the fine-structure pattern of this complex 
with those described for electronically isolated manganese 
species indicates either that the dinuclear entity is not retained 
in dilute solution, or that the small antiferromagnetic 
interactions operating between the two manganese(r1) ions of 
the binuclear unit do not modify appreciably the EPR spectra 
of these complexes. 

The value of the hyperfine parameter A can be estimated 
from the average value of the separation between successive 
allowed hyperfine lines. The value of A is given by the 
expression proposed by Misra 5 2  [equation (2)] where B is the 
magnetic field. 

Assuming g = 2.00, then we obtain A = -0.27 GHz. This 
value is in accord with those obtained by Narayana et c ~ l . , ' ~  
Abragam and B l e a n e ~ ~ ~  or more recently by Misras2 for 
Mn2 + ions. 

The zero-field splitting parameter (0) can be estimated by 
using the expression proposed by Misra 52  for the separation of 
a forbidden hyperfine doublet insthe spectra of a polycrystalline 
sample. Taking into account the value of 20 G for the average 
forbidden doublet separation in our spectrum the value 
obtained is D = f2.93 GHz. This low value of the zero-field 
splitting is indicative of a slightly distorted octahedral 

Fig. 8 Schematic representation of the carboxylate bridges between 
Mn" ions in 1 (a), 2 (b) and 3 (c) 

symmetry and does not reflect the steric constraints arising 
from the small bite angle N(l)-Mn-0(7) of 73.4(1)0. A 
complete study of the magnetic properties of this complex 
including single-crystal EPR studies is still in progress. 

Conclusion 
The reaction of Mn" ion with H3L1, H2L2 and H3L3 in water at 
neutral pH has allowed the isolation of polynuclear metallic 
compounds. While complex 3 is rapidly obtained in the 
crystalline state from water-acetonitrile, compounds 1 and 2 
were only obtained by slow evaporation of aqueous solutions. 
The U V  absorption studies indicate the weak complexing 
properties of these ligands, at least in the case of H3L1 and 
H,L3. Then it seems likely that some modification in the 
crystallisation process could change the co-ordination and the 
structural arrangements of these manganese derivatives or 
could even lead to monomeric species as is generally reported 
for complexes of H3L'. However, it should be underlined that 
the major binding mode of the Mn" ion in this class of ligand 
is uia the N' and carboxylate sites in the solid state as well as 
in solution. Fig. 8 summarises the different modes of linking 
manganese atoms observed in the solid state. While X-ray 
diffraction studies show the polymeric nature of the complexes 
obtained, it should be noted that antiferromagnetic interaction 
between manganese(r1) ions is only observed for the dinuclear 
complex obtained from H2L2. 
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