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Characterization of Some High-spin Iron(iii) Complexes with Urea 
Derivatives. Crystal Structure of Diaquatetrakis(perhydr0pyrimidin- 
2-one)iron Trichloride Dihydrate and of Perhydropyrimidin-2-one 
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High-spin complexes of the type [FeL6]X,, where L = urea, lr3-dimethylurea (dmu), 1,3-diethylurea (deu), 
perhydropyrimidin-2-one (1,3-trirnethyleneurea, tu), imidazolidin-2-one (lr3-ethyleneurea, eu), and X = CI04 or 
Br, and [Fe(tu),(OH,),] CI,-2H20 have been prepared. A discrete octahedral geometry for all these complexes 
has been inferred from i.r., magnetic susceptibility, and Mossbauer measurements. The crystal structure of 
[Fe(tu),(OH,),]CI,~2H20 has been solved by a three-dimensional Patterson synthesis : the crystals are ortho- 
rhombic, space group P2,2,2,, with a = 18.627(9), b = 15.555(7), c = 9.876(5) A, Z = 4, refined to R 0.056 
for 2567 observable reflections. The iron atom is co-ordinated to two cis-oxygen atoms of two water molecules 
[Fe-0 2.028(5) and 2.036(5)A respectively] and to four oxygen atoms of the tu  ligands [Fe-0 1.996(5), 
1.940(5), 1.995(5), and 2.000(5) A respectively] in approximately octahedral manner. For comparison, the 
crystal structure of perhydropyrimidin-2-one has also been determined by direct methods : orthorhombic, space 
group Pnam (no. 62), with a = 10.282(3), b = 6.763(3), c = 7.1 71 ( 2 ) k  Z = 4, R 0.039, 392 observable 
reflections. Iterative extended- Huckel calculations have been performed. 

35100 Padova, Italy 

Padova, Italy 

SUBSTITUTED ureas are known to form many complexes 
with iron(w) having general formula FeL,X, where 
n = 2, 3, or 6.1-5 In most cases, a discrete structure 
with the ligands co-ordinated viu the oxygen atom has 
been inferred from i.r. data while Mossbauer spectro- 
scopy and magnetic susceptibility measurements point 
to an octahedral geometry and a high-spin electronic 
configuration. It seemed interesting to extend these 
studies to obtain further electronic and structural inform- 
ation, and so other complexes containing urea, 1,3-di- 
met hylurea (dmu), 1,3-diethylurea (deu) , perhydro- 

EXPERIMENTAL 

Preparation of the Complexes.-All reagents were obtained 
from commercial sources and used without further purific- 
ation. The solvents were purified before use according to 
standard methods. All the complexes were prepared in 
the same way; as an example, the preparation of 
[Fe(eu),]Br, is reported. One gram of FeBr, was dissolved 
in few millilitres of acetone or ethanol; this solution was 
slowly poured into another in which the stoicheiometric 
quantity of the ligand was dissolved. The complex pre- 
cipitated on addition of hexane or diethyl ether; i t  was 
washed with the solvent and dried under vacuum. Only 

TABLE 1 
Analytical data 

Complex 

Analysis (yo) 
M.p. a A b  W r  A I 

(O,/"C) ohm-' cm2 niol-1 B.M.  Fe c H N X 
202 203.4 5.76 7 .7  (7.8) 9.6 (10.1) 3.2 (3.4) 23.0 (23.5) 14.6 (14.9) 

5.73 6.4 (6.3) 24.4 (24.5) 5.3 (5.5) 18.6 (19.0) 12.1 (12.1) 205 270.4 
5.95 5.6 (5.3) 33.2 (34.3) 6.6 (6.9) 15.5 (16.0) 10.8 (10.1) 288.6 
6.10 5.9 (5.9) 29.9 (30.2) 4.9 (5.1) 17.4 (17.6) 11.3 (11.1) 203 223.4 
5.50 7.0 (6.9) 27.5 (26.6) 4.6 (4.5) 26.7 (26.7) 28.7 (29.5) (5)  r ~ e  (eu),i ~ r ,  137 

(6) [Fe(tu),(OH2),]C13.2 H,O 152 6.02 8.7 (8.8) 29.6 (30.3) 6.4 (6.4) 17.6 (17.7) 17.6 (16.8) 

(1) [~e(urea),I[~10,1, 

(3) [Fe(deu),I [c10413 
(4) [Fe(tu),l[C10,1, 

(2) [Fe(dmu)61[C10413 

1 B.M. x 9.27 x A m2. 
a Melting Doints were determined under vacuum and are uncorrected. For mol dm-3 solutions in MeNO, at  25 "C. Cal- 

culated vaTi;es are given in parentheses. d H,O, 10.8 (11.4%) 

pyrimidin-%one (1,3-trimethyleneurea, tu), imidazolidin- 
2-one (1,3-ethyleneurea, eu), and ClO,, C1, and Br have 
been prepared and characterized. 

The complexes, in particular with the tu ligand, show 
a great variety of stoicheiometry ; besides the already 
reported complex [Fe(tu),Cl,] [FeCl,],, another, Fe(tu),Cl,, 
was recently de~cribed.~ Far-i.r. spectra support a 
discrete structure for the latter, while its Mossbauer 
spectrum indicates the presence of only one iron site. 
In this paper two new tu complexes are reported and 
the X-ray analysis of [Fe(tu),(OH2),]C1,~2H,0 has been 
performed. In order to study the effect of co-ordination 
of the tu  molecule, the crystal structure of the free 
ligand has also been determined. 

[Fe(tu),(OH2)2]Cl,*2H20 was obtained by slow evaporation 
of the solvent in the atmosphere. All of the complexes were 
recrystallized to constant analysis and identified by i.r. 
spectroscopy. The products were crystalline materials, 
stable in the solid state. Elemental analyses and melting 
points are reported in Table 1 together with the water 
content determined by the Karl Fisher method. The iron 
percentage was determined by atomic absorption spectro- 
scopy using a Perkin-Elmer 300 instrument. The crystal 
of perhydropyrimidin-2-one used for the X-ray study was 
obtained as a transparent prism by slow evaporation from 
ace tone. 

Magnetic susceptibilities were determined at room tem- 
perature by the Gouy method; the magnetic balance was 
calibrated with [Ni(en),][S,O,] (en = ethylenediamine) and 
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Pascal's constants were used to correct for diamagnetism. 
Conductivity data were obtained on an LKB type 3216 B 
bridge a t  room temperature in a conventional closed cell, 
using mol ~ l r n - ~  solutions in MeNO,. Conductivity and 

TABLE 2 
Some relevant i.r. bands (cm-l) 

Mode Ligand Complex 
urea I( [Fe(urea),][ClO,], 
1686 1631 

1 503 1468 
dmu [Fe(dmu),][C10,], 
1635 1587 
1410 1448 
deu [Fe(deu),][ClO,], 

V(C0) 1645 1 585 

4 0 )  
V(CN) 

V(CO) 
V(CN) 

[Fe(tu)J- [Fe(tu) ,(OH,) 21- 
C1,-2H,O 

1614 1686 
1540 1590 1581 
1316 1322 1318 

782 843 844 

t u  d [;'6"3J3 

V(C0) 
W H )  
V(NH) 
P (NH) 

V(C0) 
W H )  
P (NH) 

eu ~ ~ e ( e u ) , i  ~ r ,  
1 660 1633 
1502 1534 

700 745 
a See ref. 16. a See ref. 1. See ref. 17. See ref. 4. 

See ref. 5. 

magnetic data are also reported in Table 1.  Infrared 
spectra were recorded on Beckman 1 R  9 and Perkin-Elmer 
850 instruments using KBr pellets, far-i.r. spectra as Nujol 
mulls on a Reckman 1R 11 spectrophotometer. Some 
relevant i.r. bands are listed in Table 2. 

Crystal and Intensity Data.-Diaquatetrakis(perhydvo- 
pyrinzidin-2-one)iron trichloride dihydrate, [Fe(tu),(OH,),]- 
C1,-2H,O. Cl,H,,C13FeN80,, M = 634.76, Orthorhoinbic, 

2 861.5(4) A3, D ,  = 1.46 (by flotation), Z = 4, D, = 1.47 

8.57 cm-l, space group P212,21, crystal dimensions 0.35 x 
0.20 x 0.70 mm. 

Intensity data were collected using a Philips PW 1100 
four-circle diffractometer in the range 4 < 28 6 50", with 
Mo-K, radiation (graphite monochromator, 8-20 scan 
mode, scan width 1.2", scan speed 0.03" s-l). Three 
standard reflections were measured every 120 min. Using 

a = 18.627(9), b = 15.555(7), G = 9.876(5) A, U = 

g F(000) 1 236, A(Mo-Ka)  = 0.710 69 A, p ( M o - K a )  = 

TABLE 3 
Final fractional atomic co-ordinates for [Fe(tu),(OH,),]Cl,* 

2H,O with estimated standard deviations in parentheses 
Atom xla Y lb Z/C  

Ft? 0.154 8(1) 0.233 7(1) 0.358 5(l)  
0.412 0(1) 0.226 O(2) 0.160 2(3) 
0.032 9(1) 0.483 O(2) 0.378 O(3) 

cull 
Cl(2) 
C1( 3) 0.182 2(1) 0.312 7(2) -0.067 l ( 2 )  

0.204 3(3) 0.208 5(4) 0.533 3(5) 
0.226 7(3) 0.163 5(4) 0.257 5(6) 

out 
0.214 4(3) 0.335 2(4) 0.339 2(6) 

0 ( 2 )  

0.079 5(3) 0.302 3(4) 0.461 7(6) 
O(V 

0.090 8(3) 0.130 9(3) 0.373 O(6) 
O(4) 
O(W 

0.102 l(3) 0.265 l(4) 0.185 7(5) 
0.066 l(4) 0.281 9(7) 0.718 9(6) 

(76)  

-0.002 5(4) 0.178 3(5) 0.071 7(8) 
O(7) 

0.281 8(4) 0.238 5(6) 0.699 5(7) 
0.323 8(3) 0.208 8 ( 5 )  0.483 9(7) 

N(1) 

0.298 7(4) 0.382 l(5) 0.194 O(8) 
N(2) 
N(3) 

0.194 8(4) 0.457 9(5) 0.227 9(9) 
0.280 7(4) 0.103 8 ( 5 )  0.078 2(7) 

N(4) 

0.162 5(4) 0.072 8(4) 0.124 7(7) 
N(5) 
N(6) 
N(7) 0.019 l(4) 0.020 4(5) 0.423 9(8) 
N(8) 0.066 7(4) 0.103 4(6) 0.594 l(7) 

TABLE 3 
0.269 O(4) 
0.398 8(6) 
0.405 6(9) 
0.408 2(20) 
0.353 4(6) 
0.234 8(4) 
0.326 O(6) 
0.297 3(6) 
0.215 4(6) 
0.222 6(4) 
0.278 4(7) 
0.205 8(7) 
0.152 2(6) 
0.058 9(4) 

C(1) 
C(2) 
C(3) 
C(31) 
C(4) 
C(5) 
(76) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C( 12) 
C( 13) 

C(15) 

H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(21) 
H(22) 
H(31) 
H(32) 
H(41) 
H(42) 
H(61) 
H(62) 
H(71) 
H(72) 

-0.018 9(6) 
-0.033 8(8) 

C (  14) 

0.029 2(8) 
0.236 
0.312 
0.330 
0.143 
0.331 
0.118 
0.014 
0.104 
0.434 
0.415 
0.458 
0.395 
0.366 
0.353 
0.384 
0.310 
0.318 
0.313 
0.193 
0.196 
0.319 H(  101) 

H(  102) 0.298 
H(111) 0.203 

H(121) 0.162 

H( 141) 0.013 
H(  142) 0.931 
H(151) 0.926 
H(152) 0.947 
H(161) 0.014 
H(162) 0.067 
H(104) 0.078 
H(204) 0.038 
H(106) 0.124 
H(206) a 0.063 
H(107) 0.524 
H(207) 0.600 
H(108) 0.983 
H(208) 0.017 

gg;; 

H(112) 0.191 

H(122) 0.099 

0 All hydrogen-atom co-or 
on A F  map, but not refined. 

(Continued) 
0.218 8(6) 0.569 7(9) 
0.221 l(7) 0.524 O( 11) 
0.201 l(11) 0.680 O(18) 
0.274 O(25) 0.633 l(43) 
0.251 4(7) 0.755 6(10) 
0.390 8(5 )  0.252 8(9) 
0.441 3(7) 0.094 4( 11) 
0.529 O(8)  0.121 5(13) 
0.525 O(8) 0.130 5 (  14) 
0.115 l(5) 0.152 4(9) 
0.048 9(8) -0.045 6(13) 
0.048 9(9) -0.102 2(14) 
0.021 4(7) 0.001 4(11) 
0.086 3(5) 0.462 3(9) 

-0.036 O(8) 0.516 2(12) 
0.007 6(9) 0.641 l(17) 
0.051 7(9) 0.699 2(14) 
0.247 0.767 
0.191 0.380 
0.330 0.226 
0.437 0.282 
0.135 0.108 
0.077 0.195 
0.010 0.316 
0.156 0.622 
0.179 0.465 

0.502 0.288 
0.708 0.218 

0.135 0.689 
0.319 0.755 
0.228 0.859 
0.442 0.099 
0.420 0.994 
0.552 0.217 
0.572 0.041 
0.514 0.032 
0.588 0.167 
0.076 0.958 
0.986 0.986 
0.003 0.813 

0.860 0.112 
0.954 0.026 
0.029 0.964 
0.908 0.535 
0.945 0.469 
0.055 0.621 
0.960 0.711 
0.089 0.781 
0.000 0.783 
0.363 0.437 
0.320 0.488 
0.279 0.109 
0.241 0.158 
0.207 0.242 
0.219 0.224 
0.118 0.093 
0.192 0.002 

,dinates were calculated. Found 

the criterion I >, 3 4 4 ,  2 567 of the 2 845 recorded inten- 
sities were independent and observable. The data were 
corrected for Lorentz and polarization effects, and for 
absorption following the method proposed by North et aZ.6 

Perhydropyrimidin-2-one, tu. C,H8N,0, M = 100.12, 
Orthorhombic, a = 10.282(3), b = 6.763(3), c = 7.171(2) A, 
U = 498.6(5) A3, D, = 1.32 (by flotation), Z = 4, D, = 
1.33 g ~ m - ~ ,  F(000) = 216, A(Mo-Ka) = 0.710 69 A, 
~ (Mo-K, )  = 0.92 cm-l, space group P n a m  (no. 62), crystal 
dimensions 0.50 x 0.30 x 0.10 mm. 

Among 
the 475 reflections, 392 were considered observable accord- 
ing to the criterion I > 3o(I). Corrections were made for 
Lorentz-polarization, but not for the effects of X-ray 
absorption. 

Intensity data were collected as for the complex. 
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Bond distances (A) and angles 
(a j Distances 

1.996(5) 
1.268( 9) 
1.340( 1 0) 
1.459(11) 
1.454( 18) 
1.576(19) 
1.466( 11) 
1.3 36 ( 10) 

(b) Angles 
O( l)-Fe--O (2) 
0 (2) -FeO (3) 
0 ( 3 ) - F e 0  (4) 
0 (4)-Fe-O (5) 
0 ( 2)-Fe-0 ( 6) 
O( l)-Fe-O(4) 
O( 1)-FeO(5) 
0 ( 1)-FeO( 3) 
0 ( 3 ) - F e 0 (  6) 
Fe-0 (3)-C(5) 
0 (3)-C (5)-N (3) 
C( 5)-N (3)-C (6) 
N (3)-C (6)-C( 7) 
C(6)-C(7)-C(S) 
C(7)-C(8)-N(4) 

N(4)-C(5)-0(3) 
C (8)-N( 4)-C (5) 

N(3)-C(5)-N(4) 

90.8(0.2) 
90.7(0.2) 

88.4(0.2) 
92.0(0.2) 
89.3(0.2) 
93.2 (0.2) 
88.9 (0.2) 
89.9(0.2) 

142.1 (0.5) 
119.4(0.8) 
123.3(0.8) 
109.6(0.8) 
109.3 (1.0) 

122.8(0.8) 
120.0(0.8) 
120.6(0.8) 

91.0(0.2) 

109.1 (1 .O) 

") for [Fe(tu 

1.996(5) 
1.285 (9) 
1.3 19( 10) 
1.492( 13) 
1.464( 15) 
1.49 1 ( 1 5) 
1.470( 12) 
1.327(10) 

TABLE 4 
a(OH2)2]Cl,~2H20 with estimated standard deviations in parentheses 

F e O (  1)-C(l) 

C( 1)-N( 1)-C(4) 
0 ( l)-C ( 1)-N ( 1) 

N(l)-C(4)-C(3) 
C( 4)-C( 3)-C( 2) 

N(2)-C(1)-0(1) 
N(  l)-c( 1)-N(2) 

C( 3)-C( 2)-N (2) 
C( 2)-N (2)-C ( 1) 

Fe-0 (5)-C( 13) 
0 (5)-C ( 1 3)-N ( 7) 
C( 13)-N (7)-C( 14) 
N (7)-C ( 14)-C( 15) 
C( la)<( 15)-C( 16) 
C( 15)-C( 16)-N (8) 
C ( 1 6)-N ( 8)-C( 1 3) 
N (8)-C ( 1 3)-0 (5) 
N (7)-C( 13)-N( 8) 

Solution and Refinement of the Structures.-The molecular 
structure of [Fe(tu),(OH,),]C1,*2H20 was solved by differ- 
ence electron-density syntheses following successful location 
of the Fe and C1 atoms from a three-dimensional Patterson 
synthesis. A full-matrix least-squares refinement of F was 

1.940(5) 
1.2 72 (9) 
1.33 2 (1 0) 
1.440(11) 
1.490( 14) 
1.530( 14) 
1.470(14) 
1.306( 10) 

Fe-0 (5) 
0 (5)-C( 13) 
C( 13)-N( 7) 
N(7)-C(14) 
C ( 14)-C (1 5) 
C(15)<(16) 
C( 16)-N (8) 
N( 8)- C( 13) 

13 1.2( 0.5) 
1 18.0( 0.7) 
123.9 (0.7) 
llO.O(O.9) 
1 10.2( 1.2) 
108.4( 0.9) 
1 22.8( 0.7) 
122.1 (0.7) 
11 9.9(0.7) 
1 3 9.9 (0.5) 
llg.l(O.7) 
1 24.3 (0.8) 
110.4(1.0) 
1 13.6( 1.2) 
110.7( 1.1) 
12 1.5(0.9) 
121.2( 0.7) 
119.6(0.8) 

2.000( 5) 
1.269( 9) 
1.32 1 (10) 
1.449(12) 
1.436( 17) 
1.476( 1 7) 
1.487 ( 14) 
1.3 36 (1 0) 

F e O  (4) 
O( 4)-H ( 104) 
0(4)-H(204) 
Fe-0 (6) 
0 (6)-H (1 06) 
0(6)-H(206) 

C (3 l ) - C  (2) 
C( 31)-C( 3) 

C(4)-C(31) 

2.036 (5) 

0.85( 1) 
2.0 2 8 (5) 
0.89(1) 
0.87( 1) 
1.6 22 (38) 
1.367 (39) 
1.225 (37) 

0.98( 1) 

Fe-0 (2)-C (9) 
0 (2)-C( 9)-N (5) 
C( 9)-N (5)-C( 10) 
N(5)-C( lo)+( 11) 

C(ll)-C(l2)-N(6) 
C ( 1 2)-N (6)-C( 9) 

N (5)-C( 9)-N ( 6) 
Fe-O(4)-H( 104) 
Fe-0 (4)-H (204) 
H ( 1 04) -0 (4) -H ( 204) 
Fe-O(6)-H( 106) 
Fe-O( 6)-H( 206) 
H ( 106) -0( 6)-H (206) 
N(l)-C(4)-C(31) 

C( 3 l)-C( 2)-N (2) 

C( 10)-C( 1 1)-C( 12) 

N W-c ( 91-0 ( 2) 

C(4)-C(3 1)-C( 2) 

133.2 (0.5) 
1 18.6( 0.7) 
120.6(0.8) 
109.8( 1 .O) 
110.9( 1.1) 
109 .O( 0.9) 
123.4(0.7) 
1 20.5( 0.7) 
120.8( 0.7) 
11 3.7( 5.5) 
159. g(0.5) 
7 4.6 (5.4) 

123.6(0.4) 
1 24.3 (0.5) 
103.1(0.5) 
108.8( 1.4) 
112.1(2.3) 
114.5( 1.7) 

computed, minimizing the function Cw(IF,I - IFcl)2 where 
w = 1.  Throughout the analysis, the scattering factors of 
ref. 7 were used, and both the real and imaginary com- 
ponents of anomalous dispersion were included for Fe and 
C1.8 The Fe, C1, 0, and N atoms were refined aniso- 
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tropically, while isotropic thermal parameters were assigned 
to the C atoms. A C-H distance of 1.08 .k was employed. 
For the 2 567 observed reflections the final conventional 
R value was 0.056. The stereochemical arrangement of the 

TABLE 5 

Interatomic distances less than 3.4 A for 
iFe(tu) 4 (OH,) 23 C13.2HzO 

0(7)-Cl(lI) 3.111 * O( 8)-C1( 2) 2.130 * 
0(7)-C1(31) 3.062 * 0 (6)-C1( 3) 3.001 * 
N(l)-C1(3*) 3.176 * 0(7)-0( 3.360 
0(8) -Cl ( l )  3.162 * 0(4)-C1(2 ) 3.056 * 
N(7)-C1(2) 3.188 * N (4)-C1( 211) 3.383 
O(7)-0(4) 2.572 * C ( 2)-0 ( 4 9  3.3 88 
O(8)-O(6) 2.624 * C (4)-O( 81x1) 3.363 
0(7)-N(8) 3.038 * N(S)-Cl(IV) 3.202 * 

N(3)-CI(lIV) 3.234 * 
Symmetry operators: I, x,  y,  1 + z ;  11, 2, 4 + y, 4 - z ;  

111, Q + x ,  & - y ,  1 - 2; IV, Q + x ,  9 - y,  f 
* Possible hydrogen bond. 

complex is shown in Figure 1, together with the atom- 
numbering scheme. The final atomic co-ordinates with 
their standard deviations are listed in Table 3, bond 
distances and angles, uncorrected for changes due to thermal 
vibrations, in Table 4, and some interatomic distances in 
Table 5. 

The molecular structure of perhydropyrimidin-2-one (tu) 
was solved by direct methods using non-centrosymmetric 
phase relations. Normalized structure factors were calcu- 
lated and the 178 reflections with ]E(hkZ)I 3 1.02 were used 
in the phasing program MULTAN.s The E map showed 
the t u  molecule to lie on the mirror plane of the centro- 
symmetric space group. The refinement of the structure 
parameters was carried out by full-matrix least-squares 
analysis, allowing the non-hydrogen atoms to vibrate 
anisotropically . All the hydrogen atoms were located from 
difference-Fourier maps and then included in the refinement 

and so a new carbon atom, C(31), was inserted. The 
occupance ratio C(3) : C(31) = 0.7 : 0.3 was determined with 
fixed thermal parameters; these were free only in the 
successive least-squares cycles. The atomic scattering 
factors used for all the atoms were obtained from ref. 7.  A 
perspective view of the tu molecule is shown in Figure 2. 
The fractional co-ordinates, bond distances, bond and 
torsion angles with their standard deviations are reported 
in Table 6. 

Observed and calculated structure factors for [Fe(tu),- 
(OH2),]C1,-2H,O and for perhydropyrimidin-2-one, together 
with their anisotropic thermal parameters, are listed in 
Supplementary Publication No. SUP 22702 (28 pp.).* 

TABLE 6 
Final fractional atomic co-ordinates, bond distances (A), 

and torsion angles (") for perhydropyrimidin-2-one 
with estimated standard deviations in parentheses 

( u )  Final fractional atomic co-ordinates 

Atom Xla Y lb 
O(1) 
N(1) 
C(1) 
C(2) 
C(3) 
H(N) 
H(21) 
H(22) 
H(31) 

0.516 5(5) 0.481 l(8) 
0.414 2(4) 0.722 4(7) 
0.449 4(7) 0.636 2( 11) 
0.329 5(6) 0.896 0(9) 
0.346 4(9) 1.021 7(13) 
0.434( 6) 0.659(9) 
0.353(6) 0.966( 10) 
0.23 1 ( 7) 0.853( 9) 
0.439(9) 1.088( 14) 
0.280(9) 1.1 28 ( 1 4) H(32) 

ZIC 
0.250 0 
0.410 9(6) 
0.250 0 
0.422 2(9) 
0.250 0 
0.518( 10) 
0.546( 9) 
0.434( 9) 
0.250 
0.250 

(c) Angles 
0 (1 ) -W-N(1 \  
N( 1)-C( 1)-N( 1 ) 
C( 1)-N( 1)-C( 2) 
H(N)-N( 1)-C( 1) 
H(N)-N(l)-C(2) 
N(l)-CP)-C(3) 
N( 1)-C(2)-H( 21) 

1.256( 4) 
1.342( 2) 
1.464( 3) 
1.509( 3) 

160.7(0.1) 
118.5(0.2) 
123.8(0.2) 
117.9( 1.1) 
11 7.7( 1.2) 
109.8(0.2) 
106.2 ( 1.5) 

C( 2)-H( 2 1) 1.03( 3) 
C(2)-H( 22) 1.06( 3) 
C( 3)-H (3 1) 1.05( 4) 
C( 3)-H( 32) 0.99( 4) 
N(1)-H(N) 0.80(4) 

H( 21)-C(2)-H( 22) 
H (2 2)-C( 2)-C (3) 
H (2 1)-C( 2)-C (3) 
H(22)-C(2)-N( 1) 
c (2) -c ( 3)-c ( 2') 
H (3 1)-C( 3)-C( 2) 
H (32)-C( 3)-C( 2) 
H(3  1)-C( 3)-H (32) 

106.4(2.1) 
109.4(1.6) 
114.5( 1.5) 
1 10.6( 1.6) 
109.8 (0.3) 

109.4(1.1) 
108.1(3.0) 

110.1( 1.1) 

(d) Torsion angles * 
N( l ' )-C( l)-N(l)-C(2) -5.7 
C ( 1) -N ( 1 )-C ( 2)-C (3) 30.0 
N( l)-C( 2)-C( 3)<( 2') - 52.2 

* The torsion angle of the  bonded group A-X-Y-B is the 
angle between the planes A-X-Y and X-Y-B, positive if 
clockwise and negative if counterclockwise. 

1 J 
a 

FIGURE 2 Perspective of perhydropyrimidin-2-one (tu) with 
atom-numbering scheme and crystal packing 

with isotropic thermal parameters equivalent to the aniso- 
tropic ones of the atoms to which the hydrogens are bound.lO 
The function Cw(lF,,I - IFc1)2, where w = 1, was minimized 
and the final IZ value for the 392 observed reflections was 
0.039. The AF map showed a high electron density corres- 
ponding to an alternate site of the apical carbon atom C(3), 

Mossbauer Parameters.-Mossbauer spectra were recorded 
on a conventional constant-acceleration spectrometer using 
a 50-mCi 67Co(Rh) source a t  room temperature. Calibration 
was effected using a-iron but the isomer-shift values are 
relative to sodium nitroprusside for direct comparison 
purposes with the previous literature. The data points 
were fitted to Lorentzian lineshapes by an iterative least- 
squares program. A typical Mossbauer spectrum a t  various 
temperatures, together with the calculated curves, is shown 
in Figure 3. Table 7 lists the Mossbauer isomer shifts ( 6 )  
and the full widths at half-weight (r). 

Iterative extended Huckel-method (IEHM) calculations 
were carried out by a FORTRAN program developed to 

* For details see Notices t o  Authors No. 7, J.C.S. Dalton, 1979, 
Index issue. 
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handle a very large set of atomic orbitals. In all calcu- 
lations the basis set was limited to valence electrons; the 
Slater exponents l1 and valence-orbital ionization poten- 
tials l2 were derived from the literature, and the Wolfsberg- 
Helmholtz approximation was used. The crystallographic 

- 3  - 2  - 1  0 1 2 3 
Vetocity / m m  s-' 

FIGURE 3 Mossbauer spectra of [Fe(tu),(OH2),]C1,~2H2O a t  
various temperatures showing the experimental points and 
calculated curves 

data of [Fe(tu),(OH,),]C13-2H,0 and t u  were used as input. 
A Mulliken population analysis l3 was performed. The 
lattice and valence contributions to the quadrupole splitting 
were calculated using already reported methods and 

TABLE 7 

Mossbauer parameters (8 andT in mm s-l) 

(1) 
(2) 
(3) 
(4) 
( 5 )  
(6) 

Complex T/I< 6 "  r b  

295 0.61 0.90 
295 0.58 0.94 
295 0.61 0.92 
80 0.59 0.96 

295 0.55 0.98 
80 0.67 0.90 

Relative to  sodium nitroprusside; the accuracy is f0 .03  
mm s-l. "The accuracy is +0.01 mm s-l. No observed 
Mossbauer effect at room temperature. 

values.l* Table 9 lists some results of the semi-empirical 
IEHM calculations. 

The SHELX-76 system of crystallographic programs,15 
the Mossbauer fitting program, and the IEHM program 
were used on a CDC Cyber 76 computer. 

RESULTS A N D  DISCUSSION 

General Comments.-The i.r. data of Table 2 show that 
urea,16 1,3-dimethylurea,l 1 ,3-diethylurea,17 perhydro- 
pyrimidin-2-one,* and imidazolidin-2-one are co-ordin- 
ated to iron through their oxygen atoms. The C-N 
stretching frequency shows a positive shift on going from 
the free to the co-ordinated ligand, while the C=O 
stretching has a negative shift because of the weakening 
of the double bond on formation of a Fe-0 bond. 
This shift shows interesting variations in the complexes 
with the tu  ligand: thus, while [Fe(tu),][ClO,], and 
Fe(tu),Cl,, give similar values for the v(C=O) band 
(1 630 and 1626 cm-l respectively), [Fe(tu),(OH,),]- 
C13-2H,0 shows an anomalous shift (1 614 cm-l), suggest- 
ing a significant influence of the water content in the co- 
ordination sphere of the complex. This influence was 
explained by the X-ray study which shows a discrete 
structure with two water molecules completing the co- 
ordination sphere of the iron. 

The presence of two i.r. bands due to unco-ordinated 
perchlorate ion at 1030-1 200 and 630 cm-l in the 

'TABLE 8 

Least-squares planes in [Fe(tu),(OH,),]CI3.2H,O and tu in 
thc form A X  + BY + CZ + D = 0 with deviations 
(A) from the plane in square brackets 

(4 [Fe(tu),(OH,),IC1,.2H,O 
Plane ( I ) :  A = 0 . 4 4 9 1 , B = - O . 2 : 3 4 9 , C = 0 . 8 6 2 1 , n = 3 . 4 7 7 9  

[Fe 0.015, O(2) 0.013, O(3) -0.021, O(4) 0.013, O(5) 

Plane (11): A = 0.670 4, R = -0.539 0, C = -0.510 0, D = 

[Fe 0.024, 0(1) -0.027, O(3)  0.015, O(5) 0.014, O(6) 

Plane (111): A = 0.5668, B = 0.817 2, C = -0.1046, D = 

[Fe 0.003, O(1) 0.025, O(2)  -0.026, O(4) -0.027, O(6) 

Plane (IV): A = 0.484 9, B = 0.515 2 ,  C = 0.735 4, D = 6.905 2 
[0(3)  0.000, C(5) -0.016, N(3) 0.017, N(4) 0.005, C(6) 

- 0.0211 

-1.856 0 

-0.0271 

4.231 4 

0.0241 

-0.009, C(7) * 0.647, C(8) 0.002J 

(4 t u  
Plane (V) : A = 0.833 6, B 0.552 4, C = 0.000 0, D = 6.203 0 

[0(1) -0.054, C(l)  0.025, N( l )  0.046, N(1') 0.046, C(2) 

Plane(V1): A = 0 . 8 5 9 3 , B = 0 . 5 1 1 5 , C = 0 . 0 0 0 0 , D = = 6 . 1 6 1 6  
-0.032, C(2') -0.032, C(3) * 0.5SSJ 

[0(1) -0.003, C(l)  0.010, N( l )  -0.003, N(1') -0.003, 
C(2) * - 0.151, C(2') * - 0.151, C(3) * 0.4331 

*Atom not used in the calculations. 

spectra of complexes (1)-(4) of Table 1 points to a 
discrete ionic structure.'* This statement agrees with 
the conductivity data, which indicate an ionic (1 : 3) 
nature for these complexes. Also for complexes (5) and 
(6) of Table 1, the far-i.r. data suggest a discrete ionic 
structure; in fact the spectra do not show any absorption 
due to terminal or bridging Fe-Br or Fe-Cl bonds. Such 
an assignment for all our complexes agrees with the 
monomeric structure already proposed for [Fe(urea),]Cl,, 
[ Fe (urea),] Br,, [Fe ( t ~ ) ~ ]  Br,, and Fe ( t~) ,Cl , .~  

The values of the magnetic moments at room tem- 
perature indicate a high-spin electronic configuration for 
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all the reported complexes, and is confirmed by the 
Mossbauer isomer-shift values of Table 7 which are 
within the range normally observed for octahedral high- 
spin iron(m) complexes.lQ 

Crystal StrzGcture of Diaquatetrakis(perhydropyrimidin- 
2-0ne)iron TrichZoride Dihydrate.-The crystal structure 
of the complex consists of discrete [ F ~ ( ~ U ) ~ ( O H ~ ) . J ~ +  
cations, chlorine anions, and water molecules of crystal- 
lization. The geometry of the cation is octahedral: 
three oxygens of tu and one of water occupy the equa- 
torial plane, and two other oxygens, one from tu  and 

ported. For this [plane (IV) in Table 81, which is by 
far the worst least-squares plane, the maximum deviation 
is 0.017 A. 

A complex network of hydrogen bonding contributes 
to the cohesion of the structure. The crystal packing 
is mainly determined by O-H - - C1 and N-H * * C1 
bonds, as shown in Figure 1 and Table 5 where only 
interatomic distances less than 3.4 A are reported. It is 
also interesting to note that only one nitrogen atom for 
each tu  ligand is involved in hydrogen bonds with C1 
anions. The chlorine anions are co-ordinated through 

TABLE 9 
Some significant atomic charge vaIues for [Fe(tu),(OH,),I8+, [Fe(tu)JS’, and tu 

[ Fe (tu) Ja+ b 

tu d 

Charge 
-0.13 
- 0.41 
-0.41 
-0.42 
-0.22 
-0.39 
-0.19 

-0.12, 
- 0.39 
- 0.39 
-0.40 
- 0.40 
-0.39 
-0.39 

- 0.14 
-0.12 

0.17 
0.07 
0.03 

Charge Atom Charge 

0.17 
0.17 
0.16 
0.12 H(204) 0.14 
0.16 
0.11 H(206) 0.11 

0.18 
0.18 
0.18 
0.18 
0.17 
0.17 

0.09 
0.03 
0.03 
0.02 
0.03 

Cf. Figure 1 for the atom-numbering scheme. b The crystal data for [Fe(tu),(OH8)!Ia+ were used but two tu groups were sub- 
Primed atoms correspond to the atoms of the two tu ligands after inversion with respect to iron. stituted for the water molecules. 

Cf. Figure 2 for the atom-numbering scheme. 

one from a water molecule, complete the co-ordination 
sphere around the iron (Figure 3). The deviations 
of the atoms from the least-squares planes (1)- 
(111) of Table 8 and the bond angles and distances 
(Table 4) show a nearly regular octahedral geometry 
around the iron atom, in agreement with the lack 
of a quadrupole splitting of its Mossbauer spectrum 
(Figure 3). The bond distances Fe-O(l), Fe-0(2), and 
Fe-O(5) are very similar, while Fe-O(3) is ca. 0.057 A 
shorter. On the other hand, the distances Fe-O(4) and 
Fe-O(6) are significantly longer than these values, 
indicating that most of the negative charge resides on 
the amide oxygen atoms. As shown in Table 9, the 
amide oxygen atoms possess a charge of ca. -0.41 
compared with cn. -0.21 on the water oxygen atoms. 
Nevertheless all Fe-0 distances in the complex generally 
fall within the range usually As expected, 
the distances between the iron and the oxygen atom of 
the water of crystallization are very large: Fe-O(7) 
3.995 and Fe-O(8) 4.165 A. 

As is usually observed in other urea complexes, the 
iron-oxygen-carbon angles are higher than the ideal 
trigonal value. This may be due to steric hindrance of 
the amino-groups bound to the carbon atom. 

For comparison, only the plane of the atoms 0(3), 
C(5) ,  N(3), C(6), C(8), and N(4) of the tu  ligand is re- 

hydrogen bonds to two water molecules: Cl(1) to two 
water molecules of crystallization, Cl(2) and Cl(3) to one 
water molecule of crystallization and one of the co- 
ordination sphere. The very long Fe-Cl distances, 
5.177, 4.498, and 4.409 A respectively, agree with the 
absence of Fe-C1 far4.r. bands. 

The effect of co-ordination of perhydropyrimidin-2-one 
through its oxygen atom (Table 2) may be observed by 
comparing the C-0 bond length and bond order in the 
complex and in the free molecule. To study this effect, 
the crystal structure of the free tu  was determined. 

Crystal Structure of Perhydropyrimidin-2-one (tu) .-A 
perspective view of the title compound showing its con- 
formation and the atom-numbering scheme is shown in 
Figure 2. The bond angles around carbon atom C ( l )  
correspond to trigonal hybridization ; the bond distances 
indicate 60% double-bond character for the C-0 bond 
and 20% for each C-N bond.2s The electronic structure 
of the urea derivatives may be represented as a suitably 
weighted hybrid of ionic and covalent forms; the atomic 
charges -0.41 on O(l), 0.17 on C(1), and -0.12 on N(l)  
(Table 9) were calculated for the tu  molecule. 

It is expected that co-ordination via oxygen should 
decrease the bond order and increase the bond length, 
enhancing the contribution of ionic forms. The C-0 
bond length in tu  is 1.256(4) A while in [Fe(tu),(OH,),]- 
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C13*2H,0 it ranges from 1.268(9) to 1.285(9) A (mean 
1.274 A). This very small difference ((30) is probably 
insignificant, but the C-0 stretching values of Table 2 
show that there is indeed a small effect of this type. The 
trend seems to be confirmed, also, by the bond-order 
values: the C-0 bond order in the tu  ligand, 0.78, 
decreases to an average value of 0.71 in the complex. 
Apart from this case, on going from free to bound tu  
(Tables 4 and 6), the bond distances and angles show no 
large variations. 

The bond angles around carbon atoms C(2) and C(3) 
are very close to those of a regular tetrahedron. It is 
therefore reasonable to consider the observed C(2)-C(3) 
bond length (1.509 A) as single even if it is 0.031 A 
shorter than the accepted length; similar values have 
already been found in tr imethylenethi~urea.~~ 

Both the C(1)-N(1)-C(2) bond angle and the N(1)-H(N) 
bond length indicate that the nitrogen atom is trigonally 
hybridized. The N(  1)-C(2) distance represents a single 
bond even if shorter than the sum of the appropriate 
covalent radii, 1.47 A. The amide bond lengths and 
angles are in good agreement with those of urea,26 mono- 
methylurea,,' and other similar molecules.28 

Among the intermolecular distances, only that between 
0(1) and N ( l )  (1 - x, 1 - y ,  1 - x) (2.883 A) is less than 
3.5 A as shown in Figure 2, where the separation among 
molecules related by the mirror plane and glide plane is 
also presented. This distance is characteristic for 
0 . 0 - N hydrogen bonds and further support for this in- 
terpretation is the H(N) - * - 0" distance (1.74 A), which 
is much smaller than the sum of the van der Waals radii. 
As usual in hydrogen-bonded structures, the hydrogen 
atom does not lie directly on the 0 - - - N line, with the 
result that the 0" - H-N angle is 64.2'. Each 
nitrogen atom has one hydrogen bond, while each oxygen 
atom takes part in two hydrogen bonds and these, with 
the 0-C bond, form a pyramidal arrangement. In 
contrast to the complex (Figure l), where only one 
nitrogen atom from each tu  molecule is involved in 
hydrogen bonding, both the nitrogen atoms of the free 
ligand are involved in hydrogen bonds (Figure 2). 

Some least-squares planes for tu  are reported in 
Table 8: the atoms 0(1 ) ,  C(1), N(1), C(2), N(l '),  and 
C(2') are coplanar, as is observed for the corresponding 
atoms of the tu ligand in the complex. The plane of the 
amide group 0(1), C(1), N(1), and N(1') is also reported 
and the maximum deviation is 0.010 A for C(1), in agree- 
ment with the planarity observed for the amide group 
in the complex. 

Mossbauer Parameters.-In agreement with their 
nearly regular octahedral symmetry, the complexes of 
Table 7 do not exhibit a measurable Mossbauer quadru- 
pole splitting. This is also in accord with some semi- 
empirical IEHM calculations performed for the [Fe(tu),- 
(OH2)A3' and [Fe(tu),I3+ cations, and not reported here 
for brevity . 

All the complexes give isomer shifts of ca. 0.60 mm s-l 
that are nearly temperature independent (Table 7). 
This suggests that the electronic and the ligand environ- 

ment around the iron nucleus remain similar in all the 
complexes, despite the variation in the nature of the co- 
ordinated urea derivatives. The very small isomer-shift 
variation observed on going from complex (4) to (6) of 
Table 7 may be attributed to the substitution of two tu  
ligands by two water molecules in the iron co-ordination 
sphere. This agrees with the IEHM scheme, where a 
reverse order of the 4s electron populations has been 
observed on going from complex (4) to (6) of Table 7. 

All the spectra exhibit a single broad Lorentzian line, 
whose width is ca. 9.5 times the natural one (0.097 
mm The linewidth is nearly constant over the 
studied temperature range (see, for example, Figure 3) 
and seems to indicate a relaxation of spin-spin rather 
than spin-lattice type.30 This behaviour is similar to 
that observed in K3[Fe (C,04)3]*2H,0,31 iron( 111) alum ,32 

Fe [C104]3*6H20,33 etc. For [ Fe (tu) 4( OH,) 23 C13*2H20 in 
particular, the presence of electron-spin relaxation effects 
agrees with its Fe-Fe spacings (ca. 9.5 A). The applic- 
ation of an external magnetic field of few kOe should 
reduce its Mossbauer linewidth, while low-temperature 
measurements should change the Lorentzian shape of its 
line.M Only experimental measurements in the presence 
of an external magnetic field and low-temperature tech- 
niques may confirm the nature of the relaxation, but 
such information is not available at  present. 

[9/723 Received, 10th May, 19791 
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