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Ligand substitution in the Fe(diketo), (diketo = 
the anion of either acetylacetone (Hacac), benzoyl- 
acetone (Hbzac), or dibenzoylmethane (Hdbzac)), by 
its I :1 molar ratio reaction with either pyridine-2,6- 
dicarboxylic acid (Hzpdc), picolinic acid (Hpc), or 
with chloroacetic acids (HR; RA, RB, Ro = mono-, 
di-, or trichloroacetate respectively) produced the 
mixed iron(III) complexes (diketo)Fe(pdc) (diketo = 
acac, bzac, or dbzac), (diketo)zFe(pc) (diketo = acac 
or dbzac), and (acac)ZFe(R)*nHzO (for R = RA and 
Rc, n = 1 and for R = R,, n = 0) respectively. The 
reaction of the latter (R = Ro; 1:1 molar ratio) with 
either HR(R = Rn or RA) afforded the mixed com- 
plex (acac)Fe(Ro)(RB)*H20 and (acac)Fe(Ro)(RJ* 
Hz0 respectively, while its reaction with Hzpdc (I:I) 
led to the formation of (acac)Fe(pdc). The acetyl- 
acetonate anion in the complex could be replaced by 
oxinate and trichloroacetate in its reaction with 
oxine (1:l) or HRo (1:5), whereas (acac)Fe(pdc)* 
urea was obtained from the reaction of the complex 
with urea (1:2). The tridentate (pdc), bidentate 
(diketonate, pc, R, Rn, RA, and oxinate) and mono- 
dentate (urea, Fe-O bonding) coordinations of the 
ligands and the suggested polymerization of the (pdc) 
mixed ligand complexes are based on analytical, 
spectral and magnetic moment evidence. 

Introduction 

It was deduced [l] from the X-ray structural 
determination of the neutral acetylacetonato- iron- 
(III) complex that the Fe-O distances are identical 
and the O-Fe-O angle was found to be 89.5” which 
is the nearest to 90” for the trivalent metal acetyl- 
acetonate [2] complexes. Thus the metal ion is 
surrounded by a fairly regular octahedral arrangement 
of the chelate oxygens. A mass spectral study has 
shown that the iron(II1) complex will lose one acetyl- 
acetonate radical at low pressures [3]. The reaction 
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of either sodium ethoxide [4] or picric acid [S] with 
iron(II1) acetylacetonate led to the cleavage of one of 
the coordinated ligands. The ligand exchange reaction 
in aluminium acetylacetonate was reported [6, 71 to 
be catalyzed by acids and the oxygen atom of the 
ligand is protonated as the first step. It was recently 
argued [8] that the protonation site is the carbon 
atom. Both sites were considered [9] for the 
protonation of 1,3-dicarbonyl compounds. 

We wish to report an investigation concerning the 
reactivity of some fl-diketonate-iron(II1) complexes 
which is aimed at isolating mixed ligands complexes 
of iron(II1) with mono- (urea), di- (/3-diketonate, halo- 
acetates and picolinate) and tridentate (pyridine-2,6- 
dicarboxylate) ligands. 

Experimental 

Reagent grade chemicals were used. Fe(diketo- 
nate)a complexes (diketonate = acetylacetonate, 
monobenzoylacetonate, or dibenzoylmethanate) were 
prepared by literature methods [lo]. The electronic 
spectra were carried out with a Unicam ‘SP 800. The 
infrared spectra of the metal complexes were mea- 
sured as nujol mulls using a Perkin-Elmer 580 spectro- 
photometer (4000-200 cm-‘). Magnetic susceptibili- 
ties were measured at room temperature (296 K) by 
the Faraday method. Mercuric tetrathiocyanato- 
cobaltate(I1) was used as the magnetic susceptibility 
standard. Diamagnetic corrections were effected by 
employing Pascal’s constants [I 11. Magnetic mo- 
ments were calculated from the equation pen = 2.84 
dm. Carbon and hydrogen were determined at 
the University of Cairo. Nitrogen and chlorine analy- 
ses were performed at the analytical unit of our 
chemistry department. A standard method was used 
for the metal determination. All metal complexes 
were dried under vacuum over phosphorus pentoxide. 

Preparation of Metal Complexes 
(i) Preparation of (acac)Fe(pdc), (bzac)Fe(pdc), 
and (dbzac)Fe(pdc) 
Hacac, Hbzac, and Hdbzac refer to acetylacetone, 

benzoylacetone, and dibenzoylmethane respectively; 
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Hzpdc = pyridine-2,6dicarboxylic acid. The ethyl 
alcohol solution (100 ml) of the acid (0.0057 mol) 
was added to that (50 ml) of the equimolar con- 
centration of the complex. The resulting solution was 
boiled for 4 hr, filtered, and left to cool. The precipi- 
tated complex was filtered off, washed with benzene 
followed by ethyl alcohol, and dried. 

(ii) Reaction of (acac)Fe(pdc) with oxine 
The ethyl alcohol solution (20 ml) of oxine 

(0.003 1 mol) was added to the warm solution (50 ml) 
of the equimolar concentration of the iron(II1) com- 
plex. The resulting dark solution was boiled for 1 hr 
and left overnight. The formed complex was filtered 
off, washed with ethyl alcohol, and dried. 

(iii) Reaction of (acac)Fe(pdc) with trichloroacetic 
acid 
The benzene solution (50 ml) of the acid (0.016 

mol) was added to the powdered iron complex 
(0.0031 mol) and the reaction solution was left for 3 
days. The formed complex was filtered off, washed 
with benzene, and dried. 

(iv) Reaction of (acac)Fe(pdc) with urea 
This was carried out as described in (i) except that 

the molar ratio of urea to the iron(M) complex 
(0.003 1 mol) was 2 to 1. 

(v) Preparation of (acac)2Fe(pc) and (dbzac)2Fe- 
(PC) 
Hpc = picolinic acid. These complexes were pre- 

pared as described in (i) from the reactions of 
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picolinic acid with the corresponding Fe(diketonate)s 
complex. 

(vi) Prepamtion of (acac)2Fe(C02R); R = CC13, 
CHC12, and CH2Cl 
The benzene solution (20 ml) of the chloroacetic 

acid (0.0062 mol) was added to that (70 ml) of the 
equimolar concentration of the iron(II1) complex. 
The reaction solution was refluxed for 2 hr and 
concentrated to 30 ml. The complex was precipitated 
by petroleum ether, filtered off, and washed with 
petroleum ether. 

(vii) Reaction of (acac)2Fe(C02CC13) with either 
dichloro- or monochloroacetic acid 
This reaction was carried out as described in (vi) 

using equimolar concentration of the acid (0.0062 
mol) and the iron(II1) complex. 

(viii) The preparation of (acac)Fe(pdc) from the 
reaction of (acac)2Fe(C02CCl~) with H2pdc 
This reaction was carried out as described in (i) 

using equimolar concentration of the acid (0.0031 
mol) and the iron(III) complex. 

Results and Discussion 

The reactions that led to the formation of the 
iron(II1) complexes 1-13 are illustrated in the 
accompanying schematic representation. The substi- 
tution of two diketonate anions, in the Fe(diketo- 
nate), complexes, by one of the tridentate (pdc) 

HPC 

(dbzac)l‘e(pdc); (3) C------ Fe(dbzac)s ------+ (dbzac)zFe(pc); (7) 

H@c 
(bzac)l:e(Pdc); (2) -Fe(bzac)~ 

H@dc HPC 
(acac)l:e(pdc); (1) --Fe(acac)s A (acac)zFe(pc); (8) 

(ox!_::::;~)2~0 ‘f%l: j!i;;; ;:I 

(5) 

(acac)Fe(pdc)-CO(NH& (12); (acac)Fe(RC)(Rg)-Hz0 

(6) (13); (acac)Fe(Ro)(R&*H20 

Scheme I 

A schematic representation that illustrates the reactions of metal complexes (abbreviations have the same significance as in 
experimental section). 



TABLE I. Suggested Formulations, Elemental Analyses, Colour, and Effect of Heat for the Metal Complexes. 

Metal 
Complex 

Suggested Formulation 
(C) = Calculated 
(F) = Found 

Elemental Analyses (%) Colour Effect of Heat CC) 

C H N Cl Fe 
melting starts = m.s. 

1 

2 

3 

4 

5 

6 

I 

8 

9 

10 

11 

12 

13 

(acac)Fe(pdc) 

C12HloN06Fe 

(bzac)Fe(pdc) 

C~+I~ZNQSF~ 

(dbzac)Fe(pdc) 
CZZHWNO~F~ 

@x)Fe(pdc) 
C16H,N@sFe; Ox = oxinate 

(CC&COz)Fe(pdc).HzO 
C9HsNCl307Fe 

(acac)Fe(pdc).urea 

C13H14N307Fe 

(acac)$+(pc) 
C&1aN06Fe 

(dbzac)#e(pc) 
CMH2,jN06Fe 

(acac)zFe(CO.$Cl+HzO 

C12Hl6Cl607Fe 

(acac)zFe(CO#HClz) 

Ci2H lsa2OsFe 

(acac)Fe(CO#Z13)(R&HZ0 
Rg = CHCQCOT 

C9H&W7Fe 

(acac)Fe(CO+Xl3)(R&H20 
RA = CH2CICO~ 
C9HlG&Fe 

(0 45.03 
(F) 44.71 

(0 53.43 
W 53.80 

(0 59.49 
U3 59.66 

(0 52.64 
(F) 52.34 

(0 26.94 
(F) 26.61 

CC) 41.08 
(F) 41.10 

(C) 51.09 
W 51.36 

(0 68.01 
(F) 68.33 

(0 33.18 
(F) 33.29 

(0 37.83 
03 38.02 

(C) 39.43 
(F) 39.71 

(C) 23.33 
03 23.06 

3.15 
3.02 

3.17 
3.23 

3.18 
3.30 

2.48 
2.51 

1.26 
1.32 

3.71 
3.76 

4.82 
4.75 

4.36 
4.41 

3.71 
3.52 

3.97 
4.03 

4.96 
5.05 

2.18 
2.20 

(C) 25.21 2.59 
(F) 25.09 2.64 

4.38 
4.38 

3.67 
3.72 

3.15 
3.20 

7.67 
7.63 

3.49 
3.50 

11.05 
11.31 

3.72 
3.81 

2.33 
2.40 

- 
- 

_ 
- 

_ 
_ 

_ 
- 

- 
- 

- 
_ 

- 
_ 

_ 
- 

_ 
_ 

26.51 
26.77 

- 
- 

17.45 
17.63 

14.61 
14.39 

12.57 
12.71 

15.29 
15.07 

13.92 
14.08 

14.69 
14.34 

brownish- 
red 

brownish- 
red 

red 

dark 
brown 

yellowish- 
brown 

brown 

- 
- 

- 
_ 

24.48 
24.39 

18.61 
18.90 

9.70 
9.85 

38.26 
38.5 1 

14.84 
15.06 

9.30 
9.35 

12.85 
13.04 

14.66 
14.35 

15.27 
15.30 

12.05 
12.03 

brownish- 
red 

brownish- 
red 

red 

red 

brownish- 
red 

brownish- 
red 

33.07 13.02 brownish- 
33.29 13.19 red 

darkens at 240 

darkens at 205, m.s. at 
225 

darkens above 200, m.s. 
at 260 

no change till 300 

darkens above 200 

darkens above 240 

m.s. at 245 

m.s. at 128 

darkens at 80 m.s. at 
110 

m.s. at 136 

m.s. at 145 

m.s. at 170 

m.s. at 150 
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TABLE II. Infrared Spectra (cm-‘) of Metal Complexes (Nujol Mulls). 

M. M. Aly and A. M. El-Awad 

Complex Assignment 

Pyridine-acid OCOa Diketonateb Haloacetate OCOc Metal-Ligand 
- 

“SS VS UC”0 vc=c 
Vibrations 

VSS VS 

1 1663(s) 
1630(s) 1410(s) 1565(s) 1530(s) _ - 

2 1675(s) 
1650(s) 1525(s) _ _ 

3 1680(s) 

1410(s) 1587(m) 

1412(s) 1578(m) 1518(s) _ - 

4 1670(s) 

1645(s) 1410(s) _ _ _ _ 

5 

6 

1660(s) 

1637(s) 

1660(s) 
1640(s) 

1415(m) _ _ 

1415(s) 1565(s) 1528(m) 

1650(s) 1385(s) 

_ - 

I 1674(s) 1380(m) 1570(m) 1520(m) _ 

8 1675(s) 1392(m) 1577(s) 15 18(s) _ _ 

9 

10 

11 

12 

13 

_ 1572(s) 1528(s) 1680(s) 1360(m) 

_ 1575(s) 1519(s) 1656(m) 1394(m) 

_ 1568(s) 1514(m) 1615(s) 1405(m) 

_ 1570(s) 1520(m) 1665(s) 1380(m) RC 
1640(s) 1400(m) RB 

- 1565(s) 1522(m) 1655(m) 1380(s) Rc 
1612(s) 1412(m) RA 

w = weak, m = medium, s = strong. 

‘-’ These are assigned according to Refs. [ 131, [ 121, [ 171, [23] and [ 161 respectively. The vFe_0 of the carboxylates cannot 

be assigned with certainity owing to the complexity of the systems. fBroad band at 3500-3200 cm-’ of the vO-H of the lattice 
or coordinated water molecule in these complexes (hydrogen bonding). RC, RB and RA in complexes 12 and 13 refer to tri- 
chloro-, dichloro-, and monochloroacetates respectively. 

660(w), 562(m), 
536(m), 442(s), 
29 8(m) Fe-O(acac) d 

665(m), 565(w), 
550(w), 438(s), 
292(m) FeO(bzac)d 

668(w), 568(m) 
547(m), 439(m), 
293(m) Fe-O(dbzac)d 

330(s), 382(m) 

“Fe-0(0x), 
265(m) vF~-N(OX)~ 

f 

652(w), 565(m), 
550(s), 438(s), 

287(s) Fe-O(acac)d 

653(w), 560(m), 
552(m), 442(s), 

305(m) Fe-O(acac)d 

650(m), 556(m), 
538(m), 452(m), 

284(m) Fe-O(dbzac)d 

648(m), 560(m), 
547(m), 452(s), 
282(m) Fe-O(acac)d*f 

652(s), 562(m), 
550(m), 435(s), 
280(m) Fe-O(acac)d 

654(w), 560(m), 
550(m), 440(s), 
265(m) Fe-O(acac)d*f 

655(w), 565(m), 
552(m), 440(s), 
280(w) Fe-O(acac)d*f 

652(m), 565(m), 
548(m), 443(s), 

277(m) Fe-O(acac)d*f 

anion (through the nitrogen atom and an oxygen C-0 and C-C stretching bands of the diketonate 
atom from each carboxylate) produced metal com- indicate bidentate coordination of the ligands [ 121 
plexes l-3 which are formulated as shown in Table I. (see Table 11). Two stretching vibrations for the car- 
These formulations are compatible with the analytical boxylates of (pdc) were observed from complexes 1 
data and with the spectral measurements. Thus, the and 2 while only the higher frequency band could be 



Iron(M) Complexes 

detected from complex 3. It is assumed that in the 
latter complex both carboxylates are monodentate 
[13] which is not the case for former complexes 
where the possible coordination of a ketonic oxygen 
atom to the adjacent iron atom of another molecule 
cannot be ruled out. Two stretching vibrations should 
be expected from the two types of carboxylates in 
complexes 1 and 2 with the higher frequency vibra- 
tion to be associated with the monodentate car- 
boxylate and the lower frequency band to be respon- 
sible for the bridging carboxylate (see Fig. 1). Similar 
cases of chelated and bridging carboxylate of the 
(pdc) ligand in a metal complex were recently re- 
ported [13,14]. 

Fig. 1. Suggested molecular formulation for complexes 1,2 

and 44, L refers to the bidcntate ligands in these metal 
complexes. 

The magnetic moment of complex 1 (with relative- 
ly the least steric effect of two methyl groups com- 
pared with complexes 2 and 3) was found to be 5.98 
B.M. which is indicative of a spin-free iron(II1) com- 
plex. Bridging of the carboxylate will be therefore 
more likely through the ketonic oxygen and not 
through the chelated oxygen atoms of the carbox- 
ylate which could allow a higher probability for 
metal-metal interaction (Fig. 1). 

That the acetylacetonate in complex 1 could be 
replaced by other ligands is shown by the reaction of 
this complex with either oxine or trichloroacetic acid 
to produce the mixed ligand complexes 4 and 5 
respectively. Bidentate coordination of the oxinate in 
this complex is based on vibrational bands (1108(s) 
K-0 [15], 498(w) in-plane C-O bending, 404(m) 
chelate ring deformation [16] and the metal-ligand 
stretching bands in Table II) which characterize this 
type of coordination to iron(Il1). Similar coordina- 
tion for the trichloroacetate in complex 5 is suggested 
owing to the similarity of V, and v, with those of 
known bidentate haloacetates [ 171. The appearance 
of two stretching vibrations for the carboxylates of 
(pdc) implies that complexes 4 and 5 have the same 
polymeric structure suggested for complexes 1 and 2. 
This formulation, shown in Fig. 1, seems to be a 
structural feature for the (pdc) complexes of transi- 
tion metal ions [ 181. 

The suggested coordinative unsaturation of the 
iron atom in complex 1 is substantiated by its reac- 
tion with urea to give rise to complex 6. The coordi- 
nation of urea to the iron(II1) atom through oxygen 
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in the latter comnlex (which is usually the case for 
the iron(III)-urea complexes) is explained [19] by 
the shift of the vC=O of urea from 1683 to 1552 

-’ while those of the vNHz bands persisted at 
;?OO: 3315, and 3200 cm-‘. Moreover, the shift of 
v, of the carboxylate to higher frequency (Table II) 
on increasing the size of the diketonate from (acac) 
to (dbzac), complexes 1 to 3, could be associated 
with a weaker Fe-O bond in the chelate ring and a 
stronger Fe-O bond in the bridge. 

The replacement of one of the coordinated 
diketonate ligand from the iron(II1) complex 
either the picolinate (complexes 7 and 8) or the 
chloroacetate (complexes 9-l 1) produced different 
types of mixed ligand complexes in which both 
ligands are bidentate. In such a case the regular 
octahedral structure of the iron(III)-diketonate 
complex is expected to be largely preserved. Biden- 
tate coordination of the remaining two diketonate 
ligands in complexes 7-l 1 is evidenced by the 
stretching vibrations of Cq and C-C, while a 
similar type of coordination [ 171 for the chloro- 
acetates is in accordance with the values of v, and v, 
listed in Table II. These bands are observed at 
comparable locations to those reported for biden- 
tate haloacetates of transitions metal ions [17] with 
the usual sensitivity of the stretching vibrations to the 
number of electron withdrawing substituents in the 
acetate group [ 171. A magnetic moment of complex 
9 of 5.96 B.M. indicated that it is a spin-free d5 
complex. 

The bidentate coordination of the picolinate anion 
in complexes 7 and 8 is acquired through the 
combined coordination of the nitrogen and the 
monodentate carboxylate. The stretching vibrations 
of the carboxylate in these complexes (Table II) 
suggest this type of coordination by comparison with 
picolinic acid complexes of some transition metals 
[20]. The appearance of a strong band at 1605 cm-r, 
and weak bands at 1235 and 625 cm-’ is diagnostic 
for the coordination of the heterocyclic nitrogen [2 1, 
221 to the metal ion in these complexes. Other bands 
at 1250 and 420 cm-’ are mixed with those of the 
diketonate. These bands are similarly observed from 
complexes l-5 and have the same implication. 

The formation of complex 1 from the reaction of 
the spin-free complex 9 with pyridine-2,6-dicar- 
boxylic acid required the substitution of an acetyl- 
acetonate and a carboxylate by an anion of the 
dicarboxylic acid. It is concluded, therefore, that the 
Fe-0 bond of the carboxylate chelate ring is weaker 
than the corresponding bond of the acetylacetonate 
one in the mixed ligand complex 9. If this were not 
the case then the replacement process would have 
involved the two acetylacetonates of complex 9. 

Substitution of a second acetylacetonate by a car- 
boxylate in the mixed acetylacetonate-trichloro- 
acetateiron(II1) complex 9 was achieved by its reac- 
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tion with either dichloro- or monochloroacetic acid 
to give complexes 12 and 13 respectively. Infrared 
evidence for the coordination of the bidentate acetyl- 
acetonate and carboxylates is similar to that discussed 
above for their precursor (Table II). 

The Fe-O vibrations (oxygen of diketonate) of 
complexes l-3 and 6-13, listed in Table II, show 
some shifts from their observed [23, 241 locations 
from Fe(acac)s particularly the 300 cm-’ band which 
produced the largest isotopic shift in Nakamoto’s 
investigation [23]. It is interesting to note, in this 
connection, that the strength of the 436 cm-’ band, 
which was the strongest among the other vFe-0 
vibrations in complexes 1 and 7 (diketonate = acac) 
has decreased in complexes 3 and 8 (diketonate = 
dbzac). In fact it acquired the same strength like the 
300, 551, and 562 cm-’ bands associated with vFe- 
0. This result appears to be compatible with the 
earlier suggestions [23,24] that the 436 cm-’ band 
is a coupled vibration between the Fe--O and C-CHs 
stretching modes. 

change. This observation supports the infrared assign- 
ments concerning the bidentate coordination of the 
diketonate. The decrease in the strength of the 
absorption peaks for the mixed chelates when com- 
pared with Fe(diketonate)s is ascribed to the lower 
number of diketonate anion in the former complexes. 
However, the electronic spectra of the complexes are 
compatible with the assumption that the energy 
difference between the d, (responsible [26] for the 
charge transfer) and d, electrons was not perturbed 
by the ligand substitution reactions. 
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