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Abstract Trivalent chromium, manganese, iron and bivalent cobalt salts react with 2,6- 
diaminopyridine and acetylacetone to give complexes of the type [M(CI5H17N302)X] [where 
X = CI, Br, NO3 or NCS for M = chromium(III) and iron(III);  X = C1, Br, OAc or 
NCS for manganese(III)]. Conductance measurements show the complexes to be non- 
electrolytes. Molecular weights determined cryoscopically suggest the dimeric nature of 
these complexes. Magnetic measurements above 85 K reveal the presence of some anti- 
ferromagnetic exchange via 2,6-diaminopyridine moieties. The complexes are dimeric five- 
coordinate square-pyramidal with 2,6-diaminopyridine residues acting as bridges. The 
electronic spectra are interpreted in terms of the normalized spherical harmonic Ham- 
iltonian theory and the DT/DQ values which indicate that chromium complexes are slightly 
distorted, whereas those of manganese are severely distorted. 

Schiff bases derived from aromatic diamines and 
mono- or dicarbonyl compounds are multidentate 
ligands which can act in a variety of ways. 1'2 The 
oxygen or diamine groups may bridge two metal 
atoms and thus may give rise to some unusual 
species. 3 This has led to the synthesis and charac- 
terization of metal complexes with unusual struc- 
tural and magnetic properties. 2'4 Prompted by this, 
we have already reported binuclear divalent manga- 
nese, iron, cobalt, nickel, copper, palladium and 
platinum complexes of  the ligands bis- 
acetylacetone-m-phenylenediamine (Acac2pda) and 
bisacetylacetone-2,6-diaminopyridine (Acac2dap) 5'6 
and binuclear complexes of trivalent chromium, 
manganese, iron and cobalt with ligand bisacetyl- 
acetone-m-phenylenediamine (Acaczpda).7 The 
present paper deals with binuclear square-pyramidal 
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complexes of  trivalent chromium, manganese, 
iron and cobalt with ligands derived from 
2,6-diaminopyridine and acetylacetone. 

EXPERIMENTAL 

2,6-Diaminopyridine and acetylacetone were 
obtained from Koch-Light and BDH, England, 
respectively. All other chemicals used were of Ana- 
laR grade. 

Preparation of metal complexes wi th  b&- 
acetylacetone-2,6-diaminopyridine 

To a boiling mixture of acetylacetone (0.04 mol) 
and 2,6-diaminopyridine (0.02 mol) in methanol 
(100 cm 3) was added a trivalent (except Co) metal 
salt (chloride or nitrate) (0.02 mol) solution in 
methanol (50 cm3). The resulting dark reaction mix- 
ture was heated under reflux for 8 h on a waterbath, 
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then concentrated to half its volume and set aside 
for 3 days. The dark solid which separated was 
extracted repeatedly with acetone and finally recrys- 
tallized from methanol and dried in vacuo;  yield 
65%. The bromo-  and thiocyanato-salts were pre- 
pared by the metathesis process and manga-  
nese(III) acetate was prepared by Christensens" 
method, s 

Cobal t  com p lex  

A mixture of  2,6-diaminopyridine (0.02 tool) in 
methanol (50 cm 3) and acetylacetone (0.04 tool) in 
methanol (50 cm 3) was heated under reflux for 4 h 
and then a methanolic (50 cm 3) solution of 
cobalt(II)  chloride (0.02 tool) was added. Air was 
passed through for 18 h and the resulting violet 
solution gave a brown precipitate which was filtered 
off, washed with ethanol, acetone, ether and dried 
in vacuo ; yield 60%. 

All the complexes are soluble in D M F  and 
DMSO, but insoluble in organic solvents and water, 
except those of  iron which are water soluble. 

The analytical and physical measurements were 
carried out as previously described. 9 

RESULTS AND DISCUSSION 

The analytical results (Table 1) show that these 
complexes can be formulated as [M(C~sH~7 
N3Oz)X], where (X = CI,Br,NO3 or NCS for 
M - - C r  in or Fern; X = C1,Br,OAc or NCS for 
Mnm;  and X = O H  for Corn). The iron(III)  com- 
plexes in water, and all the other complexes in 
DMF,  are non-electrolytes. 1° The cryoscopic 
molecular weight of  the iron complexes in water, 
showed them to be binuclear. 

I R  spectra 

The IR spectra of  free ligands show a broad band 
in the ca 3200 cm ~ region, which may be due to OH 
or N H  groups, which disappear in the complexes. 
There is no absorption in the ca 1700 cm 1 region, 
indicating the absence of any free carbonyl group 
in the ligands or in metal chelates. It is also clear 
that the six-membered rings containing the hydro- 
gen bonds are greatly stabilized by conjugation, as 
is the case with/%diketones and salicylaldehyde. ~ 
The strong absorption band at ca 1630-1610 cm 
in the free ligand can be assigned to v (>  C ~ O )  in 
the hydrogen-bonded ring system. The other strong 
absorption at ca 1590-1580 cm ~ in the ligand, 
accompanied by a weaker absorption at ca 1550 
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1560 cm ~, can be assigned to v ( C z C )  stretching 
vibrations in the hydrogen-bonded ring. The bands 
at ca 159(~1580 cm 1 are shifted to slightly higher 
frequencies upon chelation, while those at ca 1550~ 
1560 cm J shift to a lesser extent. The bands at ca 

1450-1460 cm 1 in the free ligand (assigned to N H  
deformation) are not observed in the spectra of  the 
metal chelates. Another  band at ca 1150 cm 1 is 
assigned to v(C--O)  stretching vibrations and is 
shifted to a lower region by metal chelation. This 
shift may be due to an increase of  mass of  metals 
attached to oxygen, as well as to a weakening of 
the (C- -O)  linkage. ~2 The other bands at ca 1570- 
1580, 1460-1490 and 1430 1445 cm ~ may be 
assigned to v ( ~ O )  and v ( C = N )  vibrational 
modes of the pyridine ring ~3"~4 and do not exhibit 
much change in their position or intensity in the 
spectra of  its complexes and thus rule out the possi- 
bility of  pyridine nitrogen coordination. 

M a g n e t i c  proper t ies  and  electronic' spectral  studies 

The magnetic moments  of  chromium, manganese 
and iron complexes lie in the 4.20-4.35, 4.88-4.94 
and 5.80 5.86 B.M. ranges, respectively, at room 
temperature and are close to the predicted high- 
spin values for these metal ions. ~5 The cobalt(III)  
complex is diamagnetic. 

The magnetic susceptibilities of  the chloro-com- 
plexes of  chromium and iron were measured down 
to 80 K and the effective magnetic moment  per 
metal ion was found to vary in the 4.20-3.86 (Cr) 
and 5.80-4.52 B.M. (Fe) ranges. In the iron com- 
plexes, ~ -  is almost constant above 150 K with a 
gradual decrease between 150 and 80 K. The Curie 
Weiss law is obeyed with a negative 0. This reflects 
intramolecular antiferromagnetic interactions at 
lower temperature. 16 However, there are no indi- 
cations of  the presence of  any antiferromagnetic 
interactions at room temperature. Probably 2,6- 
diaminopyridine residues act as bridges in these 
complexes. Bridging through oxygen atoms can 
be ruled out since no band characteristics of  

O 
/ \  

M M at ca 750 800 cm -1 are seen in the IR 
\ /  

O 
spectra. ~7 Such complexes have not been studied, 
whereas bridging complexes formed by m-pheny- 
lenediamine and salicylaldehyde having a similar 
structure were established by X-ray crystal- 
lography. 12 

The electronic spectra of  the chromium com- 
plexes exhibit bands at ca 8900 9250, 12850- 
13 250, 17 850-18 220, 27 20(~27 920 and 35 550 



Binuclear Cr n~, M n  IH, F e  m and Co m complexes 

Table 1. Analytical data of trivalent chromium, manganese, iron and cobalt complexes" 
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Found (Calc.) % 
Complex Colour M C H N Halogen 

1, [Cr(Ct~H~TN302)CI] 

2, [Cr(C~sH~yN~O2)Br] 

3, [Cr(C15HwN~O2)NO3] 

4, [Cr(C~sHwN302)NCS] 

5, [Mn(C,sH,TN302)C1] 

6, [Mn(CtsH~vN302)Br] 

7, [Mn(C~sH~TN302)OAc] 

8, [Mn(CtsHwN302)NCS] 

9, [Fe(CIsHITN30_~)CI] 

10, [Fe(C~H,TN302)Br] 

11, [Fe(CIsHITN302)NO3] 

12~ [Fe(C,sH,7N302)NCS] 

13~ [Co(C,sH20N304)] 

Light brown 14.4 50.6 4.9 11.3 9.5 
(14.5) (50.2) (4.7) (11.7) (9.9) 

Light brown 12.8 4.5 4.2 10.3 19.7 
(12.9) (44.6) (4.2) (10.4) (19.8) 

Yellowish-brown 13.6 46.5 4.3 14.4 16.0 
(13.5) (46.7) (4.4) (14.5) (16.1) 

Brown 13.4 47.1 4.3 14.7 
(13.6) (47.2) (4.4) (14.6) 

Reddish-brown 15.1 49.8 4.6 11.5 9.8 
(15.2) (49.7) (4.7) (11.6) (9.8) 

Reddish-brown 13.4 44.4 4.2 10.4 19.3 
(13.5) (44.3) (4.1) (10.3) (19.7) 

Brown 14.1 56.0 5.2 10.8 
(14.2) (56.1) (5.1) (10.9) 

Dark brown 14.2 50.7 4.3 14.3 - -  
(14.3) (50.0) (4.4) (14.5) 

Reddish-brown 15.3 49.5 4.6 11.5 9.7 
(15.4) (49.6) (4.6) (11.6) (9.8) 

Reddish-brown 13.6 44.3 4.2 10.3 19.5 
(13.7) (44.2) (4.1) (10.3) (19.6) 

Dark red 14.4 46.3 4.6 14.4 14.6 
(14.3) (46.2) (4.3) (14.3) (14.6) 

Dark brown 14.5 49.8 4.4 14.4 - -  
(14.5) (49.8) (4.4) (14.5) 

Light green 16.0 49.2 5.5 17.6 - -  
(16.1) (49.3) (5.4) (17.5) 

"Calculated values are given in parentheses. 

cm-~. These spectral bands cannot be interpreted 
in terms of a four- or six-coordinate environment 
around the metal atom. However, the spectra can 
well be compared with five-coordinate chro- 
mium(I l l )  complexes, whose structures have been 
established by X-ray measurements. ~8 Keeping in 
view the analytical data which indicate one anion 
per metal a tom and the non-electrolytic nature of  
these complexes, it appears that these complexes 
are five-coordinate square-pyramidal.  Besides, 
the tetradentate nature of  a single molecule of  
Acac2dap offers a planar arrangement and an 
anion being present on the axial position makes the 
total environment square-pyramidal.  Assuming the 
symmetry of the molecule 9 as C4v, various spectral 
bands can be assigned : 4 B  1 --~ 4E~t, 4 B  1 ~ 4 B 2 ,  4 B  I 

4A2 and 4B~ ~4Eh. Employing the energy level 
equations for C4v molecules, the radial field par- 
ameters, D s  and Dr ,  were calculated and in turn 
used to calculate the normalized spherical harmonic 
Hamiltonian ligand field parameters  D Q ,  D S  and 
D T .  ~9 The values are given in Table 2. The D T / D Q  

values show that these complexes are moderately 
distorted. 

The electronic spectra of  the manganese com- 
plexes exhibit three & d  bands at ca  12400 12 850, 
16050-19750, 20500-20850 and 35000-36000 
cm ~, respectively. The higher energy bands at ca  

35 000-36 000 cm-1 may be due to charge-transfer 
transitions. The spectra, however, rule out the 
possibility of  four- or six-coordinate geometry, and 
resemble those reported four five-coordinate 
square-pyramidal manganese porphyrins? This 
view is further supported by the presence of the 
broad ligand field band at ca  20 500 cm ~ diagnostic 
of  C4v symmetry, thus the bands may be assigned 
as follows: 5Bj~SAI ,  5BI-'-'SB2 and 5B t ~ S E ,  
respectively. Alternatively, the band assignment 
in single electron transitions may be made as: 
d ~- ~ d~ ~- ,.~-, d,.,. ~ d,.2 ~.~. and d,-y, d r  --" d~2 ,.-_, 
respectively, in order of  increasing energy. 2° How- 
ever, the complexes may not conform to idealized 
C4v symmetry because of  the presence of donor 
atoms of unequal size and strength. Using the 
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energy level sequence for C4 ~, molecules, the values 
of  classical and NSH parameters  were calculated. 
The values of  D T / D Q  indicate that these complexes 
are severely distorted. 

The electronic spectra of  i ron(Il l )  complexes 
show various bands at ca 9800-10000, 15400- 
15 600 and 27 000-27 200 cm t and do not suggest 
either octahedral or tetrahedral geometry around 
the metal atom. The spectral bands for these com- 
plexes are well within the range reported for square- 
pyramidal five-coordinate iron(Il l)  complexes. 21 
Assuming C4 v symmetry of these complexes, some 
bands can be assigned as: d , , ~ d , = ,  d~: and 
d,, ~ a'-~,. Any at tempt to make accurate assign- 
ments is difficult due to the likelihood of inter- 
actions of  the metal- l igand n-bond systems lifting 
the degeneracy of the d,:, d,.: pair. 

The spectrum of the cobal t(I l l )  complex shows 
various bands in the regions ca 15,900-16,250, 
21,500-21,750 and 25,500-25,780 and 35,500 cm 1. 
The spectrum is typical of  pseudo-octahedral com- 
plexes of  trivalent cobalt and resemble those 
reported earlier. 22 The first two bands are due to 
the splitting of a one-spin allowed band since octa- 
hedral cobalt(I l l )  complexes show only two bands 
in the visible and near-IR region. Therefore, the 
spectrum can easily be interpreted in terms of D4t, 
symmetry. Various band assignments can be made : 
1A], --+ I E u  , t A j ,  --+ IA2v and  IA1, q ---+ IT2u, in order of  
increasing energy. The values of  various ligand field 
parameters,  Ds, D t  and Dq, and N S H  parameters,  
DS,  D T  and D Q ,  are mentioned in Table 2. The 
D T / D Q  value, which represents the amount  of  dis- 
tortion, indicates that this complex is moderately 
distorted. The other band at ca 35 500 cm L is due 
to a charge-transfer, metal-to-ligand (azomethine) 
transition. -'3 The presence of the sixth ligand in the 
cobalt complex is shown by I R spectra and ana- 
lytical data. The IR spectrum indicates the presence 
of a water molecule in the coordination sphere. 

F a r - I R  spectra 

The far-I R spectra of  the complexes show a series 
of  strong to medium bands appearing in the ca 450 
480 cm-]  region. The various bands appearing at 
ca 455~,60, 465~470, 470~475 and 450~455 cm z 
have been assigned to v (Cr- -N) ,  v (Mn- -N) ,  
v (Fe - -N)  and v (Co- -N)  metal nitrogen (azo- 
methine) vibrational modes, respectively, and are 
well within the range reported for five-coordinate 
complexes, but for v (Co- -N)  which is com- 
paratively in a lower range pointing towards six- 
coordination. The far- lR spectra of  these com- 
plexes also exhibit new bands in the ca 370 380 
cm -t  range. The bands at ca 370, 375, 372 and 
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360 cm-~ may be assigned to v(Cr- -O) ,  v (Mn--O) ,  
v (Fe- -O)  and v (Co- -O)  (metal~enolic oxygen) 
vibrations, respectively. -'4'25 The v(Co- -O)  band 
appears at a relatively lower region, consistent with 
six-coordinate geometry. 

The far-IR spectra of  chloro- and bromo-com- 
plexes of  Cr l", Mn I" and F d "  exhibit bands at ca 

340,265 ; 335, 252 ; and 320, 245 cm -] and are well 
within the ranges characteristic of  v (M--CI)  and 
v(M--Br)  vibrations, respectively. These values are 
intermediate between those reported for four- or 
six-coordinate complexes 26 and agree with those 
reported for five-coordinate complexes. The 
nitrato-complexes of  all the metals show bands at 
ca 1260(v2), 1015(v3) and 805(Y4) cm ', assignable 
to symmetric NO,  stretching, NO stretching and 
non-planar deformation vibrations, respectively, 
and are consistent with the rnonodentate nature of  
the nitrato group. -'6 The cobalt complex exhibits 
only a distinct medium band at ca 535 cm ~, prob- 
ably due to v ( C o - - O H )  vibrational modes, 
however, the new strong bands in the IR spectra of  
the cobalt(II1) complex at ca 3500 3650 cm ] may 
be assigned to v(OH) of the coordinated hydroxyl 
group, which is further supported by the appear- 
ance of bands at ca 940 and 730 cm ~, assignable 
to the twisting and wagging modes of water, respec- 
tively. The acetato-complex of manganese shows 
two bands at ca 1640 and 1390 cm t, which may 
be assigned to antisymmetric and symmetric (COO) 
stretching vibrations. These values indicate that the 
acetato group is coordinated and that the metal 
oxygen bond thus formed is moderately covalent. 27 
A broad band maximum is observed at ca 230 c m -  i 
in the spectrum of acetato complex and may be due 
to v ( M n - - O C O  CH3) vibrations. 

CH3 X CH3 

N / ~ N ? - ~  rI'C/7-- ~ )7--~x cn, 
H 3 C ~ - ~  ~ N  N" ~ C H  3 

o/1~o 
CH 3 X CH 3 

[M(Acac2dap)X] 2 
X = CI, Br, NO3 or NCS for M = Cr(III) or Fe(III) 
X = CI, Br, OAc or NCS for M = Mn(III) 
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The t h i o c y a n a t o - c o m p l e x  o f  t r ivalent  ch romium,  
manganese  and  i ron  exhibi ts  var ious  bands  at  ca 
2110(v0,  480(v2) and  830(v3), which m a y  be 
ass igned to v(CN),  N C S  bend ing  and v(CS) of  the 
N C S  groups ,  respect ively,  character is t ic  o f  the N- 
b o n d e d  th iocyana te  group.  28 This  c o o r d i n a t i o n  
mode  is also s u p p o r t e d  by new bands  at ca 270 280 
cm J, ass ignable  to ( M - - N C S ) .  9 

On steric g rounds  the complexes  canno t  be 
m o n o m e r s  ~'2 and  in view of  previous  work  in this 
field,t.2,5 7 in con junc t ion  with conduc tance ,  
magnet ic ,  e lect ronic  and  I R  spectral  studies,  we 
suggest  tha t  they m a y  be binuclear .  
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