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A new series of binuclear copper(II) complexes with different bridging groups, Fsal(=gly),Cu,X (X=0H, Cl,

Br) and Fsal(=ala),Cu,X (X=Cl), were synthesized,

Fsal(=gly), and Fsal(=ala), being the Schiff bases pre-

pared by condensation of 2,6-diformyl-4-methylphenol with glycine and alanine, respectively. The copper(II)
ions are bridged by the phenolic oxygen in the organic moiety and also the X. The properties of the complexes
were studied by IR spectra, visible spectra, and magnetic susceptibility measurements at various temperatures.
From the cryomagnetic data it was concluded that the effect of the bridging group X upon magnetic exchange

interaction decreases in the order: OH > CIl~Br.

It is known that 1,3,5-triketones®—® and diethyl
cyclopentanone-2,5-diglyoxylate®?  form  binuclear
copper(II) complexes composed of two ligands and
two copper(II) ions. Although  2,6-diformyl-4-
methylphenol is similar to the ligands in structure, its
complex-forming behavior is markedly different.
The ligand and copper(II) chloride form a binuclear
complex, dichloro-u-chloro-u-2,6-diformyl-4-methyl-
phenolatodicopper(I1)® (Fig. 1, (a)), in which the
ratio of copper to the ligand is 2 : 1. Thus the use
of 2,6-diformyl-4-methylphenol makes it possible to
prepare binuclear copper(II) complexes bridged with
two different groups, i.e., the phenolic oxygen (the
first bridging group) and a monoatomic or polyatomic
anion such as chloride, bromide, hydroxide, or metha-
nolate ion (the second bridging group). Okawa prepared
dihalogeno-#-hydroxo- -2, 6-bis-( N-alkyliminomethyl)-
4-methylphenolatodicopper(I11)® (Fig. 1, (b)), by the
reaction of 2,6-diformyl-4-methylphenol, an alkyl amine
and copper(II) chloride or copper(II) bromide. A
binuclear copper(II) complex of the Schiff base with
o-aminophenol, in which a methanolate ion acts as
the second bridging group, was also prepared” (Fig.
1, (c)).

It is clear that the second bridging group is variable
depending upon the nature of the four coordinating
atoms other than the bridging atoms. It appears
that there is a certain relation between the coordi-
nating and bridging atoms closely associated with
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the stability of the binuclear copper(1l) complex. In
order to find the relation, we attempted to synthesize
binuclear copper(II) complexes of the Schiff bases
derived from 2,6-diformyl-4-methylphenol and a-
amino acids. We obtained a series of Fsal(=gly),
Cu,X (X=OH, Cl or Br) and Fsal(=ala),Cu,X
(X=Cl), where Fsal(=gly), and Fsal(=ala), indi-
cate the Schiff bases with glycine and alanine, respec-
tively, and the X is the second bridging group(Fig. 2).
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R=H: Fsal(=gly),Cu,X (X=OH, ClI or Br)
R=CHj: Fsal(=ala),Cu,X (X=Cl)

Fig. 2. Structure of complexes.

These complexes are the first series of planar binuclear
copper(ll) complexes bridged with two different
groups.

The magnetic exchange between a pair of copper-
(II) ions has also been studied. In Fsal(=gly),Cu,X
only the second bridging group, X, varies. Thus the
complexes are very suitable for a study of the effects
of the bridging groups upon the spin-spin coupling
interaction.
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Experimental

Syntheses. The synthesis of 2,6-diformyl-4-methyl-
phenol has been described previously.!

Fsal(=gly),Cu,Cl. An aqueous solution of glycine
(300.3 mg) was added to a solution of 2,6-diformyl-4-methyl-
phenol (330 mg) and copper(II) chloride dihydrate (681
mg) in ethanol (75 ml). The clear solution was heated at
70°C for ten minutes and left standing overnight. The
separated green needles were collected and washed with
cthanol.

Found: C, 35.42; H, 2.67; N, 6.11; Cl, 7.82% ; mol wt,
430 (methanol). Caled for C,3H;;N,O,CICu,: C, 35.67;
H, 2.53; N, 6.40; Cl, 8.10%; mol wt, 437.78.

Fsal(=gly),Cu,Br. An aqueous solution of glycine
(300.3 mg) was added to a dark solution of 2,6-diformyl-4-
methyl-phenol (330 mg) and anhydrous copper(II) bromide
(893.5 mg) in ethanol (100 m!). The resulting green solu-
tion was heated on a water-bath and then cooled to give
green needles, which were collected and washed with ethanol.

Found: C, 32.74; H, 2.41; N, 5.51; Br, 16.71%,. Calcd
for C;3H;;N,O;BrCu,: C, 32.38; H, 2.30; N, 5.81; Br,
16.57%.

Fsal(=gly),Cu,(OH)-H,0: An aqueous solution of
glycine (300.3 mg) was added to an ethanolic solution of
2,6-diformyl-4-methylphenol (330 mg) and copper(II)
acetate monohydrate (800 mg) or copper(II) sulfate penta-
hydrate (1 g). A yellowish green by-product was separated
by decantation and the remaining blue product was collected
and thoroughly washed with ethanol. Contamination by
the yellow by-product was avoided by employing anhydrous
copper(II) fluoride as the source of metal ions.

Found: G, 35.88; H, 3.25; N, 6.339,. Calcd for C,;-
H;,N,OCu,-H,O: G, 35.70; H, 3.23; N, 6.419%.

The water of crystallization could be removed by heating
at 110°C/2 mmHg for 8 hours.

Fsal(=ala) ,Cu,Cl. This complex was obtained by
treating 2,6-diformyl-4-methylphenol (330 mg), dl-alanine
(360 mg) and copper(II) chloride dihydrate (681 mg) in
ethanol. The green solution was concentrated to 30 ml,
and 20 m/ of acetone was added. After the reaction mix-
ture was left standing overnight, the separated deep green
needles were collected and washed with cold ethanol.

Found: C, 38.88; H, 3.72; N, 5.76; Cl, 7.70%,. Calcd
for C;;H;;N,O;CICu,: C, 38.68; H, 3.25; N, 6.01; ClI,
7.619%,.

Measurements. Magnetic  susceptibilities were de-
termined in the range from liquid nitrogen temperature to
room temperature by the Gouy method with a magnetic
field strength of about 7000 Oersted. The apparatus was
similar in design to the one described by Figgis and Ny-
holm;!® an electromagnet (Nihon-Komitsu Model 350)
and a vacuum semimicro balance with a reading accuracy
of +0.02 mg (Chyo Balance Co.). Temperature control
was carried out by an electrically regulated system with an
accuracy of =+0.2°K at 150°K. Temperature measure-
ments were carried out by means of a copper-constantan
thermocouple. The effective magnetic moment oy was
calculated from the expression

Hort=2.83V (X, —N)T

where X, is the atomic susceptibility corrected by use of
Pascal’s constants'?'? for diamagnetism and N« is the tem-
perature independent paramagnetism associated with copper-
(IT) ioms.

10) B. N. Figgis and R. S. Nyholm, J. Chem. Soc., 1959, 331.
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The infrared spectra of the complexes were measured with
a Hitachi EPI-S2 spectrophotometer in the region 4000—
650 cm~! on a KBr disk. In some cases the hexachloro-
butadiene mull method was used for the measurements in
the region 4000—2000 cm~1. The reflectance spectra and
solution spectra of the complexes in water, methanol, and
pyridine were measured with a Hitachi EPS-3T spectro-
photometer in the near-infrared and visible regions.

Results and Discussion

The complexes Fsal(=gly),Cu,Cl and Fsal(=gly),-
Cu,Br were obtained quantitatively but the yield of
Fsal(=gly),Cu,(OH)-H,O was low. Only Fsal-
(=ala),Cu,Cl was isolated from Fsal(=ala), in a very
low vyield. The syntheses of binuclear copper(II)
complexes of the Schiff bases with other «-amino
acids such as valine, leucine, isoleucine, and phenyl-
alanine were unsuccessful. A deep green solution
was formed when 2,6-diformyl-4-methylphenol, an
amino acid and a copper(II) salt were mixed in

TasLe 1. IR ABSORPTION BANDS OF COMPLEXES (cm~—1).

Fsal( :gl]y) 2Cu, X Fsal(=ala),-

<Zomn xoal o Cu,Cl Assignment
3370 w O-H
3040 w 3050 w 3050 w 3050 w C-H
2990 w 2990 w } CH
2940 w 2950 w 2950 w 2950 w 3
1645 s 1650 s 1650 s 1650 s C=0
1625 s 1630 s 1630 s 1630 s C=N
1600 w 1600 m 1595 m 1595 m
1555 s 1555 s 1555 s 1560 s } skeletal
1455 m 1455 m 1455 m 1455 m
1418 w 1415 w 1415 w 1410 w
1390 m
1357 s 1375 s 1377 s 1360 s 8)’}81101)
1335 s 1312 m 1315 m 1315 m
1295 m 1293 m 1290 m 1280 m
1240 m 1245 w 1258 w 1247 w
1235 w 1233 w
1185 w 1197 w 1200 w 1195 w
1120 w
1085 s 1077 s 1085 s 1085 s C-N
1045 w
1020 w 1007 w 1010 w 1000 w
990 w 990 w 990 w 990 w
922 m 940 m 935 m 940 m
883 w 890 w 868 w 885 w
837 s 828 s 822 s 825 s Sﬁln:“t of
782 m
768 s 762 s 762 s 770 m
758 s 750 m

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

11) G. Foéx, G. J. Gorter, and L. J. Smits, “Constantes Sélec-
tionneés, Diamagnétisme et Paramagnétisme, Relaxation Para-
magnétique,” Masson & Cie, Paris (1957), p. 222.

12) P. W. Selwood, “Magnetochemistry,” Interscience Pub-
lishers, New York (1956), pp. 78, 91.
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ethanol, but only 2,6-diformyl-4-methylphenol was
recovered from the concentrated reaction mixture.
The marked differences in isolating the complexes
are difficult to explain at present. The molecular
weight determination for Fsal(=gly),Cu,Cl supports
the binuclear structure shown in Fig. 2.

The IR spectra of Fsal(=gly),Cu,X (X=OH, Cl
and Br) and Fsal(=ala),Cu,Cl are very similar to
cach other (Table 1), suggesting similar structures
of the complexes. The spectra in the region 1700—
1400 cm~* resemble those of the copper(II) complex
of the Schiff base derived from salicylaldehyde and
glycine.’® The complicated bands at 1650—1630
cm~! may be assigned to the C=O and C=N stretching
vibrations, while the bands at 1600 and 1455 cm™!
have been assigned to the aromatic skeletal vib-
ration.1*1% Okawa and Kida® pointed out that
the new band around 1555 cm~! can be attributed to
a skeletal vibration of the aromatic ring. The band
appears on the low-frequency side of 1550 cm~! in
the mononuclear copper(II) complexes of the Schiff
bases derived from salicylaldehyde, and on the high-
frequency side of 1550 cm~ in the complexes where a
phenolic oxygen acts as a bridge.’® The present
complexes are therefore expected to have a binuclear
structure bridged with a phenolic oxygen. The very
strong band at 1380—1350 cm~! might be assigned
to the C-O vibration.141%17) Ueno and Martell'®)
assigned the strong band near 1085 cm~! to the C-O
stretching vibration. We found that the correspond-
ing band in dichloro-u-hydroxo-u-2,6-bis( N-alkyl-
iminomethyl)-4-methylphenolatodicopper(1I)?) depends
markedly upon the alkyl group (CH,, 1030; C,H,,
1040; i50-C;H,, 1065; teri-C,H,y, 1080 cm—t). Con-
sequently this band can be assigned to the C-N
stretching vibration. In anhydrous Fsal(=gly),-
Cu,(OH) the O-H vibration was found at 3370 cm~1.

The ligand field bands of the complexes are given
in Table 2. The reflectance spectrum of Fsal(=gly),-
Cuy(OH)-H,O showed the ligand field band at 650
mu, which is higher in energy than those of other com-
plexes. The complexes except for Fsal(=gly),Cu,-
(OH)-H,O are likely to keep their binuclear structures
in polar solvents such as water, methanol, and pyri-
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dine, since they can be recrystallized from these sol-
vents and their visible spectra in them are similar.
On the other hand, Fsal(=gly),Cu,(OH)-H,O is
hardly soluble in most solvents though it is soluble in
pyridine. However, it is clear that the complex de-
composes in pyridine since the green prisms isolated
from the concentrated solution were found to be bis-
(glycinato)copper(II) by IR spectrum. The thermal
decomposition temperatures for Fsal(=gly),Cu,Cl,
Fsal(=gly),Cu,Br and Fsal(=gly),Cu,(OH)-H,O
are 220—225°, 223—225°, and 217—220°C, respec-
tively. Though the difference in the decomposition
temperature of the complexes is small, the results indi-
cate that in the series of complexes Fsal(=gly),Cu,X
(X=OH, C], and Br) the relative stability increases
with X=Cl~Br>OH, in spite of the lower bridging
ability of the halide atoms.'® This is in contrast to
that found for the series of binuclear copper(Il) com-
plexes of the Schiff bases derived from 2,6-diformyl-
4-methylphenol and N,N-dialkylethylenediamines.??)
The remarkable stability of the present complexes
may be explained by the fact that the organic moieties
are suitable for forming binuclear complexes and con-
sequently strongly combine two copper(II) ions.
The X, and p#,, values at various temperatures
are given in Table 3. It was found that Fsal(=gly),-
Cu,(OH)-H,0O is antiferromagnetic. The experi-
mental data could be explained in terms of the Blea-
ney-Bowers equation3V)
Ng2ﬂ2
3kT

-1
Xa= l:l—l—-;—exp(_—Z]/kT)] +Noe
where —2 ] is the energy separation between the singlet
and triplet states, £ the Boltzmann constant, N the
Avogadro number, f the Bohr magneton and g the
Lande g-factor (Fig. 3). The —2/, g and N« values
were obtained by the best fit of susceptibility data to
the Bleaney-Bowers equation. The results are given
in Table 3.

Fsal(=gly),Cu,Cl, Fsal(=gly),Cu,Br and Fsal-
(=ala),CuyCl obey the Curie-Weiss law (Fig. 4).
Approximate values of the Weiss constant 0 were ob-
tained by extrapolating the curves 1/(Za—Nx) us.
T assuming 60Xx10-%cgs. emu for Nx.2? Since all

TaBLE 2. LICAND FIELD BANDS OF COMPLEXES (m)

Solutions
Powder
H,0 CH,0H Py
Fsal(=gly),Cu,Cl 680 680 680 695
Fsal(=gly),Cu,Br 675 675 675 695
Fsal(=gly),Cu,(OH) -H,O (663) ) 650
Fsal(=ala),Cu,Cl 670 670 668 690

a) Decomposed in pyridine.
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14) B. D. Sarma and J. C. Bailar, Jr., J. Amer. Chem. Soc., 77,
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15) B. D. Sarma, K. R. Ray, R. E. Sievers, and J. C. Bailar,
Jr., ibid., 86, 14 (1964).

16) E. Sinn and C. M. Harris, Coord. Chem. Rev., 4, 391 (1969).

17) C.S. Marvel, S. A. Aspey, and E. A. Dudley, J. Amer. Chem.
Soc., 78, 4905 (1956).

18) K. Ueno and A. E. Martell, J. Phys. Chem., 60, 1270 (1956).

19) B. Jozowska-Trizebiatowska, In W. Schneider, G. Ande-
regg and Gut (Eds.), Essays in Coordination Chemistry, Exp. Suppl,
Verlag Birkhauser, Basel-Stuttgart (1964), p. 128.

20) H. Okawa, S.Kida, Y. Muto, and T. Tokii, to be reported.

21) B. Bleaney and K. D. Bowers, Proc. Roy. Soc. Ser. A, 214,
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TaBLE 3. MOLAR MAGNETICG SUSCEPTIBLITIES (CgS. €Imnu) AND EFFECTIVE MAGNETIC
MOMENTS (B. M.) OVER A TEMPERATURE RANGE

Fsal(=gly),Cu,(OH) -H,O

—2J=447 cm~1; g=2.16; Na=70x 10~

T (°K) 76.2 92.7 118.4 140.6 160.5 179.2 199.1
Xax 108 79 92 140 201 265 323 384
Uess 0.07 0.13 0.26 0.40 0.50 0.60 0.71
T (°K) 229.1 249.2 283.0
Xax 108 461 499 553
Hetst 0.85 0.93 1.05
Fsal(=gly),Cu,Cl 0~ —22°K
T (°K) 76.2 95.2 125.2 142.6 159.6 197.9 218.4
Xax 108 3837 3368 2726 2491 2273 1910 1716
Hesg 1.52 1.59 1.64 1.67 1.68 1.71 1.70
T (°K) 250.6 283.3 289.8
Xax 108 1508 1346 1343
Mest 1.71 1.71 1.71
Fsal(=gly),Cu,Br 0~—7°K
T (°K) 76.2 97.3 139.8 180.5 219.1 259.9 288.3
Lax 108 4775 3918 2813 2265 1807 1559 1396
Hest 1.70 1.73 1.75 1.78 1.75 1.76 1.76
Fsal(=ala),Cu,Cl 0~ —48°K
T (°K) 76.3 94.4 123.4 158.9 195.5 222.4 256.0 285.3
Xax 108 3515 3123 2566 2149 1844 1665 1498 1362
Hott 1.45 1.52 1.57 1.63 1.67 1.69 1.72 1.72
600
e 400 '9
= X
X =)
: 8
g
200 -
0 .
0 100 200 300 g )
T (°K) 0 100 200 300
Fig. 3. Variation of molar magnetic susceptibilities with T (°K)

temperature for Fsal(=gly),Cu,(OH)-H,0O. The curve
was calculated from the Bleaney-Bowers equation using
the sets of parameters listed in Table 3.

these complexes possess negative Weiss constants, it
is evident that there is antiferromagnetic exchange
interaction between the copper(II) ions in the com-
plexes. In most oxygen-bridged copper(II) com-
plexes,?*-26) the Cu-O bond lengths and the Cu-O-

23) J. A. Bertrand, J. A. Kelley, and J. L. Breece, Inorg. Chim.
Acta, 4, 247 (1970).

24) J. A. Bertrand and J. A. Kelley, ibid., 4, 203 (1970).

25) J. A. Barnes, W. E. Hatfield, and D. J. Hodgson, Chem.
Commun., 1593 (1970).

Fig. 4. Variation of reciprocal molar magnetic suscepti-
bilities with temperature.
O: Fsal(=gly),Cu,Cl,

@: Fsal(=ala),Cu,Cl.

/\: Fsal(=gly),Cu,Br,

Cu bond angles are in the ranges 1.8—2.0 A and 100—
115°, respectively. If the Cu-O bond length and
the Cu-O-Cu bond angle in the present complexes
are assumed to be 1.9 A and 110° respectively, then the
copper-copper interatomic distance is about 3.4 A.
Since this interatomic distance is much greater than

26) G. A. Barclay, C. M. Harris, B. F. Hoskins, and E. Kokot,
Proc. Chem. Soc., 1961, 264.
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the 2.56 A of metallic copper, a direct exchange inter-
action between copper(ll) ions is not likely to occur.
Thus the superexchange through the bridging groups
iIs most important in the magnetic interaction in the
complexes.

The powder X-ray diffraction spectra of Fsal-
(=gly),Cu,Cl and Fsal(=gly),Cu,Br are quite similar
to each other, but differ from that of Fsal(=gly),-
Cuy(OH)-H,O. This implies that the crystal struc-
tures of Fsal(=gly),Cu,Cl and Fsal(=gly),Cu,Br are
very similar to each other but differ from the structure
of Fsal(=gly),Cu,(OH)-H,O. Nevertheless, in the
present discussion we regard the molecular structures
of all these complexes as practically the same, since
the 5-6-6-5 condensed ring system makes a rigid skele-
ton for each of the complexes. This is supported by
the consideration on the series of tetranuclear copper-
(IT) complexes?’—31) of the type Cu,OX(L, (X is
chloride or bromide atom and L is a unidentate ligand),
in which the bond angles and bond lengths in one
bridge are fixed and another bridging group is re-
placeable.

We assume that the spin-spin coupling through the
phenolic oxygen is the same in all complexes. Con-
sequently, the difference in magnetic behavior of the
complexes reflects the effect of the second bridging
groups upon the spin exchange interaction. From
the data given in Table 3 the effect is found to be in
the order: OH>CI~Br. As it is known that
most binuclear copper(Il) complexes with phenolic

27) J. A. Bertrand, Inorg. Chem., 6, 495 (1967).

28) J. A. Bertrand and J. A. Kelley, ibid., 8, 1982 (1969).

29) N. S. Gill and M. Stern, ibid., 9, 1619 (1970).

30) B. T. Kilbourn and J. D. Dunitz, Inorg. Chim. Acta, 1, 209
(1967).

31) J. A. Bertrand and J. A. Kelley, ibid., 4, 526 (1970).
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oxygen bridges show demagnetisation,!®) it is remark-
able that Fsal(=gly),Cu,Cl, Fsal(=gly),Cu,Br, and
Fsal(=ala),Cu,Cl have relatively large magnetic
moments close to the spin-only value of 1.73 B.M.
This might be due to the out-of-plane distortion of the
Cu-O-Cu plane of the complexes.

From the Weiss constants of the complexes it can be
assumed that the chloride bridge is more effective than
the bromide bridge in spin coupling. It is usually
found that the spin exchange interaction in binuclear
complexes bridged with bromide ions is greater than
that in the corresponding complexes bridged with
chloride ions. For example, anhydrous copper(II)
bromide has a lower magnetic moment (1.31 B.M.)
than anhydrous copper(II) chloride (1.75B.M.).3?
In the binuclear copper(II) complexes!®) of the Schiff
bases derived from 2,6-diformyl-4-methylphenol and
N, N-dialkylethylenediamines, the complexes bridged
with a bromide ion exhibit a greater antiferromagnetic
interaction than the complexes bridged with a chloride
ion. Lever e al.3® prepared some tetrahedral bi-
nuclear cobalt(II) complexes of a phthalazine deri-
vative containing one halide bridge. From cryo-
magnetic measurements they found that the bromide-
bridged complex shows a larger —2 /] value than the
corresponding chloride-bridged complex. However,
the difference of effect between chloride and bromide
bridging groups is usually small, and insofar as our
complexes are concerned, it is reasonable to say that
the chloride and bromide bridges exert a comparable
effect on the spin exchange interaction.

32) M. Kato, H. B. Jonassen, and J. C. Fanning, Chem. Rev.,
64, 99 (1964).

33) A. B. P. Lever, L. K. Thompson, and W. M. Reiff, Inorg.
Chem., 11, 104 (1972).






