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Three complexes with the empirical formula of Cu(RCOO),-L., where R=CHj3, CH,Cl, or CHCI,; and
L.=3,5-dichloropyridine, were prepared and studied. These complexes display the antiferromagnetic behavior
typical of dimeric copper(II) carboxylates. The singlet-triplet splitting energy (—2J) is 349 cm™! for the acetate,
340 cm™! for the monochloroacetate and 312 cm™! for the dichloroacetate. Comparison of their magnetic and
electronic spectral properties with those of the corresponding pyridine adducts indicates that both the —2] and
¥ max(absorption maximum of Band I) values of the respective 3,5-dichloropyridine adducts are higher than those
of the pyridine adducts. The influence of the pyridines on both the magnetic and spectral properties was

1008 © 1984 The Chemical Society of Japan
discussed.
It has already been pointed out that the

antiferromagnetic interaction in dimeric copper(II)
carboxylate adducts, [Cu(RCOO)z - L}z (cf. Fig. 1), tends
to increase as either the addend ligand L or the
carboxylate substituent R becomes a stronger electron
donor.? Therefore, the singlet-triplet separation (—2], a
measure of the magnitude of the magnetic interaction)
is expected to increase as the pK, of L becomes higher.2
In the previous study of dimeric copper(Il) acetate
adducts with thiazoles,® however, we have found that,
while the pK. of thiazole (2.44)? is lower than that of
pyridine (5.32),9 the —2J value of the thiazole adduct
(344 cm™?) is higher than that of the pyridine adduct
(325cm1).9
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Fig. 1. Molecular structure of [Cu(RCOQ)z.L]; with
reference axes marked.

In the present study, we have prepared copper(II)
acetate, chloroacetate and dichloroacetate complexes
with 3,5-dichloropyridine (3,5-Clgpy) as the addend
ligand which is a much weaker base (pK.=0.67) than

pyridine (py). The magnetic and spectral properties of
the copper(Il) carboxylate complexes with 3,5-
dichloropyridine and pyridine were compared with
each other and the influence of the addend ligands on
the magnetic interaction was discussed. The magnetic
susceptibilities of dimeric copper(Il) acetate com-
plexes with 4-cyanopyridine (4-CNpy)® and caffeine
(caf)® were also re-examined to contribute to the
discussion.

Experimental

Syntheses. Cu(CH3COO)z-L (L=3,5-Clzpy and 4-
CNpy): A solution of L (5 mmol) in ethanol (5 ml) was added
to a solution of Cu(CHsCOO)2-H20 (5mmol) in ethanol
(30ml) with a few drops of glacial acetic acid. After the
solution had been allowed to stand overnight at ca. 5°Cin a
freezer, the separated green crystals were collected, washed
with ethanol and dried at ca. 60°C.

Cu(CH3COO)z-caf: This complex was prepared
according to the method of Melnik.?

Cu(CICH2COO)z-L. and Cu(Cl:CHCOO)z-L (L=3,5-
Clzpy and py): A solution of L (5mmol) in chloroform
(20 ml) was added to one of the carboxylates (5mmol),
Cu(CICH2COO)2 and Cu(Cl2CHCOO)2, suspended in
chloroform (30ml). After the resulting solution had been
concentrated to one-third of its volume, it was allowed to
stand overnight at ca. 5°C in a freezer. The green crystals
were collected, washed with benzene and dried at ca. 60 °C.

The results of the elemental analyses are given in Table 1.

TABLE 1. ANALYTICAL DATA
Found (Calcd) (%)
Complex C - N Cu
Cu(CH3COO)z(3, 5-Clz2py) 32.70 2.75 4.05 19.17
(32.79) (2.75) (4.25) (19.28)
Cu(CH3COO)2(4-CNpy) 41.87 3.62 9.94 22.32
(42.03) (3.53) (9.80) (22.24)
Cu(CH3COO)y(caf) 38.38 4.31 14.96 16.83
(38.35) (4.29) (14.91) (16.91)
Cu(CICH2COO)z(3, 5-Clzpy) 27.06 1.76 3.48 15.90
(27.13) (1.77) (3.51) (15.95)
Cu(CICHzCOO)2(py) 33.00 2.77 4.13 19.19
(32.79) (2.75) (4.25) (19.28)
Cu(CI2CHCOO)z(3, 5-Clzpy) 23.07 1.08 2.93 13.43
(23.13) (1.08) (3.00) (13.60)
Cu(Cl:CHCOO)z(py) 27.61 1.80 3.43 15.78
(27.13) (1.77) (3.51) (15.95)
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Physical Measurement. Magnetic susceptibilities in
the temperature range of 80—300K were determined by the
Faraday method. The correction for diamagnetic
contribution (x4ia) was made by use of Pascal’s constants.1?
The cryomagnetic data were fitted to the Bleaney-Bowers
equation (1) allowing for the presence of paramagnetic
impurity,1?

X, = %ﬁg—z[l +%exp(-%27+]):l-l(l—P)

2

+ %.P + Na, (1)
where P is the mole fraction of the noncoupled copper(II)
impurity, gi is the average g factor for the impurity which was
fixed at 2.2 throughout the present study, and the other
symbols have their usual meanings. The best-fit parameters,
—2], g, Na, and P, were obtained by using a nonlinear least-
squares program written by T. Nakagawa (The University of
Tokyo) and Y. Oyanagi (The University of Tsukuba), SALS
(model D), on a FACOM M-200 computer at the Nagoya
University Computation Center. As a convenient statistical
indicator of the quality of the least-squares fits, the
discrepancy index, g4, was employed:
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Fig. 2. Variation of magnetic susceptibilities with
temperature.
(O) Cu(CH3COO0)3(3,5-Clzpy), (A) Cu(CICH2COO0)e-
(3,5-Clzpy), (@) Cu(CICH;COO)2(py), (®) Cu(Clz-
CHCOO)3(3,5-Clzpy), (O) Cu(Cl2CHCOO)z(py).
The solid curves were obtained as described in text.
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The thermal magnetic data are shown in Figs. 2 and 4 as
plots of xa vs. T. The values of x4is, g, N, P, —2], and oais are
summarized in Table 2.

Reflectance spectra were recorded on a Hitachi Recording
Spectrophotometer 323.

Results and Discussion

The variable-temperature magnetic susceptibility
data of the complexes prepared in the present study are
well represented by Eq 1, indicating that the complexes
all have a dimeric structure similar to that found for
copper(Il) acetate monohydrate, [Cu(CH3COO)2-
Hz012.12 From Table 2, we can see the following trends
in the magnetic properties. First, the antiferromagnetic
interactions in the respective 3,5-dichloropyridine
adducts are stronger than those in the corresponding
pyridine adducts. Secondly, the —2] values in both the
series of 3,5-dichloropyridine and pyridine adducts
decrease as the parent carboxylic acids become
stronger.

The reflectance spectra of the complexes resemble
with each other in shape and are quite similar to those
of [Cu(CHsCOO)a(py)]z (cf. Fig. 3).19 The spectra
show two bands having maxima at ca. 26000cm™!
(Band II)™ and ca. 14000cm—! (Band I) with a
shoulder at ca. 8000cm~!. The wave numbers of the
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Fig. 3. Reflectance spectra of Cu(CHsCOQ)z(3,5-Clzpy)
(A), Cu(CH3COO):(py) (B), Cu(CICH2COO)2(3,5-
Clzpy) (C), Cu(CICH2COO)2(py) (D), Cu(Cl2CH-
COO0)2(3,5-Clzpy) (E), and Cu(Cl2CHCOO)z(py) (F).

TABLE 2. MAGNETIC DATA
XaiaX10° NaX10° —2J
Complex —_— g PX10° 0ais X103

cgs emu® cgs emu® cm1
Cu(CH3sCOO)(3,5-Clzpy) —153 2.275 60 0.28 349 8.08
Cu(CH3COO)s(py)? —121 2.18; 60 1.10 333 2.22
Cu(CH3COO0)z(4-CHspy)® —132 2.18; 60 0 333 1.73
Cu(CH3COO)2(4-CNpy) —127 2.243 60 0 345 7.45
Cu(CH3COQ)z(caf) —163 2.24¢ 60 0.04 353 6.39
Cu(CICH2CO0)2(3,5-Clzpy) —181 2.287 60 0.43 340 4.41
Cu(CICH2COO)z(py) —147 2.262 60 0.18 333 4.56
Cu(Cl:CHCOO)y(3,5-Clzpy) —209 2.288 80 0.17 312 3.15
Cu(Cl:CHCOO)z(py) —175 2.255 68 0.49 288 2.93

a) 1 cgs emu mol—'=47X10~6 m3 mol-!. b) Ref. 13.
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TABLE 3. REFLECTANCE SPECTRAL DATA
C 1 Band I Band II
ompiex Vmax/10% cm™! Vmax/10% cm™1

Cu(CH3COO)(3,5-Clapy) 14.7 9.5% 25.7
Cu(CH3COO)s(py)® 14.1 9.1% 26.4
Cu(CICH2COO0)q(3, 5-Clzpy) 14.0 8.0° 26.2
Cu(CICH2COO)(py) 13.6 7.5 26.5
Cu(CI:CHCOO)x(3, 5-Clzpy) 13.6 7.7% broad
Cu(ClCHCOO)(py) 12.8 7.49 broad

a) Shoulder. b) Ref. 13.

band maxima (Pmax) are listed in Table 3 and their
spectral curves are shown in Fig. 3. For comparison,
the reflectance spectral curve of [Cu(CH3COO)z(py)]2!?
is given in Fig. 3. It is now generally recognized that
Bands I and II can be assigned respectively to a ligand
field transition involving the positive hole promotion
dx2—yz—dxz, dy.'5:1® (cf. the coordinate system given in
Fig. 1) and to a charge transfer from the carboxylato-
oxygen atoms to the metal ion.17-1® Accordingly, Band
I is expected to be sensitive to the nature of both the
ligands RCOO~ and L. As can be seen in Table 3
and Fig. 3, the Pmax values of Band I for the 3,5-
dichloropyridine adducts are higher than those for the
corresponding pyridine adducts. The order of the
increase in the Pmax values is the same as that in the —2]
values, giving a linear relation between the Vmax and
—2] values ; i.e., “higher Vmax—higher —2J”. This
linear relation may be explained in terms of the
electroneutrality principle!® as follows. In dimeric
copper(Il) carboxylate adducts, [Cu(RCOO);-L]s,
when the L—Cu donation becomes weaker, the
covalent Cu—O bonds in the CuOj4 basal plane will
become stronger to maintain the electroneutrality over
the whole molecule; i.e., a weaker L—Cu donation will
cause a stronger ligand field of the four carboxylato-
oxygen atoms around the metal ion. This leads to a
larger splitting of the d-d energy levels, resulting in a
blue shift of Band I. This assumption is consistent
with the observation by Dubicki and Martin® that, in a
series of dimeric copper(Il) acetate adducts with
pyridine analogues, Band I shifts to a higher energy as
the pK. of the addend ligand decreases. For the
mechanism of the magnetic interaction in dimeric
copper(II) carboxylates, experimental evidence20-23
shows that the spin-coupling between the unpaired
electrons of copper(II) ions operates predominantly by
superexchange interaction through the bridging
carboxylato ligands rather than by direct Cu—Cu
interaction. Accordingly, the magnetic interaction
will become stronger as the Cu—O bonds become
stronger. In the present complexes, the increase in both
—2] and Vmax accompanied with the replacement of
pyridine with 3,5-dichloropyridine takes place in
accord with the expectation based on their pK, values
(py=>5.329 and 3,5-Clzpy=0.677) as stated above. The
effect of Cu—L m-back-donation on the magnetic
interaction in the present adducts may not be entirely
negligible. However, the w-back-donation will make
the metal more positive and thus will enhance the
antiferromagnetic interaction: an effect of the same
trend as caused by weak L.—-Cu o donation.

From the experimental results and discussion stated
above, we can conclude that, contrary to the result by
Jotham, Kettle and Marks,? the antiferromagnetic
interaction in dimeric copper(Il) carboxylate adducts
should become stronger as the basicity of the addend
ligands becomes weaker. The values of —2] for di-
meric copper(Il) acetate adducts with some pyridine
analogues were previously reported to decrease as the
pK. values of the addend ligands decrease: 4-CHspy
(325cm~1)>4-CH3COpy (311 cm~1)>4-CNpy (300
cm~1).® However, we have found the reverse order:
4-CHspy (333 cm—1)<4-CNpy (345cm™?) (¢f. Table 2
and Fig. 4). We have further found that the —2J of
the 4-cyanopyridine adduct of dimeric copper(II)
trichloroacetate (229 cm=1) is higher than that of the
corresponding pyridine adduct (189cm~1).29  The
present result can explain the apparent anomalous
magnetism of dioxane adducts. Dioxane has no
appreciable m-acceptor ability, and it usually appears
to be the weakest base (pK.= —2.92)?9 in a series of
adducts for a given copper(Il) carboxylate dimer.
Thus, dioxane adducts usually give the highest values
in both —2]J and vmax (Band I) for dimeric copper(II)
carboxylate adducts.2® For the 3,5-dichloropyridine
and pyridine adducts, both —2] and Vmax values
decrease as the parent carboxylic acid becomes stronger
(cf. Tables 2 and 3). This trend can be explained in
terms of weakening of the ligand field strength of the
four carboxylato-oxgen atoms.8-2?

800]

600

XAx 106/cgsemu mol

200)

0 100 200 300
7K

Fig. 4. Variation of magnetic susceptibilities with
temperature.
(@) Cu(CH3COO)y(caf), (O) Cu(CH3COO)z(4-CNpy).
The solid curves were obtained as described in text.
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It must be noted here that the extremely high —2jJ
values have been reported for dimeric copper(II)
acetate adducts of quinuclidine (495 449 cm—1)2® and
caffeine (700 cm~1).9 These high —2] values are unac-
ceptable on referring to our present conclusion. The
pK. value of quinuclidine (11.49)2 is very large. Actual-
ly, Jotham, Kettle, and Marks have re-evaluated the
—2] value of the quinuclidine adduct to be 318cm™1
by applying a least-squares fitting procedure to the
reported magnetic data.? For the caffeine adduct, the
reported magnetic susceptibilities do not agree
completely with the values calculated by Eq. 1 using
the reported parameter values of —2J=700cm™},
g=220, Na=0, and P=0. Accordingly, we repeated
the magnetic measurement on the newly prepared
caffeine adduct. The least-squares fitting of the
cryomagnetic data gave a —2J value of 353cm™1 (cf.
Table 2 and Fig. 4). These renewed —2] values are
not abnormally high and are just comparable to those
reported for well-characterized dimeric copper(II)
acetate adducts.20

The present study was partially supported by a
Grant-in-Aid for Scientific Reseach No. 58540395 from
the Ministry of Education, Science and Culture.
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