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MAGNETIC PROPERTIES OF 4- AND 5-METHYLPYRIMIDINE-BRIDGED 
COPPER(I1) COMPLEXES 

MITSUTOSHI NAKAGAWA, Y OSHIMITSU ISHIKAWA. TAMIZO KOGANEt. 
TAKAYUKI ISHIDA, MASANORI YASUI. FUJIKO IWASAKI, AND 
TAKASHI NOGAMI 
Department of Applied Physics and Chemistry, The University of Electro- 
Communications, Chofu, Tokyo 182, Japan 
tFundamental Technology Division, Kanagawa Industrial Research Institute, 
Ebina, Kanagawa 243-04, Japan 

Abstract The magnetic measurements of [L*C~(hfac)2], (L = 4- and 5-MPM, 
MPM = methylpyrimidine) revealed the presence of ferromagnetic interactions 
among Cu(I1) spins. However, Cu spins in di- and trinuclear complexes were 
proved to be palamagnetic. The crystal structures of [4MPM*Cu(hfac)2], and (4- 
MPM)2[Cu(hfac)2]3 were determined. 

INTRODUCTION 

The intramolecular magnetic interactions of several dinuclear transition-metal complexes 
containing pyrimidines or related compounds have been investigated (for example, A) 
[l-31. The superexchange interaction was discussed on the basis of spin polarization 
mechanisms on the rc systems of the heteroaromatic ligands [2,3], just like those on the 
rn-phenylenes in the organic high-spin poly(rn-phenylenecarbenes) [4,5] and pol y[m 
phenylene(phenylmethyls)] [4,6]. We have investigated the magnetism of tri- and 
polynuclear complexes (B, C) as well as A, in which pyrimidine bridges may play a role 
of ferromagnetic exchange couplers. Polynuclear complexes [L.Cu(hf~)2], (1) and 
trinuclear complexes L2"Cu(hfac)2]3 (2) [L = 4-MPM (a) and 5-MPM (b) (MPM = 
methylpyrimidine), hfac = 1,1,1.5,5,5-hexafluoropentane-2,4-dionate] have been synthe- 
sized using a copper(I1) ion as a spin source (S = 112). We report here their crystal 
structures and magnetic properties. 

A B C 
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30/[352] M. NAKAGAWA et al. 

EXPERIMENTAL 

Polymer [4-MPMCu(hfa~)2], (la) was prepared according to the method previously 
reported [7]. Trinuclear 2a was obtained as a by-product in recrystallization of la. They 
were separated based on the difference of crystal shapes under a microscope. la: green 
plates. Mp. 107-109°C (from heptane). Anal. Calcd for C1fl8CuF12N204: C, 31.51; H, 
1.41; N, 4.90%. Found: C, 31.26; H. 1.48; N, 5.02%. 2a: green needles. Mp. 129-131OC 
(from heptane). Anal. Calcd for C&l1@~3F3&012: C, 29.64; H, 1.12; N, 3.46%. 
Found: C, 29.51; H, 1.28; N, 3.62%. The syntheses of lb,  2b, (SMPM).[Cu(hfac)2]2 
(a), and (5-MPM)2-Cu(hfac)2 (4b) were described elsewhere [8]. Pyrazine(P2)- 
bridged poly- and dinuclear complexes (5 and 6, respectively) were prepared according 
to the method in the literature [9]. 

hfad = 0 0- 
F3C”CF3 

{ N u  

ha‘ n 5 

The X-ray diffraction data of la and 2a were recorded on a RIGAKU AFC7R 
four-circle diffractometer using Mo Ka radiation. The paramagnetic susceptibility was 
measured on an MPMS-7 SQUID magnetometer (Quantum Design) down to 1.8 K at 0.5 
T. The diamagnetic and temperatureindependent magnetic contributions were corrected. 

RESULTS 

crystal structures 
The X-ray crystallography confirmed the poly- and trinuclear structures for la and 2a 
respectively (Figure 1) [lo]. The 4-MPM rings and Cu(I1) ions in la  build a head-to-tail 
uniform chain with 41 symmetry along the c axis. The linear structure is similar to that 
of [PM*Cu(hfa~)2], (PM = unsubstituted pyrimidine) in spite of a different space group 
[q. Since the inter-chain Cu-Cu distances are much longer (9.63,9.88, and 10.57 A) 
than the intra-chain one (6.10 A), the crystal of la can be regarded as a l-dimensional 
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MAGNETIC PROPERTIES OF PYRIMIDINE-Cu(I1) COMPLEXES [353]/3 1 

structure. The N(l)  and N(3) are located on the equatorial and axial positions 
respectively; Cu-N( 1) and Cu-N(3) bond lengths are 2.03 and 2.62 A respectively. 

On the other hand, the 4-MPM rings in 2a are arranged in a head-to-head fashion; 
an inversion center resides at the hexacoordinated Cu(I1) ion. The intramolecular 
Cu-Cu distance is 6.17 A. The neighboring molecules are arranged along a diagonal (1 
-1 1) direction in the crystal, in which the terminal Cu(hfac)2 moieties are facing each 
other in parallel. This intermolecular Cu-Cu distance is 5.33 A. In other words, the 
Cu(hfac);! and 4-MPM moieties are arranged to form a pseudo-1-dimensional chain, 
where 4-MPM bridges are missing every third unit. 

The crystal structure of 2b [8] was similar to that of 2a except for the geometry 
around the central Cu ion. This geometry was susceptible to the steric effect of methyl 
groups. Whereas N(3) in 2a coordinates at an axial position of the central Cu ion with 
an N-Cu bond length of 2.48 A, the corresponding nitrogen atom in 2b does at  an 
equatorial position with that of 2.23 A. The intra- and intermolecular Cu-Cu distance in 
a pseudo-chain of 2b is 5.98 and 5.89 8, respectively. 

C 

6.10 ( 

FIGURE 1 Crystal structures of la (1) and 2a (2). Seked atomic distances are 
shown in A. Hydrogen atoms and trifluoromethyl groups are omitted for clarity. 

Magnetic Properties 
The SQUID measurements of la and lb  revealed the presence of ferromagnetic 
interactions between the Cu(I1) spins, as indicated by the increase of the effective 
magnetic moment with a decrease of temperature [Figure 2 (l)]. 
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32/[354] M. NAKAGAWA et al. 

The exchange parameter J between the neighboring Cu(I1) spins can be estimated 
from the best fit to the Pad6 series expansion on the basis of a uniform 1-dimensional 
ferromagnetic chain [ 1 11. We obtained J /kB = +0.29 K and the Land6 g factor of 2.26 
from the data of la  in 2.2 - 10 K. The calculated curve reproduces well the experimental 
data in this temperature region. A similar analysis for lb gave J /  k~ = M.73 K and g = 
2.14. These values are close to those of the polymers [QZ*Cu(hf~)2], (QZ = 
quinazoline), [PM*Cu(hfX)& [7], and [PM~CU(NO&]~ [121. 

The magnetization curves of la  and lb were measured at 1.8 - 2.0 K. They were 
found to exceed the theoretical Brillouin function of S = 1/2. The data of l a  appeared 
between S = 112 and S = 1 curves, and the data of lb between S = 1 and S = 3/2 ones. 
These findings confirm the presence of ferromagnetic interaction in the crystals of la 
and lb. Thus, pyrimidine rings can be regarded as ferromagnetic exchange couplers in 
these polymer systems. 

On the other hand, the crystals of 2a and 2b exhibited very weak antiferromagnetic 
behaviors [Figure 2 (2)]. The effective magnetic moments showed practically no 
temperature dependence above ca. 5 K, and they were 3.29 and 3.00 p ~ j  per molecule for 
2a and 2b, respectively. These experimental values are incompatible with the spin-only 
value of 3.87 p~ (g = 2) or 4.2 p~ (g = 2.2 [13]) for quartet molecules, but reasonably 
interpreted as S = 1/2 paramagnetisms with g = 2.19 for 2a and 2.00 for 2b. 

3.5 

-4 

5: 
1 .o 
0 20 40 60 80 100 

2.51 \b 
I- 

2.0 
0 20 40 60 80 100 

T I K  T IK 
FIGURE 2. Temperature dependences of the effective magnetic moments of 
polymer complexes la  and lb (1) and trinuclear complexes 2a and 2b (2). 
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MAGNETIC PROPERTIES OF PYRIMIDINE-CU(II) COMPLEXES [355]/33 

We also investigated the magnetic properties of dinuclear complexes. The 
magnetic behavior was similar; the effective magnetic moments were almost constant 
with temperature, and the values 2.63 p~ for 3a and 2.67 p~ for 3b indicated that the 
Cu(I1) spins were paramagnetic with g = 2.15 and 2.18, respectively [14]. The 
pyrimidine bridges did not work as magnetic couplers in di- and trinuclear Cu(hfac)2 
complexes, unlike the case of polymers. 

On the basis of our molecular design [3,7], PZ bridges are expected to be 
antiferromagnetic exchange couplers. Hatfield and co-workers reported that 5 obeyed 
the Curie-Weiss law with the Weiss constant of - 0 . W . 5  K [9]. We re-examined the 
magnetisms of 5 and 6. We obtained Curie and Weiss constants of 0.470 cm3 K mol-1 
and -0.06 K respectively for 5, indicating that 5 was almost paramagnetic. The g value 
was determined to be 2.23 (lit. [9] g = 2.24). A similar analysis of 6 gave Curie and 
Weiss constants of 0.906 cm3 K mol-1 and -0.1 1 K respectively (g = 2.19). Complexes 
5 and 6 showed only slight antiferromagnetic behaviors below ca. 5 K. 

DISCUSSION 

The magnetic studies of complexes using 4-MPM and 5-MPM qualitatively gave the 
same results. We can conclude that ferromagnetic couplings were observed only in 
pyrimidine-bridged polymers. Trinuclear 2a and 2b are not ground quartet molecules, 
although the organic triradicals bridged by m-phenylenes were known to be ground 
high-spin molecules [ 151. The polymer form is essential for ferromagnetic interaction. 

The symmetry of the crystal and the geometry of nitrogen ligation may be 
important factors for magnetic properties. However, [QZC~(hfac)2]~ which exhibited 
ferromagnetic interaction has inversion centers at Cu(I1) ions and both of the QZ 
nitrogens coordinate at axial positions [7] just like paramagnetic 2a. The following 
explanation is plausible. The di- and trinuclear complexes include pentawordinated 
Cu(I1) ions. The energy levels of SOMO in Cu(hfac)z moieties are varied by the 
coordination of the nitrogen atoms. Superexchange interaction decreases by a possible 
mismatch of energy levels between SOMOs of the penta- and hexacmrdinated copper 
ions and also between SOMO of the pentacoordinated copper ion and HOMO of the 
pyrimidine bridge. In the polymers, all of the SOMOs should have exactly the same 
energy level, and consequently parallel spin alignment is preferable by Hund's rule. 

PM and PZ bridges were proved to be potential ferro- and antiferromagnetic 
exchange couplers respectively. The PZ-bridged Cu(I1) complexes showed very weak 
antiferromagnetic interaction. Through-bond interactions in the €2-bridged complexes 
must be small, because the copper ions are separated by one more carbon atom in 
comparison with those in the PM-bridged complexes. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
59

 1
8 

Fe
br

ua
ry

 2
01

3 



34/[356] M. NAKAGAWA ef al. 

ACKNOWLEDGEMENT 

One of the authors (T.I.) is grateful to financial support from The Nishida Research Fund 
for Fundamental Organic Chemistry. 

REFERENCES 

1. D. R. Corbin, L. C. Francesconi, D. N. Hendrickson, and G. D. Stucky, horn. 
-9 Chem -9 18 3069,3074 (1979). 

2. H. Oshio and H. Ichida, J. Phvs. Chem., B.3294 (1995); H. Oshio, J .  Chem. Soc., 
Chem. Commun., 2.10 (1991). 

3. S.4. Mitsubori, T. Ishida, T. Nogami, and H. Iwamura, Chem. Lett., 285 (1994); S.- 
i. Mitsubori, T. Ishida, T. Nogami, H. Iwamura, N. Takeda. and M. Ishikawa, Chem. 
- Lett., 685 (1994); T. Ishida, S.-i. Mitsubori, T. Nogami, and H. Iwamura, Mol. 
Crvst. Lia. Crvst., 233,345 (1993). 

4. N. Mataga, Theor. Chim. Acta, &I, 372 (1967). 
5 H. Iwamura, Adv. Phvs. Ore. Chem., z, 179 (1990); K. Itoh, Pure ADDI. Chem.. a, 

1251 (1978); K. Matsuda. N. Nakamura. K. Takahashi. K. Inoue, N. Koga, and H. 
Iwamura, J. Am. Chem. Soc., 117,5550(1995). 

6. A. Raja, Chem. Rev., !M, 871 (1994); N. Ventosa; D. Ruiz, C. Rovira, and J. 
Veciana, Mol. Crvst. Lia. Crvst., 232.333 (1993). 

7. T. Ishida, S.-i. Mitsubori, T. Nogami, Y. Ishikawa, M. Yasui, F. Iwasaki, H. 
Iwamura, N. Takeda, and M. Ishikawa, Svnth. Met., 7l, 1791 (1995); T. Ishida, T. 
Nogami, M. Yasui, F. Iwasaki, H. Iwamura, N. Takeda, and M. Ishikawa, &loJ 
Crvst. Lia. Crvst., in press. 

8. T. Kogane, K. Kobayashi, M. Ishii, R. Hirota, and M. Nakahara, J. Chem. Soc., 
Dalton Trans., 13 (1994); T. Kogane, K. Kobayashi, M. Ishii, R. Hirota, and M. 
Nakahara, Chem. Lett., 419 (1991). 

9. R. C. E. Belford, D. E. Fenton, and M. R. Truter, J. Chem. Soc., Dalton Trans., 17 
(1974); H. W. Richardson, J. R. Wasson, and W. E. Hatfield, Inore. Chem., l6- 484 
( 1 9 7 7 .  

10. la: tetragonal, I4l/a, u=19.2!53(8), c=22.380(9) A, V=8295(3) A3,2%16, D d ~ l . 8 3 1  
g/cm3, M.052, R4.047 for 4873 unique reflections. 2a: triclinic. P i ,  a=11.728 
(4). b=13.621(5), c=10.919(2) A, d . 4 6 ( 3 ) ,  fk113.78, ~65.02'. V=1437.8(8) 813, 
Z=1, D d c  =1.872 g/cm3,R=0.051,R+=0.045 for 6586 unique reflections. 

11. G. A. Baker, Jr., G. S. Rushbrooke, and H. E. Gilbert, Phvs. Rev., w, 1272 

12. K. Nakayama, T. Ishida, and T. Nogami, unpublished results. 
13. The magnetic measurements of typical S = 1/2 paramagnets 4a and 4b indicated g = 

2.23 and 2.24 respectively, and also those of polynuclear complexes (1 and related 
compounds [A) revealed that g values appeared around 2.2. See also ref [ 141. 

14. Similar bfi and g values were obtained in L-[Cu(hfac)2]2 : L = PM, kff= 2.71 ccg, 
g = 2.21; L = 4,6-dimethyl-PM, bfi = 2.66 C(B, g = 2.17; L = Sbromo-PM, kfi = 
2.69 crg, g = 2.20. S.-i. Mitsubori, T. Ishida, and T. Nogami. unpublished results. 

(1gw. 

15. For example, T. Ishida and H. Iwamura, J. Am. Chem. Soc., 113,4238 (1991). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

9:
59

 1
8 

Fe
br

ua
ry

 2
01

3 


