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To investigate the different phosphorescent promoting effects of organic emitters by various metal centers, a new ligand, 
4,4ǋ-diphenyl-6,6ǋ-dimethyl-2,2ǋ-bipyrimidine (pmbp), and its Zn(II), Hg(II), and Pt(II) complexes, [Zn(pmbp)2](ClO4)2 
(1), Pt(pmbp)Ph2 (2), Zn(pmbp)Cl2 (3), and Hg(pmbp)Cl2 (4) were synthesized. Their structures were determined by 
single crystal X-ray diffraction. The zinc complexes 1 and 3 exhibit blue luminescence in the solid state at ambient 
temperature, but the mercury complex 4 is not luminescent. At 77 K, both pmbp and complex 1 have blue emissions in 
MeOH solutions, which were demonstrated to be phosphorescence by their long decay lifetime (Õs). By comparing the 
luminescent properties of the free ligand and the complex, we concluded that the phosphorescence of 1 originates from 
ligand centered  Ÿ * transitions. Complex 2 exhibits orange luminescence both in CH2Cl2 solution at 77 K and in the 
solid state at ambient temperature, which was assigned to metal-to-ligand [dM Ÿ *(pmbp)] charge transfer (MLCT). The 
different origin of luminescence is responsible for the different luminescent color of the Zn(II) and Pt(II) complexes.

Introduction
Using phosphorescent compounds as emitters in organic light-emit-
ting devices (OLEDs) has attracted much attention from both re-
search institutions and industrial sectors because of their potential in 
the enhancement of overall device efficiency.1 However, the emis-
sions of most luminescent organic compounds are dominated by 
fluorescence, and their phosphorescent emissions are usually very 
weak. One effective way of promoting phosphorescent emission 
from organic molecules is to introduce d-block metal centers into 
the organic ligands as it has been demonstrated that metal centers 
can play a key role in promoting singletïtriplet state mixing and 
hence, phosphorescent emission.1 Examples of blue/green fluores-
cent Zn(II) complexes with N or O donors have been reported pre-
viously.2 However, blue phosphorescent Zn(II) complexes are still 
scarce. There have also been many reports concerning orange/red 
phosphorescent square planar Pt(II) complexes,3,4 and the origin 
of the emission of these complexes is often from metal-to-ligand 
charge transfer (MLCT, dM Ÿ *). The MLCT emission band of 
the complex is usually shifted considerably, compared to that of 
the free ligand. Phosphorescent metal complexes involving ligand-
centered  Ÿ * transitions are also known previously, where the 
phosphorescent emission band of the complex usually resembles 
that of the free ligand, but is much more intense and with a shorter 
decay lifetime than that of the free ligand.5 Therefore, theoretically, 
for a given ligand, emissions of different colors could be obtained 
by manipulating metalïligand interactions to enhance either ligand-
centered emission or MLCT emission with the choice of appropriate 
metal ions, which may lead to useful applications in OLED displays. 
However, surprisingly, reports on using different metal centers to 
achieve different emission colors for a given ligand are very scarce. 
Furthermore, since stable blue phosphorescent emitters ( em < 
450 nm) are rare, it is very useful to find ligands that display blue 
phosphorescent emissions, which can be enhanced by metal cen-
ters. In this work, a new ligand, 4,4ǋ-diphenyl-6,6ǋ-dimethyl-2,2ǋ-bi-
pyrimidine, was synthesized, and its Zn(II) and Pt(II) complexes 
were demonstrated to emit blue phosphorescence originated from li-
gand-centered  Ÿ * transition and orange luminescent originated 
from MLCT, respectively. In order to compare with Zn(II) and Pt(II) 
complexes, a Hg(II) complex has also been synthesized and was 
found to be non-emissive. Herein we report the syntheses, crystal 
structures, and luminescent properties of the new compounds.

Experimental
All starting materials were purchased from Aldrich Chemical Co. 
and used without further purification. All solvent used in syntheses 
and spectroscopic measurements were distilled over appropri-
ate drying reagents. 1H and 13C NMR spectra were recorded on a 
Bruker Advance 300 spectrometer operating at 300 MHz for 1H 
and 75 MHz for 13C. Excitation and emission spectra were obtained 
with a Photon Technologies International QuantaMaster Model 
C-60 spectrometer. Emission lifetime was measured on a Photon 
Technologies International Phosphorescent lifetime spectrometer, 
Timemaster C-631F equipped with a Xenon flash lamp and digital 
emission photon multiplier tube using band pathway of 5 nm for 
excitation and 2 nm for emission. UV-Vis spectra were recorded on 
a Hewlett Packard 8452A diode array spectrophotometer. Elemental 
analyses were performed by Canadian Microanalytical Service Ltd., 
Delta, British Columbia, Canada. 2-Chloro-4-phenyl-6-methyl-
pyrimidine5 and [PtPh2S(CH3)2]n (n = 2, 3) (Ph = phenyl)6 were 
prepared according to previously reported procedure.

4,4ǋ-Diphenyl-6,6ǋ-dimethyl-2,2ǋ-bipyrimidine (pmbp)

Under N2 protection, a mixture of 2-chloro-4-phenyl-6-methyl-
pyrimidine (3.0 g, 14.7 mmol), NiCl2 6H2O (3.50 g, 14.7 mmol), 
triphenylphosphine (15.4 g, 58.8 mmol), and zinc powder (1.36 g, 
21 mmol) was added 50 mL degassed DMF. The mixture was heated 
at 70ÁC for 8 h, and the resulting dark red solution was poured into 
500 mL 2 M aqueous ammonia. The solution was then extracted 
with CH2Cl2 (50 mL Ĭ 3). The organic layer was combined and 
evaporated to dryness. The resulting yellow solid was purified by 
a chromatography column using hexane/ethyl acetate (4  1) as elu-
ant, which provided pmbp as white microcrystalline solid (2.1 g, 
84% yield). Mp 230ï232ÁC. 1H NMR (CD2Cl2,  (ppm)): 8.26 (dd, 
4H, J = 5.7, 4.2 Hz, Ph), 7.77 (s, 2H, pyrimidine), 7.59ï7.61 (m, 
6H, Ph), 2.77 (s, 6H, methyl). 13C NMR (CD2Cl2,  (ppm)): 168.9, 
164.7, 164.1, 137.4, 131.2, 129.4, 127.7, 116.4, 24.8. Anal. Calcd. 
for C22H18N4: C, 78.08; H, 5.36; N, 16.56. Found: C, 77.86; H, 5.62; 
N, 16.45%.

Zn(pmbp)2(ClO4)2    (1)

A MeOH solution (5 mL) of Zn(ClO4)2 6H2O (56 mg, 0.15 mmol) 
was successfully layered upon the THF solution (5 mL) of pmbp 
ligand (100 mg, 0.30 mmol). The two-layer solution was allowed to 
stand at room temperature. Slow diffusion of Zn containing solution 
into THF layer afforded complex 1 as colorless crystals after several 
days (98 mg, 69% yield). 1H NMR (MeOH-d4,  (ppm)): 8.35 (dd, 

À Electronic supplementary information (ESI) available: Crystal structure 
diagrams for the free ligand and compound 2; structural details for the free 
ligand. See http://www.rsc.org/suppdata/dt/b4/b404905e/



Mp 265ï267 ÁC (decompose). Anal. Calcd. for C22H18Cl2N4Hg: C, 
43.33; H, 2.97; N, 9.19. Found: C, 43.55; H, 3.37; N, 8.82%.

X-Ray crystallographic analysis

Single crystals of pmbp were obtained from slow diffusion of 
hexane into a CH2Cl2 solution of pmbp. Suitable single crystals 
of 1 THF hexane was obtained from slow diffusion of methanol 
solution of Zn(ClO4)2 into THF/hexane solution of pmbp. Slow 
evaporation of THF solution of compound 2 afforded red crystals 
of 2, while CH2Cl2 solution of compound 2 gave rise to orange 
crystals of 2 CH2Cl2. The crystals of 3 and 4 CH2Cl2 were obtained 
by slow diffusion of THF solution of ZnCl2 and HgCl2 into CH2Cl2 
solution of pmbp, respectively. All crystals were mounted on thin 
glass fibers for data collection. Data were collected on a Siemens P4 
single-crystal X-ray diffractometer with a CCD-1000 detector and 
graphite-monochromated Mo K  radiation, operating at 50 kV and 
30 mA at 25ÁC. The data collection ranges over the 2  ranges are 
4.66ï56.50Á for pmbp, 3.76ï56.72Á for 1 2THF, 3.38ï56.58Á for 2, 
3.66ï56.54Á for 2 CH2Cl2, 4.76ï56.60Á for 3, and 3.26ï56.70Á for 
4 CH2Cl2. No significant decay was observed for all samples. Data 
were processed on a PC using Bruker SHELXTL software pack-
age7 (version 5.10) and are corrected for Lorentz and polarization 
effects. Crystals of pmbp and 4 CH2Cl2 belong to monoclinic space 
group P21/c. Compound 1 crystallized in the triclinic space group 

 with the formula of 1 2THF. Crystals of 2 CH2Cl2 and 3 belong 
to monoclinic space group P21/n, while the crystals of 2 belong 
to orthorhombic space group Pbca. All structures were solved by 
direct methods. All non-hydrogen atoms except those of crystal 
lattice THF and CH2Cl2 molecules were refined anisotropically. All 
hydrogen atoms in pmbp were located directly from different Fou-
rier maps. The hydrogen atoms in other structures were calculated 
and their contributions were included. Complexes 1 and 4 produce 
very thin plate and needle-like crystals, respectively, which diffract 
poorly and result in relatively higher R1 value than complexes 2 and 
3. The crystallographic data are given in Table 1. Selected bond 
lengths and angles are listed in Table 2.

CCDC reference numbers 234710ï234715.
See http://www.rsc.org/suppdata/dt/b4/b404905e/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion
Syntheses and characterization of the ligand and complexes

The synthesis of the pmbp ligand was achieved in good yield 
by using the coupling reaction of 2-chloro-4-phenyl-6-methyl-
pyrimidine in the presence of NiCl2, PPh3 and Zn powder, based 

8H, J = 5.4, 3.0 Hz, Ph), 8.05 (s, 4H, pyrimidine), 7.59ï7.61 (m, 
12H, Ph), 2.78 (s, 12H, methyl). 13C NMR (MeOH-d4,  (ppm)): 
169.3, 164.8, 136.9, 131.4, 129.1, 127.8, 117.0, 23.0 (one quater-
nary carbon hidden). Anal. Calcd. for C44H36Cl2N8O8Zn H2O: C, 
55.09; H, 4.00; N, 11.68. Found: C, 55.22; H, 3.74; N, 11.68%.

Pt(pmbp)Ph2    (2)

A mixture of 100 mg pmbp (0.30 mmol) and 130.9 mg 
[PtPh2S(CH3)2] (n = 2, 3) (0.32 mmol) were dissolved in 15 mL of 
anhydrous THF. After being stirred for 6 h at ambient temperature, 
the dark red solution was concentrated to about 5 mL under vacuum, 
and allowed to stand at room temperature. Slow evaporation of THF 
afforded red crystals of 3 after several days (138 mg, 67% yield), 
mp 238ï240ÁC (decompose). 1H NMR (CD2Cl2,  (ppm)): 8.41 (dd, 
4H, J = 5.7, 3.3 Hz, Ph-pmbp), 7.75 (s, 2H, pyrimidine), 7.63ï7.70 
(m, 6H, Ph-pmbp), 7.45 (dd, with satellites, 4H, J = 7.8, 1.2 Hz, 
JPtïH = 75.3 Hz, PhïPt), 6.90 (t, 4H, J = 7.5 Hz, PhïPt), 6.78 (tt, 2H, 
J = 7.5, 1.2 Hz, PhïPt). 2.07 (s, 6H, methyl). 13C NMR (CD2Cl2,  
(ppm)): 170.8, 163.9, 163.8, 141.7 (with satellites, JPtïC = 1125 Hz), 
138.8 (with satellites, JPtïC = 33.7 Hz), 136.1, 132.7, 130.0, 128.2, 
127.2 (with satellites, JPtïC = 83.4 Hz), 122.2, 119.1, 26.4. Anal. 
Calc. for C34H28N4Pt: C, 59.32; H, 4.07; N, 8.14. Found: C, 58.56; 
H, 4.19, 7.90%. If the reaction was carried out in CH2Cl2 solution 
instead of THF, orange crystals of 3 CH2Cl2 could be obtained by 
slow evaporation of CH2Cl2 after several days (72% yield), mp 
235ï237 ÁC (decompose). Anal. Calcd. for C34H28N4Pt CH2Cl2: C, 
54.41; H, 3.91; N, 7.25. Found: C, 54.86; H, 4.22; N, 7.43%.

Zn(pmbp)Cl2    (3)

A THF solution of anhydrous ZnCl2 (45 mg, 0.33 mmol) was 
successfully layered upon a CH2Cl2 solution of pmbp (100 mg, 
0.32 mmol). Slow diffusion of Zn(II) containing solution to pmbp 
solution afforded 3 as colorless crystals after one day (140 mg, 93% 
yield). Compound 3 is insoluble in any organic solvents. NMR 
spectra could not be obtained. Complex 3 can also be obtained by 
the reaction of ZnCl2 with 2 in 1  1 ratio. Mp > 300 ÁC. Anal. Calcd. 
for C22H18Cl2N4Zn: C, 55.67; H, 3.82; N, 11.80. Found: C, 56.17; 
H, 4.04; N, 11.71%.

Hg(pmbp)Cl2    (4)

In the same manner described for 3, the reaction of HgCl2 (45 mg, 
0.17 mmol) with pmbp (50 mg, 0.16 mmol) afforded 4 as color-
less crystals (89 mg, 96% yield). Compound 4 is insoluble in any 
organic solvent. NMR spectra could not be obtained. Complex 4 
can also be obtained by the reaction of HgCl2 with 2 in 1  1 ratio. 

Table 1 Crystal data for pmbp and complexes 1ï4

  1 THF hexane 2 2 CH2Cl2 3 4 CH2Cl2

 Formula C44H36Cl2N8O8Zn  C34H28N4Pt C34H28N4Pt CH2Cl2 C22H18Cl2N4Zn C22H18Cl2HgN4 CH2Cl2
  THF hexane
 FW 1111.36 687.69 772.62 474.67 694.82
 Crystal system Triclinic Orthorhombic Monoclinic Monoclinic Monoclinic
 Space group  Pbca P21/n P21/n P21/c
 a/¡ 13.091(3) 10.1260(14) 12.5198(19) 11.169(8) 7.334(3)
 b/¡ 14.561(3) 22.726(3) 14.932(2) 15.325(11) 15.566(8)
 c/¡ 14.658(3) 24.167(3) 16.953(3) 13.488(10) 21.200(10)

/Á 99.214(4) 90 90 90 90
/Á 104.109(3) 90 98.555(3) 112.341(11) 96.854(9)
/Á 104.122(4) 90 90 90 90

 V/¡3 2555.1(8) 5561.4(13) 3134.1(9) 2135(3) 2403(2)
 Z 2 8 4 4 4
 /mmī1 0.652 5.076 4.678 1.416 6.869
 Reflections     
 measured 18650 38281 21931 14120 16829
 used 11758 6790 7405 4912 5594
 Final R [I > 2 (I)]
 R1

a 0.0644 0.0242 0.0296 0.0637 0.0850
 wR2

b 0.1028 0.0383 0.0767 0.1523 0.0792
a R1 = ×[|Fo| ī |Fc|]/×|Fo|. b wR2 = {×[w(Fo

2 ī Fc
2)]/ ×(wFo

2)}1/2, w = 1/[ 2(Fo
2) + (0.075P)2], where P = [Max(Fo

2,0) + 2Fc
2]/3.



on a previously reported procedure for the synthesis of 2,2ǋ-bi-
pyrimidines.8 The synthetic procedure of pmbp is summarized in 
Scheme 1. Due to the poor solubility of Zn(ClO4)2 in solvents such 
as CH2Cl2 or THF, crystals of complex 1 were obtained by slow dif-
fusion of the methanol solution of Zn(ClO4)2 into a THF solution of 
pmbp. The reaction of pmbp and [PtPh2(SMe2)]n (n = 2, 3) in THF 
solution provided pure complex 2 as red crystals, while the reaction 
of pmbp and [PtPh2(SMe2)]n in CH2Cl2 solution afforded orange 
crystals of 2, which were found to have the formula of 2 CH2Cl2. 
Compounds 3 and 4 can be obtained by slow diffusion of THF solu-
tion of ZnCl2 or HgCl2 into the CH2Cl2 solution of pmbp ligand in 
almost quantitative yield. The pmbp ligand and complexes 1 and 
2 were fully characterized by 1H and 13C NMR, elemental analy-
ses and single crystal X-ray diffraction analyses. Due to the poor 
solubility of complexes 3 and 4 in organic solvents (e.g. CH2Cl2, 
CHCl3, THF, CH3CN, CH3OH, DMSO and DMF), NMR spectra 
for complexes 3 and 4 could not be obtained. Complexes 3 and 4 
were characterized by elemental analyses and single crystal X-ray 
diffraction analyses. The synthetic procedures of complexes 1ï4 are 
summarized in Scheme 2.

 Non-substituted 2,2ǋ-bipyrimidine is known to function either as 
a bidentate chelate ligand via two nitrogen donor atoms or a tetra-
dentate bridging ligand involving all four nitrogen donor atoms.9 
In contrast, the pmbp ligand has been found to display only one 
bonding mode, i.e. the bidentate chelating mode through the two 

nitrogen atoms that are adjacent to the methyl group. Attempts to 
react Zn(ClO4)2, ZnCl2 or HgCl2 with the pmbp ligand in various 
ratios (i.e. 2  1, 1  1, 1  2) resulted in the isolation of mononuclear 
compounds 1, 3 and 4, respectively. The absence of a dinuclear 
complex with the pmbp as a tetradentate bridging ligand can be 
attributed to the two phenyl groups that effectively block the metal 
ion from binding to the nitrogen atoms. In order to further investi-
gate the possibility of pmbp as bridging ligand for the formation 
of mixed metal complexes, we attempted the reactions of MCl2 
(M = Zn or Hg) with compound 2. Due to the occupation of the 
first chelation site by a platinum ion in complex 2, it is possible that 
zinc or mercury ion has to bind to the ligand from the other side. 
However, X-ray diffraction analyses demonstrated that the reactions 
of ZnCl2 or HgCl2 with compound 2 resulted in the isolation of the 
transmetallation products of 3 and 4, respectively (Scheme 2). Sev-
eral reasons may be responsible for this metal exchange reaction. 
First, the two phenyl groups of pmbp block the second chelation 
site of the ligand. Second, compared with the square planar dsp2 
hybrid orbital of Pt(II), the tetrahedron geometries of sp3 hybrid or-
bitals of Zn(II) or Hg(II) have much less steric interactions with the 
methyl groups of pmbp, which perhaps makes 3 and 4 more stable 
than 2. Third, the solubilities of 3 and 4 in THF and CH2Cl2 likely 
shift the equilibrium towards the formation of the Zn(II) and Hg(II) 
complexes 3 and 4.

Crystal structures

The structure of the Zn(pmbp)2
2+ cation in complex 1 is shown 

in Fig. 1a. The Zn(II) center is four-coordinated and bidentately 
chelated by two pmbp ligands via two of the nitrogen atoms. The 
geometry of the Zn(II) ion is a distorted tetrahedron, as indicated 
by the NïZnïN bond angles ranging from 81.91(19) to 140.9(2)Á, 
attributable to steric interactions between the ligands. Similar 
distorted tetrahedral structures have been observed in other Zn(II) 
complexes previously reported.2h,10 The ZnïN bond lengths range 
from 1.995(5) to 2.050 (4) ¡, which are typical for Zn(II) complexes 
with neutral N donors.2,10 The two pyrimidyl rings of each pmbp 
are coplanar. In the crystal lattice of 1, the Zn(pmbp)2

2+ cations 
are paired up through intermolecular ï  stacking of the pmbp 
ligand (the pmbp ligand containing N(5) and N(8)), resulting in the 
formation of a ï  stacking dimer structure (Fig. 2b, bottom). The 
distance between the planes of ï  stacked pmbp ligands is 3.48 ¡. 
One of the phenyl rings (C(31)ïC(36)) is almost parallel with the 
bipyrimidyl plane, as indicated by the dihedral angle of 9.3Á, and 
forms ï  stacking with a pyrimidyl ring of the neighboring mol-
ecule (Fig. 2b, bottom). The closest intermolecular ZnïZn distance 
of complex 1 is 8.28 ¡.

 Complex 2 has two different crystalline forms: red crystals 
obtained from a THF solution containing the molecules of 2 only, 
and orange crystals from a CH2Cl2 solution containing one CH2Cl2 
per molecule of 2. The structure of 2 in the red crystal is shown in 
Fig. 2a. The Pt(II) center in complex 2 is four-coordinated. Each 
Pt(II) center is bidentately chelated by a pmbp ligand. The remain-
ing two binding sites of the Pt(II) center are occupied by two phenyl 
groups, forming a somewhat distorted square planar geometry, as 
indicated by the N(1)ïPt(1)ïC(7) and N(2)ïPt(1)ïC(1) bond angles Scheme 1

Table 2 Selected bond lengths (¡) and angles (Á) for pmbp, and 1ï4

Compound 1 THF hexane
Zn(1)ïN(1) 2.010(5) N(1)ïZn(1)ïN(2) 82.6(3)
Zn(1)ïN(2) 1.992(5) N(1)ïZn(1)ïN(5) 140.9(2)
Zn(1)ïN(5) 2.021(4) N(1)ïZn(1)ïN(6) 106.1(2)
Zn(1)ïN(6) 2.048(4) N(2)ïZn(1)ïN(5) 123.6(2)
  N(2)ïZn(1)ïN(6) 127.21(18)
  N(5)ïZn(1)ïN(6) 81.84(19)
Compound 2
Pt(1)ïN(1) 2.136(3) N(1)ïPt(1)ïN(2) 77.01(10)
Pt(1)ïN(2) 2.152(3) N(1)ïPt(1)ïC(1) 95.85(12)
Pt(1)ïC(1) 1.986(3) N(1)ïPt(1)ïC(7) 173.33(13)
Pt(1)ïC(7) 1.990(4) N(2)ïPt(1)ïC(1) 168.86(12)
  N(2)ïPt(1)ïC(7) 101.13(13)
  C(1)ïPt(1)ïC(7) 84.98(14)
Compound 2 CH2Cl2
Pt(1)ïN(1) 2.139(3) N(1)ïPt(1)ïN(2) 76.91(12)
Pt(1)ïN(2) 2.144(3) N(1)ïPt(1)ïC(1) 99.16(14)
Pt(1)ïC(1) 2.000(4) N(1)ïPt(1)ïC(7) 169.75(18)
Pt(1)ïC(7) 2.004(5) N(2)ïPt(1)ïC(1) 173.52(13)
  N(2)ïPt(1)ïC(7) 97.79(15)
  C(1)ïPt(1)ïC(7) 85.27(17)
Compound 3
Zn(1)ïN(1) 2.056(4) N(1)ïZn(1)ïN(2) 80.26(14)
Zn(1)ïN(2) 2.061(4) N(1)ïZn(1)ïCl(1) 118.58(10)
Zn(1)ïCl(1) 2.2058(19) N(1)ïZn(1)ïCl(2) 108.26(11)
Zn(1)ïCl(2) 2.2184(15) N(2)ïZn(1)ïCl(1) 118.58(10)
  N(2)ïZn(1)ïCl(2) 109.20(11)
  Cl(1)ïZn(1)ïCl(2) 116.43(6)
Compound 4 CH2Cl2
Hg(1)ïN(1) 2.308(8) N(1)ïHg(1)ïN(2) 70.6(4)
Hg(1)ïN(2) 2.324(9) N(1)ïHg(1)ïCl(1) 112.1(2)
Hg(1)ïCl(1) 2.375(4) N(1)ïHg(1)ïCl(2) 121.2(3)
Hg(1)ïCl(2) 2.340(3) N(2)ïHg(1)ïCl(1) 106.7(2)
  N(2)ïHg(1)ïCl(2) 123.7(3)
  Cl(1)ïHg(1)ïCl(2) 114.92(13)

Scheme 2




