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Abstract: The first crystal structure of a phenylcyanamide Rh(III) complex, 
[Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2 (terpy = 2,2΄:6′,2″– terpyridine, bpy= 
2,2΄-bipyridine, and 2,5-Cl2pcyd = 2,5-dichlorophenylcyanamide) has been 
reported in this paper. Crystals of [Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2

.0.5CH3CN were grown by ether diffusion into an acetonitrile solution of the 
complex. Crystal structure data: orthorhombic system, space group Fdd2, 
with a = 84.228(3), b = 8.7162(3), c = 21.4921(7)Å, V=15778.4(9) Å3, and 
Z=16. The structure was refined by using 4971 independent reflections with 
I>2σ(I) to a R factor of 0.0644 and Rw = 0.1752. ORTEP drawing of 
[Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2 .0.5CH3CN shows that the terpy and 
bpy ligands are coordinated to the RhIII through their nitrogen atoms in a 
mutually perpendicular fashion. The anionic cyanamide group is coordinated 
end-on by the nitrile nitrogen to the RhIII. The RhIII –NCN bond is bent, 
having an angle of 125.4o. This bent bond is largely determined by the σ-
bonding interaction of a cyanamide non-bonding electron pair in a sp2 hybrid 
orbital. 

Keywords: Phenylcyanamide Ligands, Rhodium (III) Complex, Pyridyl 
Ring, Bipyridine, Terpyridine.
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Introduction 
Interest in Cyanamide ligands began with the discovery of copper salts of 
radical anion N,N′-dicyanoquniondiimine derivatives (DCNQI). The 
Cu(DCNQI)2 molecular models show evidence of being three dimensional 
conductors in that they have conductivity not only in the direction of the π-
stacks but also in the direction of the Cu-cyanamide links between the π-
stacks[1]. The phenylcyanamides are ambidentate ligands whether neutral or 
in anionic form and so the possibility of linkage isomerism must be 
recognized. The coordination chemistry of phenylcyanamide ligands still 
requires much effort to complete. Up to now, only the crystal structures of 
RuII, RuIII, NiII, PdII, CuII, CuI, AgI and CoIII phenylcyanamide complexes 
have been obtained [2-24]. In this study, the Rh(III) complex, 
[Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2.0.5CH3CN has been prepared and 
characterized by elemental analysis, IR, 1H NMR and UV-Vis 
spectroscopies. A crystal structure determination of the complex has been 
performed and compared with the structures of other transition metal 
complexes of phenylcyanamide ligands. 

Experimental 
Materials and general methods 
All reagents and solvents used in this study were reagent grade or better. 
[Rh(terpy)(bpy)Cl](PF6)2 [25] and the thallium salts of phenylcyanamide 
ligands [4] were synthesized according to literature procedures. Caution: 
Thallium is toxic.

Elemental analyses were performed by Heraeus CHN-O-Rapid elemental 
analyzer. IR spectra were measured on a Shimadzu 460 spectrophotometer 
with KBr pellets and electronic spectra on a JASCO 7850 
spectrophotometer. 1H NMR spectra were recorded on a Bruker DRX-500 
MHz AVANCE spectrometer at ambient temperature in DMSO-d6.

Preparation of ( 2 , 2′- bipyridine ) ( 2 , 5 – dichlorophenylcyanamido ) 
(2 , 2΄:6′, 2″– terpyridine) rhodium (III) Hexafluorophosphate, [Rh 
(terpy) (bpy) (2,5-Cl2pcyd )] (PF6) 2.0.5CH3CN 
A mixture of [Rh (terpy) (bpy)Cl] (PF6)2 (1mmol) and 2,5-Cl2pcydTl (1 
mmol) dissolved in 25 mL of N,N’- dimethylformamide (DMF) and was 
stirred at reflux temperature overnight. The resulting reaction mixture was 
allowed to cool to room temperature and then left in a refrigerator overnight. 
The white solid (TlCl) was filtered off. The crude product precipitated as a 
yellow-orange solid with the addition of 200mL of diethylether to the 
filtrate, then was collected by suction filtration. Recrystallization was 
achieved by the slow diffusion of diethylether into a saturated solution of the 
crude complex in CH3CN. 
[Rh (terpy) (bpy)Cl ] (PF6)2 + 2,5 - Cl2pcydTl →[ Rh (terpy) (bpy) (2,5-
Cl2pcyd) ](PF6)2 + TlCl↓
Yield 64%. Anal. Calcd. For C32H22Cl2F12N7P2Rh (Vacuum dryed) (MW = 
968.3134): C, 39.70; H, 2.29; N, 10.13. Found: C, 40.05; H, 2.34; N, 10.30. 
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IR(KBr disk): ν(NCN) = 2097 cm-1 ; UV-vis sepectra (10-3M in acetonitrile, 
λ in nm (log ε)): 504(3.73), 320(3.38), 281(4.27), 265(4.96), 237(3.85).  
1H-NMR (500 MHz, DMSO-d6): 6.15(s), 6.85(d), 7.16(d), 7.53(t), 7.82(m), 
8.11(d), 8.25(t), 8.41(m),  8.56(t),  8.69(t),  8.77(d),  8.89(d),  9.09(d),  
9.27(d),  9.48(t). 

Yellow crystals of [Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2 .0.5CH3CN  were 
grown by ether diffusion into an acetonitrile solution of the complex. Single-
crystal X-ray diffraction measurements were carried out with a BRUKER  
AXS SMART 2K/platform diffractometer equipped with a graphite 
monochromator for data collection at 220(2)K. The determination of unit 
cell dimensions and data collection was performed with Cu Kα radiation ( λ
= 1.54178Å). Data reduction processing was carried out by the use of the 
program SAINT [26], which applied Lorentz and Polarization corrections to 
the three-dimensionally integrated diffraction spots. The program SADABS 
[27] was utilized for the scaling of diffraction data, the application of a 
decay correction, and an empirical absorption correction based on redundant 
reflections. 

The space group was confirmed by XPREP routine in SHELXTL 
program [28]. The structure was solved by direct method using SHELXS97 
[29] and difmap synthesis using SHELXL97[30]. All non–H atoms 
anisotropic, where all refined hydrogen atoms isotropic. H atoms constrained 
to the parent site using a riding model; SHELXL97 defaults, C-H 0.94 to 
0.97 Å. The isotropic factors, Uiso , were adjusted to 50% higher value of the 
parent site(methyl) and 20% higher (others). A final verification of possible 
voids was performed using the VOID routine of the PLATON program [31]. 
Crystal structure data, atomic coordinates, selected bond lengths and angles 
are given in Tables 1 and 3, respectively.   

Table 1 Crystallographic data and structure refinement summary 
for [Rh (terpy) (bpy) (2,5-Cl2pcyd)](PF6)2.0.5CH3CN 

Formula C33H23Cl2F12N7P2Rh 
Molecular weight 988.84 
Crystal system Orthorhombic 
Space group Fdd2 

Unit cell dimensions(Å) a = 84.2280(30)  
b = 8.7162(3) 
c = 21.4921(7) 

Volume(Å3) 15778.4(9) 
Z 16 
Dcalc (g/cm3) 1.665 
µ(mm-1) 6.368 
Crystal size(mm) 0.45 × 0.14 × 0.03 
Range of h, k, l -90/89, -9/9, -22/22 
Reflections collected/unique 48988/4971 
Parameters 713 
R and Rw 0.0644, 0.1752 
Residual electron densities(e/Å3) 1.489 to -0.957 
Goodness of fit 1.051 
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Table 2 Atomic coordinates(×104) and equivalent isotropic displacement parameters 
(Å2×103) for [Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2.0.5CH3CN.U(eq) is defined as one 
third of the trace of the orthogonalized Uij tensor. 

Atom x y z U(eq) 
Rh 9227(4) 4929(10) 8333(7) 33(3) 
N11  9224(9) 2769(9) 8728(4) 35(2) 
C12 9099(1) 1897(12) 8833(5)  45(3) 
C13 9111(8) 494(11) 9141(5) 45(3) 
C14 9258(9) 15(12) 9300(7) 60(4) 
C15 9394(1) 888(10) 9181(5) 53(3) 
C16 9371(9) 2326(12) 8898(6) 53(3) 
C17 9501(5) 3388(11) 8778(6) 55(3) 
N18 9453(3) 4673(8) 8484(4) 43(3) 
C19 9549(8) 5820(12) 8362(7) 62(3) 
C110 9711(6) 5708(16) 8479(10) 104(6) 
C111 9766(1) 4389(19) 8782(11) 126(7) 
C112 9659(2) 3203(16) 8926(9) 70(3) 
C113 9465(7) 7182(12) 9119(1) 114(1) 
N114 9306(4) 7019(9) 8081(6) 50(3) 
C115 9222(1) 8172(12) 8013(4) 38(2) 
C116 9291(2) 9506(14) 7759(1) 57(1) 
C117 9451(2) 9694(12) 550(3) 82(1) 
C118 9541(9) 8498(13) 7649(7) 79(2) 
N21 8991(10) 5167(8) 7896(7) 80(1) 
C22 8882(1) 5808(11) 7936(3) 27(2) 
C23 8728(11) 5990(11) 8490(5) 50(1) 
C24 8685(1) 5526(12) 8308(6) 57(1) 
C25 8798(4) 4865(12) 7721(5) 52(1) 
C26 8953(3) 4691(10) 7551(5) 34(2) 
C27 7078(11) 3996(11) 7187(4) 35(3) 
N28 9224(9) 4106(9) 7459(4) 40(2) 
C29 9347(4) 3558(12) 7143(5) 48(3) 
C210 9339 (4) 2855(15) 6561(5) 65(4) 
C211 9189(7) 2754(16) 6292(5) 65(4) 
C212 9058(1) 3340(13) 6603(4) 47(3) 
N31 9212(4) 5832(10) 9222(5) 39(2) 
C32 9219(11) 5118(11) 9687(6) 35(3) 
N33 9214(1) 4375(11) 10192(4) 39(2) 
C34 9347(2) 3950(4) 10506(17) 48(8) 
C35 9341(3) 2740(3) 10954(15) 63(8) 
C36 9475(3) 2330(4) 11256(16) 65(8) 
C37 9620(3) 2960(3) 11181(12) 63(8) 
C38 9629(2) 4100(2) 10735(11) 52(6) 
C39 9493(3) 4640(3) 10426(12) 53(7) 
C135 9162(3) 1840(3) 11073(15) 93(7) 
C138 9814(1) 4883(11) 10581(4) 96(2) 
C44 9351(2) 3830(4) 10460(17) 46(7) 
C45 9336(3) 2790(3) 10971(15) 64(8) 
C46 9467(3) 2140(4) 11224(16) 64(8) 
C47 9619(3) 2440(3) 11042(12) 73(1) 
C48 9635(2) 3400(3) 10532(11) 54(7) 
C49 9504(2) 410(3) 10251(12) 65(1) 
C145 9149(3) 2340(3) 11237(15) 96(2) 
C148 9824(7) 3702(12) 10229(4) 47(1) 
P1 8772(7) 297(3) 7680(7) 85(2) 
F11 8727(7) 1776(9) 8101(4) 75(2) 
F12 8948(6) 1022(8) 7602(4) 90(2) 
F13 8728(2) 1165(11) 7052(4) 104(3) 
F14 8606(5) -422(11) 7746(5) 92(3) 
F15 8829(6) -550(8) 8285(4) 79(2) 
F16 8825(4) -1178(8) 7286(4) 59(3) 
P2 9995(3) 140(2) 8802(9) 54(8) 
F21 9872(3) 650(3) 8269(11) 31(6) 
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Table 3 Selected bond lengths (Å) and angles (o) for [Rh(terpy)(bpy)(2,5- 
Cl2pcyd)](PF6)2.0.5CH3CN 

Bond lengths 
2.057 (8) 
2.065(8) 
2.068(9) 
1.540(9) 
1.569(8) 
1.593(9) 
1.603(8) 
1.619(7) 
1.619(7) 

Rh-N(114) 
Rh-N(11) 
Rh-N(31) 
P(1)-F(14) 
P(1)-F(15) 
P(1)-F(13) 
P(1)-F(16) 
P(1)-F(12) 
P(1)-F(11) 

1.942 (8) 
2.013(9) 
2.046(7) 
1.324(12) 
1.348(12) 
1.336(11) 
1.340(11) 
1.396(13) 
1.264(15) 

Rh-N(18) 
Rh-N(28) 
Rh-N(21) 
N(11)-C(12) 
N(11)-C(16) 
N(21)-C(26) 
N(21)-C(22) 
N(28)-C(29) 
N(31)-C(32) 

Bond angles 
175.4(3) 
96.2(3) 
89.6(4) 
88.1(4) 
121.6(9) 
127.0(7) 
111.3(6) 
119.0(6) 
118.0(6) 
122.6(1) 
175.3(1) 

N(28)-Rh-N(31) 
N(21)-Rh-N(31) 
N(114)-Rh-N(31) 
N(11)-Rh-N(31) 
C(12)-N(11)-C(16) 
C(12)-N(11)-Rh 
C(16)-N(11)-Rh 
C(19)-N(18)-Rh 
C(17)-N(18)-Rh 
C(32)-N(33)-C(34) 
N(31)-C(32)-N(33) 

97.4 (4) 
176.7(3) 
79.3(3) 
80.8(3) 
90.4(3) 
98.6(3) 
80.6(3) 
93.3(3) 
100.0(3) 
161.4(3) 
87.1(4) 

N(18)-Rh-N(28) 
N(18)-Rh-N(21) 
N(28)-Rh-N(21) 
N(18)-Rh-N(114) 
N(28)-Rh-N(114) 
N(21)-Rh-N(114) 
N(18)-Rh-N(11) 
N(28)-Rh-N(11) 
N(21)-Rh-N(11) 
N(114)-Rh-N(11) 
N(18)-Rh-N(31) 

Results and discussion 
Figure 1 shows the coordination geometry of the ligands about the RhIII. The 
crystal structure shows that the terpy and bpy ligands are coordinated to the 
RhIII through their nitrogen atoms in a mutually perpendicular fashion. 

As shown by ORTEP of the complex (Fig.1), the geometry about the 
RhIII is distorted-octahedral where three nitrogen atoms of the terpy ligand 
[N(11), N(18) and N(114)] and one nitrogen atom[N(21)] of the bpy ligand 
form the equatorial base. The remaining nitrogen atom [N(28)]  of the bpy 
ligand and the nitrile nitrogen[N(31)] of the 2,5-Cl2pcyd ligand are in the 
axial position with the Rh-N(31) distance of 2.068(9)Å and the bond angle 
formed by those atoms [N(28)-Rh-N(31)] is 175.4(3)o. The average bond 
length between the RhIII and each nitrogen atom  [N(11), N(18) or N(114)] 
of the terpy ligand is 2.022(13)Å with the middle nitrogen atom and RhIII 
distance [Rh-N(18)] being the shortest (1.942(8)Å). The average bond angle 
of 80.7(3)o formed by two nitrogen atoms of the terpy ligand and RhIII 
[N(11)-Rh-N(18), N(114)-Rh-N(18)] is slightly larger than that formed by 
two nitrogen atoms of the bpy ligand and RhIII [N(21)-Rh-N(28)] in the cis  
position [79.3(3)o]. These results are similar to the one obtained by Seok et 
al. for [Rh(terpy)(bpy)Cl](PF6)2 [25].  

The crystal structures of RuII, RuIII, NiII, PdII, CuII, CuI, AgI and CoIII 
phenylcyanamide complexes show that the phenylcyanamide group is an 
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approximately planar ligand and that the preferred coordination mode of the 
cyanamide group is by its’ terminal nitrile nitrogen [1-24]. This is likely due 
to the greater steric hindrance of coordination to the amide nitrogen. In 
addition, these crystal structures showed that when the cyanamide group is 
coordinated to RuIII, the RuIII – cyanamide bond angle (Ru-NCN) is 
approximately linear, having an angle of 171.4o but, when coordinated to 
NiII, PdII, CuII or CoIII, the metal-cyanamide bond is bent [1,9,12,19,20,22]. 
For example, Pd-NCN bond angle is 137.9o[20]. In contrast to the other 
metal ions, RuIII is a π acceptor and it is only when the RuIII - NCN bond is 
linear that the cyanamide group can function as both a σ and π donor [1]. 
Crystal structure data for [Rh(terpy)(bpy)(2,5-Cl2pcyd)](PF6)2 show that the 
coordination mode of the cyanamide group to RhIII ion is bent as indicated 
by the bond angle Rh-N(31)-C(32) of 125.4(7)o , and is therefore a reflection 
of RhIII ’s inability to accept  π-electron density into a filled dπ-orbital. The 
bent RhIII-NCN bond is largely determined by the σ-bonding interaction of a 
cyanamide non-bonding electron pair in a sp2 hybrid orbital. 

The RhIII-cyanamide bond length of 2.068(9) Å is larger than the average 
RuIII-cyanamide bond length of 1.97(2) Å that was derived from six RuIII-
cyanamide structures[1,8,14,17]. The shorter RuIII bond distance indicates 
significant π bonding in RuIII-cyanamide bonds. π donation of the cyanamide 
group to RhIII is not possible because of its d6 electron configuration. 

 

Fig. 1 ORTEP structure of the [Rh(terpy)(bpy)(2,5-Cl2pcyd)]2+ cation. 
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