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ABSTRACT
A series of palladium (II) complexes (1-6) containing both N and P donor atoms have been synthesized and characterized by IR, NMR and elemental analysis. Structures of 1, 2 and 6 were confirmed by single crystal X-ray analysis and showed that palladium complexes exhibit distorted square planar coordination geometry around Pd (II) centre. Catalytic activity studies revealed that these complexes show moderate activity towards ethylene oligomerization when activated by co-catalyst methylaluminoxane (MAO).
INTRODUCTION


The chemistry of polyolefins is a rapidly growing area in polymer industry. Over the past decade attention on polyolefin catalysis employing late transition metal catalysts has increased significantly in academic as well as industrial because of a less oxophilic nature as their  early transition metal complexe aequivalents. Maurice Brookhart introduced in 1995 for the first time cationic palladium (II) α-diimine catalysts for olefin polymerization to produce high molecular weight polymers [1]. Similarily, β- diimine Pd (II) complexes, comparable to α-diimine Pd (II) complexes, produced highly branched amorphous polyethylene like Brookhart’s α-diimine Pd (II) complex [2]. 
According to literature, Pd(II) complexes containing symmetrical ligands with bulky substituents have been reported as efficient catalysts for the polymerization of ethylene and α-olefins. Similar complexes containing less sterically hindered ligands are suitable for dimerization of ethylene because it is usual perceived that 'bulky' ligands suppress the chain transfer reactions causing high molecular weight polymers. This indicates a significant role of ligand architecture in oligomerization and polymerization processes. In 1999, Kress and co-workers reported cationic Pd (II) complexes chelated by unsymmetrical bidentate ligands containing both pyridyl and bulky 2, 6- diisopropylphenylimine moieties for oligomerization of olefins [3a,b,c,4]. Mapolie and coworkers have reported in recent years a number of active palladium catalysts chelated by pyridinylimine along with a long chain aliphatic substituent at imino nitrogen and pyridine linker pyrazolyl ligands and shown them as active catalysts for polymerization of ethylene after activation with MAO [5, 6, 7, 8]. However, in case of Pd (II) complexes with alkane bridged macrocyclic ligand catalytic activity was found to be low due to significant steric hindrance at the catalytic centre [9]. Similarly, various palladium (II) complexes containing P,N ligands based on quinoline, π-accepting N-pyrrolyl and N, N, N/, N/-tetrakis(diphenylphosphanyl)1,3-diaminobenzene were investigated for copolymerization of CO with styrene and ethylene and ethane or ethylidenenorbornen respectively [10,11a,b,c]. Various P^O bidentate [12] and tridentate P^N^O [13]  ligands chelated to palladium (II) were designed to investigate oligomerization of ethylene. N^N for olefin polymerization [14], and mixed P^N 2-(2-pyridyl)phospholes containing palladium complexes were employed to study copolymerization of CO and ethylene [15]. Similarly, N^N diimine containing palladium complexes were subjected to study the reaction of vinylacetate and other unsaturated acetates like trifluoro acetates, reacted with ethylene [16]. Cationic palladium complexes were also reported by Brookhart et al which successfully to copolymerized ethylene and olefin with methacrylate and alternated copolymerization of ethylene and CO [17, 18]. Here, we report some new phenylphosphine and tolylphosphine palladium (II) complexes ligated with substituted anilines. These complexes were evaluated as moderate catalysts for ethylene oligomerization. In 2004, Joachim Heinicke et al., reported the impact of various phosphorus additives like o-, m-, p-tolylphosphine along with some catalysts on oligomerization of ethylene [19]. Here however, we used substituted phosphines ligated to Palladium (II) to study their specific influence on ethylene.
Experimental

Instrumentation and Material


All manipulations involving air and water sensitive compounds were carried out under nitrogen using standard schlenk techniques. Elemental analyses were performed at CHNS analyzer 932 LECO USA. IR spectral data in the range of 4000-400 cm-1 were recorded as KBr disc using the Bio-Rad FTIR (spectrum 1000) spectrometer.
1H (300 MHz) and 13C (300MHz) spectra were recorded on a Bruker ..... spectrometer with CDCl3 as a solvent at room temperature. Melting points of all complexes were recorded on Mel-temp, Mitamura Riken-Kogyo Japan. Toluene, diethyl ether were distilled from sodium/benzophenone under nitrogen. GC analysis and spectra were recorded on Varian……... Dichloromethane was distilled from diphosphorous pentaoxide under nitrogen. PdCl2 and anhydrous MgSO4 were purchased from Aldrich and MAO was purchased from Shenzhen Meyer Chemical Technology Co., Ltd. Guangdong, China.
Synthesis of [Pd(N-methylaniline)(triphenylphosphine)Cl2], 1

PdCl2(CH3CN)2 (0.065g, 0.3mmol) was dissolved in dried acetone (20mL) in a Schlenk tube under nitrogen. A solution of triphenylphosphine (0.14g, 0.3mmol) was added dropwise into PdCl2(CH3CN)2 solution. The reaction mixture was refluxed for 0.5hr along with constant stirring. Light yellow precipitates were obtained. In the second step an equivalent amount of N-methylaniline (0.032mL, 0.3mmol) was added dropwise into [PdCl2(CH3CN)(triphenylphosphine)] suspension in CH2Cl2 and refluxed for 1hr. A clear orange solution was obtained. A crystalline product was obtained after slow evaporation of solvent at room temperature with 83% yield. m.p., 148oC. IR (KBr, cm-1) 3417, 3387, 1465, 1267, 1018, 512, 432. 1H-NMR (300 MHz; CDCl3): δ 7.39-7.72 (m, 15H,  Ph3P), 3.08 (s, CH3 aniline), 6.42- 7.25 (CH aniline) . 13C-NMR (300MHz; CDCl3): δ 24.5 (s, CH3 of aniline), 127.9-134.81 (m, Ar C of Ph3P), 126.9-128.8 (Ar CH2 of aniline).  Anal. Calc. for C25H24Cl2NPPd: C: 54.92; H: 4.42; N: 2.56. Found: C: 55.21; H: 4.98; N: 3.01.

Synthesis of [Pd(Dicyclohexylamine)(tris-p-tolylphosphine)Cl2], 2
The synthesis of 2 followed the same procedure as that for 1. The crystalline end product was obtained with 86 % isolated yield. ). Mp., 284oC. IR (KBr, cm-1): 3347, 3265, 1610, 1447, 1098, 516, 442. 1H-NMR (300MHz; CDCl3): δ 1.64 - 2.98 (H of cyclohexyl), 7.08-7.26 (m, 12H, CHtol), 2.42 (s, CH3tol). 13C-NMR    (300MHz; CDCl3): 25.1-55.8 (Cyclohexyl), 21.6 (s, CH3 of tolyl), 126.1-140.9 ( CHtol). C33H44Cl2NPPd: Anal.Calc. C: 59.78; H: 6.69; N: 2.11. Found: C: 59.41; H: 6.57; N: 2.49.

Synthesis of [Pd(3-chloroaniline)(tris-p-tolylphosphine)Cl2], 3
The same synthetic methodology was adopted for complex 3 and the product was obtained as yellow crystalline solidt with 84% isolated yield. Mp., 256oC. IR (KBr, cm-1): 3409, 3382, 1617, 1445, 1045, 512, 445. 1H-NMR (300MHz; CDCl3): δ 3.15 (s, 1H, NH), 6.97-7.28 (m, 4H, CH aniline), 7.33-7.59 (m, 12H, CHtol), 2.43 (s, CH3tol). 13C NMR (300MHz; CDCl3)δ 21.5 (CH3 of tol), 125.9- 128.8 (CH aniline), 129.8-141.6 (CHtol). C27H26Cl3NPPd: Anal.Calc. C: 53.31; H: 4.31; N: 2.30. Found: C: 53.66; H: 4.85; N: 2.13. 

Synthesis of [Pd(N-methylaniline)(tris-p-tolylphosphine)Cl2], 4 (mal-162)
The same synthetic methodology was adopted for complex 4 and the product was obtained as yellow crystals with 88% isolated yield. IR (KBr, cm-1): 3412, 3385, 1316, 1259, 1047, 517, 439. mp., 157oC 1H-NMR (300MHz; CDCl3) δ 7.26-7.56 (m, 12H, CHtol), 5.31 (s, CH3 aniline), 2.37 (s, CH3tol), 6.68- 7.20 (CH aniline). 13C-NMR (300MHz; CDCl3) δ 21.50 (s, CH3 of tolylP), 24.6 (s, CH3 of aniline), 126.41-128.85 (CH of aniline), 128.91-140.49 (CH tol).  C28H29Cl2NPPd: Anal.Calc. C: 57.21; H: 4.97; N: 2.38. Found: C: 57.42; H: 5.58; N: 2.10.
Synthesis of [Pd(3,5-dichloroaniline)(tris-p-tolylphosphine)Cl2], 5
The same synthetic methodology was adopted for complex complex 5 and a yellowish orange crystalline product was obtained with 81% isolated yield. C27H25Cl4NPPd: Anal.Calc. C: 50.46; H: 3.92; N: 2.18. Found: C: 50.79; H: 4.42; N: 2.66. IR (KBr: cm-1): 3417, 3384, 1319, 1614, 1267, 1093.mp., 300oC.
1H-NMR (300MHz; CDCl3): δ 7.22-7.56 (m, 12H, CHtol), 2.38 (s, CH3tol), 7.13- 7.20 (m, 3H, CH aniline) 4.80 (s, N-H). 13C-NMR (300MHz; CDCl3) δ 125.0-128.9 (CH aniline), 129.1-141.7 (CHtol).
Synthesis of [Pd(2-chloroaniline)(tris-p-tolylphosphine)Cl2], 6
The same synthetic methodology was adopted for complex 6  resulting in a yellowish orange crystalline product with 78% isolated yield. C27H27Cl3NPPd: Anal. Calc. C: 53.31; H: 4.31; N: 2.30. Found: C: 53.58; H: 4.18; N: 2.62. Mp., 262oC. IR (KBr, cm-1): 3412, 3378, 1621, 1447, 1036, 507, 451. 1H-NMR (300MHz; CDCl3): δ 7.29-7.73 (m, 12H, CHtol), 2.42 (s, CH3tol), 3.27 (s, 1H, NH), 6.79-7.39 (m, 4H, CH aniline 13C-NMR (300MHz; CDCl3) δ 22.3 (CH3 of tol), 126.2- 129.4 (CH aniline), 129.6-141.2 (CHtol).
Results and Discussion
Synthesis and spectroscopic characterization:

Complexes 1 - 6 were synthesized according to same procedure as reported earlier by our group [20a]. All synthesized complexes were characterized by IR, NMR and elemental analysis. All results confirmed the coordination of N and P containing mixed donor ligands with metal centre.
General Scheme for Synthesis of Complexes
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Maliha: in the scheme: hydrogen missing ? on N on the bottom right: -NH2-  see also synthesis of 6 and structure for 6 
X= Cl
	complex
	1
	2
	3
	4
	5
	6

	L1
	Ph3P
	T,p,Tp
	T,p,TP
	T,p,TP
	T,p,TP
	T,p,TP

	L2
	N-methylaniline
	DCHA
	3-chloroaniline
	N-methylaniline
	3,5-dichloroaniline
	2-chloroaniline


T,p,TP  = tris-para-tolylphosphine

DCHA = dicyclohexylamine
Scheme 1. Synthesis of Pd(L1)(L2)Cl2 complexes
IR studies

All complexes exhibit Pd-N vibrations in the range 517-490 cm-1, which confirms the coordination of aniline ligand with Pd (II) metal center. Selected IR vibrational values are listed in the experimental section. N-H vibration of dicyclohexylamine after complexation is indicated by a peak at 3347cm-1. In free Ph3P, a signal at 1474cm-1 represents P-C vibration, which appeared red shifted at 1465cm-1 after complexation confirming the coordination of Ph3P with Pd (II) metal. A band at 1657 cm(1 represents vibrations of the phenyl groups.  Pd-P and Pd-Cl bond signals were below the detection limit of our instrument. All results are within values found in literature [20a, b].
1H-NMR

All complexes showed the same resonances for aromaticly bound hydrogen. 1H-NMR spectral results revealed that there is a significant downfield shift between the complexes and free ligands which confirms the coordination of ligands with metal centres. The 1H-NMR spectrum of free Ph3P shows a signal at 7.34 ppm [21], while after coordination with Pd(II) metal center the signal appear at 7.38-7.72 ppm which is in accordance with previously reported values [22a, 22b].
Aromatic proton signals of tolylphosphine appear in the range of 7.33-7.63 ppm [16 a,b,c], while CH3 of tolylphosphine appears at 4.80-5.31ppm in complexes containing para-tolylphosphine ligands. However, aromatic protons of N-methylaniline appear in the range of 6.97-7.28ppm which compares well to literature values. The CH3 group of aniline is shows at 3.08 ppm after complexation as compared to 2.78 ppm in the free ligand [23]. 
13C-NMR


13C-NMR spectral results of all complexes show two sets of peaks. In 1, triphenylphosphine exhibits intense peaks however, aniline gives weak signals. Resonances are shifted downfield as compared to free ligands on coordination with metal centers. However, the C(-P) resonance of Ph3P is shifted upfield. The upfield shift is attributed to a shift of e--density from metal ion towards C(-P) because of the π-accepting nature of PPh3. These results reveal that aromatic carbons of aniline appear in the range 126.41-129.61 ppm while carbon C(-N) appear at 135.05 ppm. In case of 2, the cyclohexyl groups are e--donating groups and thus would increase the double bond character of C-N bond upon coordination resulting in a deshielding at C attached to the metal center.  However, tolylphosphine aromatic carbons resonate in the range 141.62-132.02 ppm. In 2, carbons of cyclohexylamine show signals at 25.14-55.83 ppm. CH3 groups of aniline and tolylphosphine appear at 21.5 and 24.78 ppm respectively [24, 20a].
The carbon atoms, C (-P) of free triphenylphosphine ligand resonate at 128.4, 128.5, 133.6 and 134.2 ppm respectively and after complexation they appear at 127-135 ppm. The presence of these resonances clearly reveal coordination of both aniline and phosphine ligands with the metal center..
Single Crystal X-Ray Analysis

Crystal prisms, size 0.26 x 0.14 x 0.12 mm3 (1), 0.44 x 0.30 x 0.24 mm3 (2), and 0.40 x 0.25 x 0.14 mm3 (6),  were mounted on glass capillaries with oil.  Diffraction patterns were collected at -143oC on Nonius FR590 Kappa CCD single crystal X-ray diffractometer. The crystal-to-detector distance was 30 mm and exposure time were 40 (1), 15 (2), 30 (6), seconds per degree. Data collection was more than 97% complete to 25o  in (.  Further details are in table... .
The data was integrated and scaled using hkl-SCALEPACK. This program applies a multiplicative correction factor (S) to the observed intensities (I) and has the following form:
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S is calculated from the scale and the B factor determined for each frame and is then applied to I to give the corrected intensity (Icorr). Solution by direct methods (SIR97) produced complete heavy atom phasing models consistent with the proposed structures. All hydrogen atoms were located using a riding model. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares. 

Table 1: Crystallographic data for the structures provided.

	Property
	1
	2
	6

	Empirical Formula
	C25H24Cl2NPPd
	C33H44Cl2NPPd
	C27H27Cl3NPPd

	Formula Weight
	546.72
	662.96
	609.22

	Temperature K
	130(2)
	130(2)
	130(2)

	Wavelength Å
	0.71073
	0.71073
	0.71073

	Crystal/color
	prism / orange
	prism / orange
	prism / orange

	Crystal System, space group
	Monoclinic,  P c (No. 7)
	Triclinic,  P(1 (No. 2)
	Triclinic,  P(1 (No. 2)

	Unit Cell Dimensions
	
	
	

	a, Å

b, Å

c, Å

, deg

, deg

, deg
	9.3030(6) 

12.9730(11) 

11.1080(7) 

90.00 

121.234(6) 

90.00 


	10.410(1) 

11.030(1) 

15.197(1) 

87.224(2) 

73.166(2) 

73.352(4) 


	10.4650(3) 

13.0090(4) 

19.9970(6) 

78.1290(13) 

81.8880(12) 

79.9490(15) 



	Volume (Å ^3)
	1146.29(14)
	1599.04(24)
	2607.58(13)

	Density Mg/m^3
	1.584
	1.377
	1.552

	Reflections Collected/Unique
	4772 / 4759
	10727 / 7142
	17333/11610

	Final R indices [I>2sigma(I)]
	
	
	

	R1

wR2
	0.0652

0.1472
	0.0622
0.1417
	0.0562
0.1236

	R indices (all data)
	
	
	

	R1

wR2
	0.0902

0.1621
	0.1225
0.1622
	0.1123
0.1477
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Figure XX. ORTEP drawing of complex 1 with thermal ellipsoids at 50 % probability. 
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Figure XX. ORTEP drawing of complex 2 with thermal ellipsoids at 50 %  probability. 
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Figure XX. ORTEP drawing of complex 6 with thermal ellipsoids at 50 %  probability.

General Procedure for Ethylene Oligomerization 

A fully dried schlenk tube containing required amount of complex was evacuated and purged with nitrogen three times. Then ethylene was charged. Freshly distilled toluene was added and stirred for 5 min to dissolve the catalyst into toluene. Calculated amount of cocatalyst MAO was added via pre-heated and pre-dried glass syringe. The reaction mixture was stirred for 30 min under 1atm ethylene pressure. After required time period reaction was terminated by adding acidified water.  The reaction sample was analyzed on GC. The yields of oligomers were calculated by reference with the mass of solvent prerequisite that the mass of each fraction is approximately proportional to its integrated area in the GC trace.
Catalytic Activity


All synthesized palladium (II) complexes were investigated for their catalytic behavior towards ethylene oligomerization. Methylaluminoxane (MAO) was selected as cocatalyst. Results reveal that by keeping the p-tolyl phosphine ligand constant and changing substituted aniline changes significantly the catalytic activity. In case of chloro substituted aniline the activity increases indicating that a changed ligand environment around the metal is tuning the activity of the complexes. Thus, the architecture of these complexes plays a significant role in oligomerization, as expected. The produced oligomers mainly consisted of butene. The activity of 2 which consists of cyclohexanes is 0.7 × 104 which is less than that of other catalysts. This indicates that increased aromaticity of ligands is beneficial. However, it is clear from our results that chloro substituted aniline containing catalysts have a high activity. A plausible explanation is that electron withdrawing chloro groups on aniline might create an electron deficiency on the metal center. As a result the metal acts as a more active site. Moreover, a complex structure favors chain transfers resulting in oligomer production. 

The effect of the Ph3P ligand on catalytic activity was studied as follows: Two experiment were carried out to investigate the role of Ph3P. Firstly, Ph3P was added before addition of cocatalyst and in secondly Ph3P was added after addition of cocatalyst. A pronounced increase in activity to 2.1×104 gmmol-1atm-1hr-1 was measured in the second experiment. The exact functionality of the auxiliary ligand Ph3P is subject to further studies.
	Entry No.  Precursor    [MAO]/[Pd]      Temp(oC)                    Activity*

	1                  1                   500                25                                 1.0
2                  2                   500                25                                 0.7

3                  3                   500                25                                 1.5
4                  4                   500                25                                 1.3
5                  5                   500                25                                 1.6
6                  6                   500                25                                 1.4
7                  1*1                500                25                                1.2
8                  1*2                500                25                                2.1

	


Reaction conditions:           *104gmmol-1atm-1hr-1; time = 30min; 5μmol Pd; 
                                            pressure = 1 atm ethylene; 30mL toluene, C1*1= Ph3P was 
                                            added before cocatalyst addition, C1*2= Ph3P was added after     
                                            MAO addition
Conclusion:


Six different palladium (II) catalysts were synthesized and characterized via NMR, IR and X-ray spectrometry. The new compounds have displayed moderate activity towards ethylene oligomerization. However, between the six complexes, different substitutents of ligands showed pronounced differences of catalytic activity indicating the role which the complex architecture plays on the catalytic effect. Further work is under way on palladium (II) catalysts containing N, Ń bidentate ligands.
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Table: 13C-NMR of selected complexes (δ ppm)
	Cata.

No.
	 A
	b
	c
	d
	f
	g
	h
	i
	j
	M

	1
	141.67
	127.08

(dd)
	135.24
	134.88

(dd)
	126.41

(dd)
	134.99
	134.82
(dd)
	128.58(dd)
	128.77

	21.50

(s)

	2
	55.83 
	53.26 m
	34.14 m
	25.96
	-
	134.73

	134.59
(dd)
	129.25

(dd)
	140.97

	21.50

(s)

	3
	141.58
	127.10
(dd)
	135.05
	134.89
(dd)
	125.97

(dd)
	134.76
	134.61

(dd)
	129.16
(dd)
	140.51
	21.56
(s)

	4
	141.58
	127.10

(dd)
	135.05
	134.89

(dd)
	126.41

(dd)
	134.78
	134.64
(dd)
	128.91
(dd)
	140.49
	21.50

(s)

	5
	141.72
	128.97
(dd)
	133.0
	123.90
(dd)
	125.83

(dd)
	134.75
	134.61
(dd)
	129.13
(dd)
	140.68
	21.58

(s)
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