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Synopsis 

 Among transition elements, palladium and platinum have played an important role in the 

development of coordination [1] and organometallic [2] chemistry. The notable developments 

have been recognition of cis- and trans isomerism, trans effect, isolation of the first transition 

metal organometallic compound (e.g., Ziese’s salt in 1827 and [Me3PtI]4 in 1907), 

cyclometalated palladium compounds, metallocycloalkanes, etc. Both metals form a myriad of 

complexes with a wide variety of ligands from Groups IV- VII [3, 4]. Their complexes find 

applications in diverse areas, like homogeneous catalysis [5], biology (as anti tumor drugs) [6] 

and materials science [7]. Of late, dendrimers and supra-molecular assemblies have been 

designed by selecting suitable ligand systems. 
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The chemistry of these metals with chalcogen ligands has been pursued for over several 

decades and has been dominated by sulfur ligands [8]. The chemistry with heavier chalcogen 

ligands (Se or Te) has gained momentum only during the past two decades or so and in several 

instances unprecedented products have been isolated and structurally characterized [9]. Although 

organochalcogen ligands, in the absence of auxiliary donor groups, afford polymeric complexes, 

their use in stabilizing supra-molecular assemblies has been scanty. 

The present thesis aims to design and synthesize multinuclear/ supra-molecular Pd/Pt 

complexes based on internally functionalized non-chelating chalcogen (S, Se, Te) ligands. Non-

covalent and weak interactions like hydrogen bonding have been utilized to stabilize these 

structures.  The thesis is divided into four chapters, viz., introduction, experimental, results and 

discussion and summary and conclusions, followed by references. 

 

Chapter 1: Introduction 

 This chapter deals with the general introduction to the coordination chemistry of 

palladium and platinum complexes with organochalcogenolate ligands with an emphasis on 

formation of self-assembled macrocycles.  A short note on various types of organometallic 

reactions, e.g., oxidative addition reaction, exchange reaction, cyclometallation reactions, etc. are 

discussed. Applications of palladium chalcogenolate complexes in catalytic reactions are covered 

and also a brief discussion on biological activity is included. Coverage on the complex chemistry 

of chalcogen ligands (S, Se, Te) is described which is followed by the scope of the present work. 

Relevant literature references are provided in bibliography at the end of the thesis. 
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Chapter 2: Experimental 

In this chapter, materials and methods used during the present study are described 

followed by details on analytical and instrumental techniques, viz. elemental analysis, IR, UV-

visible, NMR (
1
H, 

13
C, 

19
F, 

31
P, 

77
Se, 

125
Te, 

195
Pt) and single crystal X-ray diffraction analyses. 

Synthesis of various chalcogen ligands, and palladium and platinum precursors used in the 

present work is described. Synthesis of new palladium and platinum complexes is presented in 

five sub-sections. 

 

Chapter 3: Results and discussion 

 Chapter 3 deals with the results obtained during the present investigation and include 

discussion on these findings. All the complexes have been characterized by elemental analysis, 

multinuclear NMR (
1
H, 

13
C{

1
H}, 

31
P{

1
H}, 

19
F{

1
H}, 

77
Se{

1
H}, 

125
Te{

1
H} and 

195
Pt{

1
H}) 

spectroscopy. Techniques like IR, UV-vis absorption, mass spectrometry and cyclic 

voltammetery were also employed for few complexes. Molecular structures of several complexes 

have been established unambiguously by single crystal X-ray diffraction analyses. This chapter 

is sub divided into five sections. 

 The section 3.1 deals with the chemistry of palladium and platinum complexes of non-

chelating bidentate ligands like 4-pyridylchalcogenolate. The oxidative addition of bis(4-

pyridyl)diselenide to Pt(PPh3)4 yielded exclusively trans-[Pt(4-SeC5H4N)2(PPh3)2]. Treatment of 

two eqv. of Na(4-SeC5H4N), prepared by reductive cleavage of Se–Se bond of 4,4'-py2Se2 by 

NaBH4 in methanol, with cis-[PtCl2(PR3)2] (PR3 = PPh3, PEt3) afforded similar products, trans-

[Pt(4-SeC5H4N)2(PPh3)2] and trans-[Pt(4-SeC5H4N)2(PEt3)2] (Scheme 1). The reactions of cis-

[MCl2(P
∩

P)] and [M2Cl2(µ-Cl)2(PR3)2] with two eqv. of Na(4-SeC5H4N) yielded cis-[M(4-
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SeC5H4N)2(P
∩

P)] (M/P
∩

P = Pd/dppe, Pt/dppm and Pt/dppp) and [MCl(4-SeC5H4N)(PR3)]n, 

respectively. The complex trans-[PtCl(4-SeC5H4N)(PEt3)2] can be prepared by redistribution 

reaction between trans-[Pt(4-SeC5H4N)2(PEt3)2] and cis-[PtCl2(PEt3)2].  

 

(X = Cl, OTf)

(M = Pd; R = Ph ( 5a)

(M = Pt; R = Ph ( 5b),  Et ( 5c))

(M = Pd; R = Ph ( 4a)

(M = Pt; R = Et ( 4b)

(Pd/dppe ( 6a))

(Pt/dppm ( 6b))

(Pt/dppp ( 6c))

 [MCl(4-SeC5H4N)(PR3)]n

(M = Pd; PR3 = PEt3 ( 7a), PPh3 ( 7b))

(M = Pt; PR3 = PEt3 ( 7c), PMe2Ph ( 7d))

 [MCl2(C5H4N)2Se2] n

(M = Pd ( 1a); Pt ( 1b))

 2 Na(4-SeC5H4N) 4,4'-(C5H4N)2Se2

 [PdCl(4-SeC5H4N)] n

2Na2PdCl4

MCl2(P  P)

Na2PdCl4

Pt(PPh3)4
PtX2(PEt3)2

n(2PPh3)

PPh3

PtCl2(PEt3)2

 [Pd(4-SeC5H4N)2] n

( 2)

[MCl2(PhCN)2]

or Na2PdCl4 NaBH4

MeOH

[M2Cl2(µ-Cl)2(PR3)2]

( 3)

       

Scheme 1 

                                   

Fig 1. Molecular structure of 

[Pd(SeC5H4N)2(PPh3)2] 
Fig 2. Molecular structure of    

             [PdCl(SeC5H4N)2(PEt3)]3 
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 Molecular structures of a number of complexes were established by single crystal X-ray 

diffraction analyses (Figs. 1, 2). The catalytic activity of trans-[PdCl(4-SeC5H4N)(PPh3)2] and 

[PdCl(4-SeC5H4N)(PPh3)]n in Suzuki C–C cross coupling reaction was investigated.  

The section 3.2 deals with the preparation and characterization of Pd(II)/Pt(II) complexes 

with 3-/4-H2mba (mba = mercaptobenzoic acid) (Scheme 2) ligand possessing both coordinating 

thiolate group and a carboxylic acid group in non-chelating position which may serve as a 

versatile binding motif for the formation of hydrogen-bonded supra-molecules.  

Method B
i) 2 NaOMe, MeOH
ii) cis-[Pt(PEt3)2(OTf)2], MeOH

Pt

PEt3

PEt3

COOHSHOOC S

HS

cis-[Pt(PEt3)2(OTf)2]
MeOH/CH2Cl2

Pt

P

P

S

S

Pt

PEt3Et3P

S

Pt

Et3P PEt3

S

+2

(1)

COOH

HOOC

COOH

+2

M

PP

S

M

P P

S

HOOC

COOH

3-COOH: (2)
4-COOH: (3)

3-COOH; P  P = dppe; M = Pd (4)
4-COOH: P  P = dppp; M = Pt (5)

Method A
i) Et3N, MeOH
ii) cis-PtCl2(PEt3)2, CH2Cl2

[M(P  P)(OTf)2]
MeOH/CH2Cl2

(OTf)2

(OTf)

2

i) Et3N, MeOH
ii) PtCl2(dppm), CH2Cl2

COOH

COOH
3-COOH: (6)
4-COOH: (7)

 

Scheme 2 
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Addition of 3-/4-mercaptobenzoic acid to cis-[Pt(PEt3)2(OTf)2] and cis-[M(P
∩

P)2 (OTf)2] 

gave self-assembled complexes cis-[Pt(µ-SC6H4COOH-n)(PEt3)2]2(OTf)2 (n = 3, 4) (Fig. 3) and 

[M(µ-SC6H4COOH-n)(P
∩

P)2]2(OTf)2 (M /n /P
∩

P = Pd/ 3/ dppe, Pd/ 4/ dppe, Pt/ 4/ dppp) (Fig. 

4), respectively. Treatment of cis-[PtCl2(P
∩

P)] with 3-/4-mercaptobenzoic acids in the presence 

of triethylamine yielded mononuclear complexes [Pt{SC6H4COOH-n}2(P
∩

P)] {P
∩

P = dppm, 

(PR3)2; R = Et, Ph; n = 3, 4}. One of the above mentioned mononuclear complexes can also be 

obtained from the reaction of cis-[Pt(PEt3)2(OTf)2with 4-mercaptobenzoic acid (4-H2mba) in the 

presence of sodium methoxide. 

  

 

 

  

The section 3.3 describes the synthesis of rigid Pd(II) and Pt(II)-based macrocyclic 

tetranuclear rectangles and octanuclear squares derived from 1,4-aryl dithiolates  (Scheme 3). 

Addition of 1,4-benezenedithiol and 4,4′-biphenyldithiol to M(OTf)2 (M = cis-[Pt(PEt3)2]
2+

 or 

cis-[Pd(dppe)]
2+

) gave self-assembled tetranuclear complexes [M2{S(C6H4)nS}]2(OTf)4 (n = 1, 2) 

(Figs. 5, 6). The same reaction of 1,4-benezenedimethanethiol yielded octanuclear supra-

molecular coordination complexes (SCC) [M2{SCH2C6H4CH2S}]4(OTf)8. The palladium 

 

Fig 3. Molecular structure of  

       [Pt(SC6H4COOH-4)2(PEt3)2]·(MeOH)2 

Fig 4. Molecular structure of  

[Pd(SC6H4COOH-3)2(dppe)]2(OTf)2·(H2O)2 
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complexes showed excellent catalytic activity in Suzuki C–C cross coupling reactions with high 

turnover numbers (2 × 10
7
), even with low catalyst loading.  

 

Scheme 3 

 

X

(X = CH2, n = 1, m = 4)

(X = none, m = 2)

OR

M S

M

S

M

S

M

S

MS

M

S

M

S

M

S

(OTf)8

8+

M = Pd(dppe)      ; 5a, Pt(PEt3)2       ; 5b
2+2+

(2 + 4) (4 + 8)

M M

S S

M M
S S

n

n

4+

(OTf)4

SHXX

n

M(OTf)2+

1 2

1a,SHHS SHHS 1b, 1cHSH2C CH2SH

M = Pd(dppe)
2+

n = 1; 3a, n = 2; 4a

M = Pt(PEt3)2

2+
n = 1; 3b, n = 2; 4b

(1 + 1)

; ; ;

Pd(dppe)(OTf)2 ; 2a, Pt(PEt3)2(OTf)2 ; 2b

X

M

S

S

X

X

X

X

M

S S

M S

S
X

n

n

n

M(OTf)2 :

M

S

S

M
S

S

M
S

S

M

S

S
XX

X

X

XX

X

X

n

n

n n

HS

[M2{SX(C6H4)nXS}]m(OTf)2m

[M{SX(C6H4)nXS}]m
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The section 3.4 covers the synthesis of coordination directed self-assembled Pd(II)/Pt(II) 

metallacycles. Simple addition reactions of M(P
∩

P)(OTf)2 (P
∩

P = (PEt3)2, dppe) with 4,4'-py2Se2 

in 1:1 ratio gave highly symmetrical self-assembled binuclear complexes of the form 

[M(P
∩

P)(py2Se2)]2(OTf)4 (Scheme 4). When 4,4'–py2Te2 was employed as nucleophilic tecton in 

the reaction with cis-Pt(PEt3)2(OTf)2, [Pt(PEt3)2(py2Te2)]2(OTf)4 was formed whereas the 

reaction with Pd(dppe)(OTf)2 under similar conditions gave a trinuclear telluride-bridged Pd(II) 

complex. The molecular structures of the complexes (Figs. 7, 8) have been established by single 

crystal X-ray diffraction analyses. 

                 

Fig 6. Molecular structure of 

[Pd2(dppe)2(SCH2(C6H4)CH2)S)]4(OTf)8 

Fig 5. Molecular structure of 

[Pd2(dppe)2(S(C12H8)S)]2(OTf)4 

Fig 7. Molecular structure of 

[Pt(PEt3)2(py2Te2)]2(OTf)4] 

Fig 8.  Molecular structure of            

[Pd3(µ-Te)2(dppe)3](OTf)2  
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P
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P hP h

N

N E

E

P t (P E t 3 ) 2 (O T f )2 P d (d p p e ) (O T f) 2

P d (d p p e )(O T f ) 2

(O T f) 4

(O T f) 4

(O T f )2

(  E  =   T e )

(  E  =   S e )(  E  =   S e , T e )

 

Scheme 4 

The section 3.5 describes the reactions of 4-telluropyridine with Pt(II)/Pd(II) precursors. 

Substitution reactions between [MCl2(dppe)] (M = Pd, Pt) and NaTepy, prepared by reductive 

cleavage of Te–Te bond in 4,4'–py2Te2 by NaBH4 in methanol gave expected mononuclear bis 

complexes whereas in the case of  MCl2(dppm) (M = Pt, Pd) serendipitous products such as 

[Pt{PPh2C(TeC5H4N)PPh2}2], [Pd4(µ3-Te)2(µ2-Tepy)2(Tepy)2(dppm)2] have been isolated, 

respectively in good yields. Reaction conditions, palladium precursors (nature of the chelating 
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phosphine), chalocogen atom played an important role in the formation of these unusual 

products. On the other hand, hemilabile ambidentate ligand moiety 4-pyridyl selenolate was 

employed in situ reaction with M(P
∩

P)Cl2 and NaBPh4, in order to make use of both hard 

nitrogen atom and soft selenium atom in bonding. In this case self-recognition and self-selection 

lead to the formation of essentially a single product [Pt2(dppe)2(Se
∩

N)(N
∩

Se)](BPh4)2 in high 

yield (84 %). Reaction of [PdCl2(py2Te2)]n with one equivalent of PPh3 was monitored by NMR 

spectroscopy which indicated the formation of telluride-bridged binuclear complex cis-

[Pd2Cl2(PPh3)2(TeC5H4N)2] together with an unidentified product in solution. 
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Chapter 4: Summary and conclusions 

This chapter gives summary and conclusions of the present investigation. Diverse binding 

modes of 4-pyridylselenolate ligand has a promising potential in constructing multinuclear 

complexes which may exhibit dynamic behavior in solution depending on the nature of metal 

atom and also other auxiliary ligands. Aryldithiol ligands while holding the Pt/Pd metals through 

bridging mode facilitate stabilizing rigid unique supra-molecular coordination complexes. The 

excellent catalytic application of palladium complexes with both 4-pyridylselenolate and 

aryldithiol ligands have been demonstrated in Suzuki C−C cross coupling reactions. Directional 

intermolecular hydrogen bonding has been exploited to form a supra-molecular assembly of 

square-planar building blocks containing two carboxylic acid groups in the case of 3-/4-

mercaptobenzoic acid as ligand by varying the phosphine as co-ligands and reaction conditions. 

The reactivity of tellurium ligands is markedly different from those of sulfur/ selenium lignads 

yielding unexpected and interesting products.  

 

Fig 9. Molecular structure of 

[Pt{PPh2C(TeC5H4N)PPh2}2] 

Fig 10. Molecular structure of  

[Pd4(µ3-Te)2(µ2-Tepy)2(Tepy)2(dppm)2] 
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1.1 General introduction 

The platinum group metals (PGMs) are six transitional elements from Groups 8 

(ruthenium and osmium), 9 (rhodium and iridium) and 10 (palladium and platinum) of the 

periodic table. These six metals have similar physical and chemical properties and tend to 

occur together in nature with abundance in the earth’s crust ~0.01 ppm. The single largest 

application of PGMs is in catalysis.  Platinum was discovered by a Spanish scientist Antonio 

de Ulloa in 1735 and was first described in 1748 as a new metal of Columbian origin, 

although its existence was encountered for a few centuries earlier than its actual discovery. 

Palladium, named after an asteroid Pallas (from Greek “Pallas’ means goddess of wisdom) 

was discovered by a British chemist W.H. Wollaston in 1803. Both the elements are lustrous 

silvery-white metals which are malleable, ductile and are resistant to corrosion. Some 

physical properties of palladium and platinum are given in Table 1. 

 Both the metals show variable oxidation states, viz. 0, +1, +2, +3 and +4; the +2 being 

the most common oxidation state [1]. Complexes in zero oxidation state are stabilized by 

strong σ-donor as well as π-acceptor ligands, such as carbonyls, isocyanide, cyanide, 

acetylide, nitric oxide and also by σ-donors such as phosphine, phosphite and arsine. These 

complexes exhibit geometries ranging from linear (e.g., [Pt(PPh3)2]) to tetrahedral (e.g., 

[Pt(PPh3)4]). The chemistry of palladium and platinum complexes in +1 and +3 oxidation 

states has not been much explored until the late 20
th

 century. In general, complexes in +1 and 

+3 oxidation states are diamagnetic due to the formation of metal-metal bonds. The chemistry 

of palladium(I) [2] and platinum(I) [3] complexes has been reviewed. The chemistry in +3 

oxidation state has received much attention only during the past two decades [4-9].   

Although these complexes are isolated as dimeric species, the first monomeric, paramagnetic 

blue colour complex, [NBu4][Pt(C6Cl5)4], was reported by Uson,  et. al. [10]. The 
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organoplatinum(IV) complexes have been known for more than a century, [PtMe3I]4 being 

the first organometallic compound reported in 1907 [11]. Unlike organoplatinum(IV). 

 Table 1.  Some physical properties of palladium and platinum  

Properties Palladium Platinum 

Atomic number/ atomic weight 46/106.4 78/195.08 

Ground state electronic configuration [Kr]4d
10

5s
0
 [Xe]5d

9
6s

1
 

Abundance in earth’s crust (by weight) (ppm) 0.015 0.01 

Melting point (°C) 1554.9 1768.3 

Boiling point (°C) 2963 3825 

Lattice structure fcc fcc 

Density (g cm
-3

) 12.02 21.45 

Pauling’s electro negativity 2.2 2.2 

Radius (Å): Atomic 

  M(0) Covalent 

  M(II) Covalent 

  Ionic (II) 

1.375 

1.39 

1.28 

0.86 

1.387 

1.36 

1.29 

0.80 

Ionization potentials (eV) 

M
°
→ M

+
; M→ M

+2
 

M
°
→ M

+3
; M→ M

+4
 

M
+
→ M

+2
; M

+2
→ M

+3
 

M
+3

→ M
+4

; M
+4

→ M
+5 

Oxidation potential (eV)
 

M°  M
2+

 + 2e 

M
II
  M

4+
 + 2e 

 

8.33; 27.75 

60.67; 109.47 

19.42; 32.92 

48.80; 66.00 

 

−0.92 

−1.26 

 

9.0; 27.56 

56.06; 97.16 

18.56; 28.50 

41.10; 55.00 

 

−1.2 

−0.77 

Naturally occurring isotopes 

(% abundance, spin (I)) 

102
Pd (1.0, 0) 

104
Pd (11.1, 0) 

105
Pd (22.2, 5/2) 

106
Pd (27.3, 0) 

108
Pd (26.5, 0) 

110
Pd (11.7, 0) 

190
Pt (0.01, 0) 

192
Pt (0.8, 0) 

194
Pt (32.9, 0) 

195
Pt (33.8, 1/2) 

196
Pt (25.3, 0) 

198
Pt (7.2, 0) 

 

complexes, organopalladium(IV) compounds are less prevalent [12, 13] because of the fact 

that the sum of the first four ionisation potentials of palladium (109.5 eV) are greater than 
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that of platinum (97.2 eV). Only platinum shows +5 (e.g., PtF5) and +6 (e.g., PtF6) oxidation 

states, but these complexes are highly unstable. Stereochemistry of palladium and platinum 

complexes adopted in different oxidation states is given in Table 2. 

Table 2: Stereochemistry of palladium and platinum complexes in various oxidation states 

and coordination numbers (C. N.) of the metal ion 

 

Oxidation state C. N. Geometry Examples 

0 2 

3 

 

4 

Linear 

Trigonal planar 

Distorted planar 

Tetrahedral 

[Pt(PPh3)2], K2[Pd(C=CR)2] 

[Pd(PPh3)3], [Pt(SO2)(PCy3)2] 

[PtX(PPh3)2] (X = O2, C2H4, CS2) 

[Pt(PF3)4], [Pt(CO)(PPh3)3] 

I 4 

5          

Square planar 

Trigonal bipyramidal 

[M2X2(µ-dppm)2]  

[Pt3(SnCl3)2(C8H12)3] 

II 3 T-shaped [Pd(Br)(Ph)(P
t
Bu3)]  

4 Tetrahedral [Pd(EDM)2]I2 (EDM = N, N′ ethylene 

dimorpholine) 

4 Square planar All authenticated four coordinated 

complexes 

5 Trigonal bipyramidal 

 

Square pyramidal 

 

Distorted square- 

pyramid 

[Pt(SnCl3)5]
3–

, [Pd(QAs)I]
+
 

[Pd(Me4[14]aneP4]Br2⋅6H2O, 

[PtMeCl(AsMe3)2(CF3C≡CCF3)] 

[Pt(Me4[14]aneP4]Br2⋅4H2O  

[Pd(triphos)Cl]
+

  

6 Octahedral [Pd(diars)2I2] 

III 4 Square planar [Pd2{(C6H4PPh2)}2(2-Spy)2]Cl2]  

6 Octahedral K2[Pt2(SO4)4(H2O)2] 

IV 6 Octahedral [PtL6]
2–

; L = X, SCN; [PtMe3I]4 

8 Piano-stool [Pt(η
5
-C5H5)Me3] 

V 6 Octahedral [PtF6]
 –
 

VI 6 Octahedral [PtF6] 
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1.2 A brief coverage on palladium and platinum complexes 

The chemistry of palladium and platinum complexes has been described in several 

books, monographs and review articles [14]. Both the metal ions fall in the category of class 

‘b’ (soft metal ions) as per Chatt’s concept [15] and ‘soft’ acid according to Pearson’s theory 

[16]. Thus their chemistry is not only limited to soft bases like phosphorous and sulfur but is 

also extended to hard ligands like nitrogen and oxygen. The chemistry of palladium and 

platinum is similar, except that the reactivity of palladium is higher by more than a million 

times than platinum. Several examples of cis-trans isomerization are known in case of Pt(II) 

complexes due to their kinetic inertness over Pd(II). At the same time palladium compounds 

offer a balance between thermodynamic and kinetic labiality enabling product selectivity and 

specificity during the reactions. Square planar complexes of the type MA2B2 or MA2BC 

exhibit cis-trans isomerism. Palladium(II) complexes generally form only one isomer since 

they are labile enough to yield only thermodynamically stable isomer whereas both the 

isomers can be isolated for platinum. The trans isomer is thermodynamically more stable due 

to increase in entropy.  

There are several pathways by which one ligand is replaced by another in a square 

planar complex, that include ligand substitution, ligand addition, insertion reactions and 

oxidative addition followed by reductive elimination [17]. Ligand substitution reactions of 

square planar platinum(II) complexes occur stereospecifically. From purely steric 

considerations, the geometry of the transition state is expected to be approximately trigonal 

bipyramidal, since this arrangement minimizes the mutual repulsions of the five ligands. Rate 

of these substitution reactions is primarily affected by the nature of entering and leaving 

groups, and also by the nature of the other ligands in the complex (trans effect) [18, 19]. The 

trans effect is defined as the rate of substitution of an atom or molecule linked to central atom 

is determined by the nature of substituent at the opposite end of diagonal. The approximate 
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order of decreasing trans effect is: CO > CN
-
 > C2H4 > PR3 > H

-
 > CH3

-
 > SC(NH2)2 > C6H5

-
 

> NO2
-
 > I

-
 > SCN

-
 > Br

 -
> Cl

-
 > py > NH3 > OH

-
 > H2O. 

 Oxidative addition reactions with square planar d
8 

metal complexes are of special 

interest as it is one of the key steps in homogenous catalysis. Gonzales, et. al. have presented 

a possible mechanism of an oxidative addition reaction of diaryl dichalcogenides to 

platinum(0) and palladium(0) precursors (Scheme 1) [20]. 

ER ER

R'3P M PR'3

+

ER
ER

R'3P
M

PR'3

R'3P M PR'3

ER ER

M
ER

R'3P PR'3

ER
M

ER

PR'3

ER
M

ER

R'3P E
R

R
E

M
PR'3

ER

Reactants                                   Intermediates                    Transition State

       Dimer                                       Product 1                              Product

  M = Pd and Pt                    E = S, Se and Te
             
               R' and R = alkyl or aryl

 

Scheme 1: Mechanistic path of an oxidative addition reaction 

  

 Palladium and platinum form a myriad of classical and organometallic complexes 

with a variety of ligands containing Groups14-17 donor atoms. Complexes with phosphine 

ligands, due to their relevance in homogeneous catalysis, and chalcogen in particular sulfur 

containing ligands, due to rich structural diversity, have been extensively investigated. Thus a 

brief coverage on these ligand systems is presented here.    
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1.3 Phosphine and chalcogenide as ligands  

Tertiary phosphines (PR3), represent an important family of ligands which have 

played a pivotal role in the development of transition metal complexes catalyzed organic 

transformations.   The electronic and steric properties of phosphine ligands can be altered in a 

systematic and predictable manner over a wide range by changing the organic substituent (R).  

They are usually strong σ-donor ligands and weak π-acceptors.  This effect can be increased 

with electron-donating groups in the R, while electron with-drawing groups in R favour the 

π-acceptor back bonding. Effects of phosphine ligands on reactions of metal complexes have 

been rationalized in terms of electronic effects [21] as well as steric effects in terms of 

stability of complexes [22]. Various parameters responsible for the reactivity of phosphine 

ligands are cone angle, bite angle, etc. 

 The steric effect of phosphine has been quantified by Tolmann. It is given by a 

parameter called Cone Angle (θ) (Figure 1) that measures the angle at the metal formed by 

the monodentate PR3 ligand binding to a metal [23]. One unique feature of the phosphine 

ligand is that it allows convenient change of electronic effect without undergoing much 

change in its steric effects. For example, PBu3 and P(O
i
Pr)3 have similar steric effects but 

vary in their electronic effects. The converse is also true as the steric effect can be easily 

changed without undergoing much change in the electronic effect. For example, PMe3 and 

P(o-tolyl)3 have similar electronic effect but differ in their steric effects. The concept of cone 

angle is of practical importance in homogeneous catalysis because the size of the ligand 

affects the reactivity of the attached metal centre. Cone angle for monodentate phosphine 

ligands can be extended to di-phosphines and is defined as the average cone angle as 

measured for the two substituents and the angle between the M-P bond and the bisector of the 

P-M-P angle [24]. Various studies correlate ligand cone angle with single crystal X-ray 

diffraction technique [25, 26] and 
1
J(

195
Pt–

31
P) coupling constants in NMR spectroscopy [27]. 



7 

 

It has been reported that tri-tert-butylphosphine, with a cone angle of 182
°
 [28] undergoes 

facile cyclometalation through C–H bond activation on treatment with [PtCl2(PhCN)2] to a 

yield four-membered cyclometalated complex, [Pt(µ-C1){Bu
t
2PC(Me2)CH2}]2 [29]. 

C

C

P

C

M

H

H

H

H H

H

H

H

H

θθθθ

 

Figure 1. Tolman’s cone angle for monodentate phosphine ligands 

 

 The ligand bite angle (βn) is defined as the chelation angle determined by ligand 

backbone constraints. Diphosphine ligands offer control over regio- and stereo-selectivity in 

many catalytic reactions. Effect of bite angle of diphosphine ligands in catalytic reactions can 

be clubbed into two groups, viz., steric bite angle effect and electronic bite angle effect [30, 

31]. 

Chalcogen Chemistry 

 Chemistry of platinum group metal chalcogenolates has been one of the active areas 

of research due to their wide structural diversity [32, 33] and relevance in catalysis [34-36]. 

Their potential application as single-source molecular precursors for metal chalcogenides 

[37-39] has further accelerated work on these complexes. The metal chalcogenides tend to 

form covalent, often low-dimensional structures. The greater covalence of the metal-

chalcogen interactions reduces the relative charge on the metal ion.  The chemistry of thio 

ligand is well explored while the chemistry of higher analogs, selenium and tellurium 

complexes have gained momentum only during the past decade or so. Metal chalcogenolates, 

in general, are isolated as non-volatile, insoluble or sparingly soluble oligomeric species. 
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There are different types of chacogen ligands which have been used for the preparation of 

numerous palladium and platinum complexes and are briefly given below: 

Hydrochalcogenide (H2E, REH, HE
-
) 

 Hydrochalcogenide as ligands have hardly been employed to prepare palladium and 

platinum complexes because they react with metal ions to precipitate metal chalcogenides 

[40, 41]. The chemistry of hydrochalcogenides has been reviewed [42, 43]. 

Chalcogenides (E
2-

, En
2-

) 

 The E
2-

 in general acts as a bridging ligand with an increasing order of S < Se <<Te to 

behave as a bridging ligand.  The two sets of electron lone pair would be available easily for 

further reaction and thus resulting in the formation of clusters or polymers. The basicity of 

the lone pairs on the chalcogen atoms in ‘Pt2E2’ (E = S or Se) fragment can be compared with 

bidendate thioethers, which enabled them to behave as bidendate metallo ligand. Thus a 

variety of palladium and platinum coordination complexes have been prepared and 

characterized [44-47]. Unlike oxo- and sulfido- bridged complexes, heavier chalcogenido-

bridged complexes have a planar four-membered M2E2 ring [48, 49]. 

Chalcogenolates (RE
-
) 

 Jain et al. have reviewed the chemistry of palladium and platinum complexes with 

chalcogen ligands [50-53]. Chemistry of palladium and platinum complexes derived from 

two different classes of internally functionalized chalcogen ligands, viz. N,N-

dimethylaminoalkylchalcogenolate [54-60] and 2-pyridylchalcogenolate [40, 61-65] is well 

explored.  

Organometallic complexes, [M2R2(µ-ER′)2(PR3)2], can be conveniently prepared by 

treatment of [M2R2(µ-Cl)2(PR3)2] with NaER′. The mixed bridged complexes, [M2R2(µ-Cl)(µ-

ER′)(PR3)2] have been isolated by redistribution reaction between [M2Cl2(µ-ER′)2(PR3)2] and 

[MCl2(µ-Cl)2(PR3)2] (Scheme 2) which is believed to proceed via a tetranuclear intermediate 
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[66]. Asymmetric complexes of organo-chalcogenide-bridge having general formula, 

[L2M(µ-ER′)2M′X2] have also been reported [67]. They are prepared by the treatment of 

mononuclear complex M(ER′)2L2 (ER′ = SPh, SC6H5, SePh, TePh, L2 = dppe, dppm, 2 PPh3) 

with PdCl2(RCN)2 (R = Me or Ph) [68] or M′(C6H5)2(THF)2 (M′ = Pd or Pt) [67]. 

[M2Cl2(µ-Cl)2(PR3)2]

2 [M2Cl2(µ-Cl)(µ-ER')(PR3)2]

2 NaER'
[M2R2(µ-Cl)2(PR3)2] [M2R2(µ-ER')2(PR3)2] (R = Cl, Me)

(R = Cl)

 

Scheme 2 

Mononuclear chalcogenolato complexes play a significant role as building blocks for 

polynuclear palladium complexes. It has been suggested [69] that they are formed from 

mononuclear complexes by successive condensation reactions. This kind of structural 

relationships were initially suggested for the formation on hexanuclear complex, 

[Pd6Te6(PEt3)8] involving a dinuclear intermediate [Pd2Te4(PEt3)4] [70]. The complexes 

[Pd6Te4(TeR)2(PPh3)6] (R = Ph, C4H3S), containing the same framework as [Pd6Te6(PEt3)8], 

have been isolated by oxidative addition of R2E2 to [Pd(PPh3)4].   

Chalcogenoethers  

 Monodentate, chelating bi-/ tri-dentate and hybrid chalcogenoethers incorporating N, 

O, S hetero donor atoms have been used for the synthesis of metal complexes. A number of 

reviews pertaining to specific aspects of the chemistry of these compounds have been 

published [71-76]. The metal complexes are usually isolated in a single step reaction between 

metal halides with the free ligand in an appropriate solvent. The metal complexes are usually 

obtained by stirring either an aqueous solution of metal salts with a chalcogenoether or a 

solution of a metal complex containing labile ligands such organonitriles, olefins, etc. with a 
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chalcogenoether in an organic solvent.  Organochalcogeno ether-based binuclear palladium 

and platinum complexes of general formula, [M2X4(R2E)2] (M = Pd or Pt; E = S, Se, Te) are 

prepared in several ways [77-79] and the one involving reaction of MCl2(R2E)2 with Na2MX4 

in ethanol is commonly employed. Dimeric thioether complexes, [M2Y2(µ-X)2(R2E)2)] [80, 

81], [Pd2Me2(µ-X)2(SMe2)2] [82-84] and [Pt2Me4(µ-SMe2)2] [85,86] are versatile precursors 

for the synthesis of a variety of complexes. Thioethers have a greater π-acceptor capacity 

than nitrogen donor ligands such as pyridine, but rather less than PR3 or AsR3. Inversion at 

pyrimidyl chalcogen atom in several metal complexes has been investigated by NMR 

spectroscopy and in general it is a facile process [76]. The barrier of inversion increases with 

increasing size of the chalcogen atom and follows the order Te > Se > S [76].  Inversion 

barrier in platinum complexes is higher than those in the corresponding palladium complexes. 

Chalcogenoether complexes undergo a variety of reactions; and to name a few are, Te-C 

bond cleavage, transmetalation and cyclometalation reactions.   

Diorgano dichalcogenides 

Diorganodichalcogenides are important precursors in coordination chemistry [87] 

because of their implication to different fields of research. They undergo oxidative addition 

reactions with Pt(0)/Pd(0) precursors to yield a variety of mono-/ bi-nuclear complexes 

respectively (E = S, Se) [88-91]. Similar trend has been noticed in the oxidative addition 

reaction between M(PPh3)4 and dipyridyl ditellurides (scheme 3) [62-64]. In general tellurium 

derivatives are more reactive and in several cases yield Te–C bond cleaved tellurido-bridged 

trinuclear complexes, [M3(µ-Te)2(P
∩

P)3]
2+

 formation of which is more pronounced with dppp 

ligand [63, 64, 92] and with more basic pyrimidyl group [92].  

 



11 

 

Pd

Ph3P
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R

R
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Cl
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Scheme 3 

1.4 Supra-molecular Chemistry 

The modern concept of supra-molecular chemistry was introduced by Jean-Marie 

Lehn in the year 1978, which he defined as “…chemistry of molecular assemblies and of the 

inter-molecular bond” [93]. Traditionally, phrases such as “chemistry beyond the molecule,” 

“the chemistry of the non-covalent bond,” and “non-molecular chemistry” were also used to 

describe the field. In the broad sense, supra-molecules are aggregates in which a number of 

components come together either spontaneously, or by design to form a larger entity with 

properties derived from its components. These aggregates can be of the host-guest type in 

which one molecule encapsulates the other, or they can involve mutually in a self-assembly. 

The molecular complexes thus formed are usually held together in several ways such as 

hydrogen bonding, ion pairing, π-acid to π-base interactions, metal-to-ligand binding, van der 

Waals attractive forces, solvent reorganizing, and partially made and broken covalent bonds.

 Self-assembly is a spontaneous association of two or more moieties under equilibrium 

condition into stable, structurally well defined aggregates through covalent or non- covalent 

interactions [94, 95]. Metal directed self–assembly of Supra-molecular architectures, such as 
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2D triangles, squares (Scheme 4) rectangles and other polygons, polyhedra and 3D cages are 

the main targets for use as cavity materials [96].  
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Scheme 4. Proposed mechanism of molecular square formation (where M = square planar / 

octahedral metal; X = labile counter ion; S = coordinating solvent molecule; LL= 

bidentate ligand). 

 

 The use of weak interactions in Supra-molecular arrays is important for two reasons: 

(i) the weak forces holding the molecules together incorporate a large degree of flexibility 

into molecules which allows conformational changes that are often necessary for a function, 

and (ii) the large number of weaker interactions allow greater specificity through annealing 

processes which ultimately form the most thermodynamically favourable structure. Several 

approaches have been developed for self-assembly of discrete multinuclear species [97]. A 

few of them are briefly discussed here. 

The Directional-bonding approach 

This emerging methodology was used to construct macrocycles in the shape of selected 

polygons by rationally designing organic ligands and metal-containing precursors to occupy 

the edges and vertices of the target shape. This design approach is sometimes referred to as 



13 

 

“edge-directed self-assembly”. Typically, the metals are introduced into these structures with 

directing or blocking ligands that only make coordination sites available to incoming ligands 

with an appropriate angle to form the desired shape. For example, a binuclear macrocycle can 

be assembled by using a metal complex with a 60° angle between the coordinatively labile 

sites and a rigid ligand with a 120° twist. This same metal complex can be used to construct a 

molecular triangle by using a linear ligand system (Scheme 5) [95]. For instance, there are 

two complementary ways to construct a molecular square, viz.  (i) by using a metal starting 

material with a 90° angle between the coordination sites and a rigid linear ligand and (ii) by 

utilizing a metal complex with a 180° geometry and a ligand system with a 90° turn. Since 

either the ligand or metal used in this approach has a directing influence, the term 

“directional-bonding approach” is more descriptive (Scheme 6) [98]. 
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Scheme 5. A representation of ditopic building blocks to generate a suite of 2D convex 

polygons via self-assembly 



14 

 

PdH2N

ONO2

ONO2

NH2

N

N

N

N

NN

NN

PdH2N

NH2

Pd

H2N

NH2

Pd

NH2

H2N Pd NH2

H2N

N

N

+

(NO3)8

4

 

Scheme 6. M4L4 square can be interpreted as the combination of linear and 90
o 

components 

using a directional bonding approach. 

 

Symmetry-interaction approach 

  This methodology relies on concepts from edge directed self-assembly [53, 99]. The 

coordination vectors that are critical to defining the angularity and directionality of molecular 

building blocks remain an important parameter when designing ligands for symmetry-

interaction self-assembly. In this strategy, multi-branched chelating ligands are generally 

used in conjunction with sources of transition or main group metals which are free of strongly 

coordinating ligands. With this combination of starting materials, the formation of a given 

Supra-molecular shape is driven by inherent symmetry of the coordination sites available on 

the metal centre.  The metal/ ligand combinations must be chosen carefully in order to 

maintain coordinative lability. Finally, the symmetry interactions with which one must 

contend (e.g., metal geometry, ligand orientation, and ligand-ligand steric interactions) when 

designing a Supra-molecular assembly utilizing this method (Scheme 7) [53]. 

Weak link approach  

The weak-link synthetic strategy for two- and three-dimensional structures offers the 

ability to prepare Supra-molecular architectures from flexible ligands and transition metal 

starting materials free of directing ligands to yield structures with coordination sites that are 
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available for further chemistry. This approach was developed by Mirkin and co-workers, 

utilizing hemilabile ligands [100, 101] such that the initial Supra-molecular coordination 

complexes (SCCs) formed can undergo post-self-assembly modifications to access new 

structures [102]. It is important to note that this approach is conceptually different from the 

directional-bonding and symmetry-interaction approaches and yields structures that are not 

accessible by other approaches. The reactions used in the weak-link approach are under 

kinetic rather than thermodynamic control.  
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Scheme 7.  M4L6 tetrahedra constructed by designing C2 symmetric ligands with proper angle 

between coordination vectors  

 

Supra-molecular Catalysis 

The interface between Supra-molecular chemistry and transition metal catalysis has 

received surprisingly little attention. The first efforts to integrate transition metal catalysis 

and Supra-molecular encapsulation were published by Breslow and Overman in 1970 [103] 

using cyclodextrins as the Supra-molecular host. The design and construction of large 

molecules with well defined cavities opens the possibilities of host-guest and inclusion 

chemistry and, therefore, the ultimate goal of selective substrate activation and catalysis. 

There are several examples in the recent literature where the internal cavity of covalently 

linked Supra-molecular structures has been exploited to arrange reactants and stabilize 
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reactive intermediates involved in organic transformations [104, 105]. Supra-molecular 

coordination complexes have been used by Fujita and co-workers to facilitate a metal 

mediated catalytic transformation [106]. A Supra-molecular nanoreactor has been constructed 

by employing phthalocyanine- bridged β-cyclodextrins as host and the carboxylated 

porphyrin as amphiphilic guest by using extremely strong non- covalent complexation 

interactions. This hollow tubular structure has been utilized for Suzuki C-C coupling 

reactions [107].  

 

1.5 Applications of palladium and platinum complexes 

 Homogenous catalysis 

Among all the PGM based homogenous catalysis, perhaps the palladium catalysed 

cross-coupling made vast impact in practical terms since the early 1970s [108, 109]. The 

transformations in a homogenous carbon-carbon cross-coupling allow the substitution of an 

aryl, vinyl and alkyl halide/pseudohalide by a nucleophile in the presence of a transition-

metal catalyst. Most commonly, these reactions involve the formation of a carbon–carbon 

bond utilizing a range of different carbon nucleophiles, such as, aryl, vinyl and alkyl 

derivatives of magnesium (Kumada–Corriu) [110, 111], boron (Suzuki–Miyaura) [112, 113], 

zinc (Negishi) [114, 115], silicon (Hiyama) [116], tin (Stille) [117].  The field of cross-

coupling has been broadened to include carbon–heteroatom bond forming reactions; the most 

important of these involve the construction of C–N [118], C–O [119] and C–S bonds [120]. 

Famous representatives among them are the Heck however, because of the absence of a 

transmetallation step. The coupling reactions which were recognized by a Nobel Prize in 

Chemistry 2010 are shown in Scheme 8. 



17 

 

The coupling of aryl halides with organoboronic acids is one of the most important 

palladium-catalyzed cross-coupling reactions usually referred as Suzuki coupling, first 

described in 1979 by Akira Suzuki. The most commonly used catalyst is Pd(PPh3)4, but 

several other palladium complexes have been developed for this catalytic reaction  including 

Pd(II) pre-catalysts that are reduced to the active Pd(0) in situ. Typically, the mechanism of 

cross-coupling of an electrophile (R–X) and the nucleophile (R′B(OR'')2) takes place via a 

three-step mechanism (Scheme 9), (i) oxidative addition of L2Pd(0) to L2RPd(II)X, (ii) 

transmetalation of R′ from boron to Pd, forming L2RPd(II)R′, and (iii) reductive elimination 

of R–R′, converting Pd(II) to Pd(0). 
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Molecular precursors for metal and metal chalcogenide nano-particles 

 A variety of organometallic palladium and platinum complexes, such as 

[Pd(allyl)acac], [PdMe2(PEt3)2],  [M(allyl)Cp] (M = Pd or Pt; Cp = cyclopentadienyl), 

[Pt(hfac)2] (hfac = hexafluoroacetylacetonate), [PtMe3Cp] have been successfully used for 

deposition of thin films and nanocrystals [121-123]. 

Platinum group metal chalcogenides have relevance in catalysis and materials science. 

Several of these chalcogenides occur in nature as minerals, for instance, braggite (PdPt3S4), 

luberoite (Pt5Se4) and Pt6AgTe4. The binary compounds of palladium and platinum show a 

higher diversity and binary phases and can be classified as MX (PdS, PdSe PdTe, PtSe, 

PtTe); Pd3X (X = S, Se, Te); Pd4X (X = S, Se, Te); MX2 (PdS2, PdSe2, PdTe2, PtS2, PtSe2, 

PtTe2), etc.   

  Jain’s group has studied synthesis and structural chemistry of oragnochalcogenolate-

based single source precursors for preparing metal chalcogenides [124, 125]. They have 

reported the synthesis of metal chalcogenides by thermal decomposition of metal benzyl 

selenolates, 2-(diethylamino)ethaneselenolates, monoselenocarboxylates, 2-

(methoxycarbonyl)ethylselenolates, 3-(diethylamino)propylselenolates. The facile cleavage 

of Pd–allyl bond in the allylpalladium chalcogenolate complexes has been exploited for 

deposition of palladium chalcogenides. Solvothermal decomposition of [Pd(SeCOAr)2(PR3)2] 

and [Pd(OAc)(ECH2CH2CH2NMe2)]2 (E = S, Se, Te) yields palladium chalcogenides 

nanoparticles (e.g., Pd7Te3, Pd17Se15) [126]. Singh and coworkers have synthesized Pd17Se15 

nanoparticles from a single source precursor [Pd(L)Cl2] {L=1,3-bis(phenylselenyl) propan-2-

ol} and grafted onto graphene oxide which show high catalytic activity in C-O coupling 

between aryl/heteroaryl chlorides/bromides and phenol at room temperature [127]. Radha and 

Kulkarni reported a single step synthesis of palladium sulfide (Pd4S) films as well as nano- 

patterns by heating a drop coated palladium octane thiolate solution on a glass substrate in H2 
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atmosphere at 250
o
C. The obtained Pd4S conducts like a metal, but unlike Pd, is impermeable 

to H2 [39].  

Anticancer Drugs  

 Investigation of the potential of platinum complexes as anti-tumour agents came into 

light in the earlier 1960’s by Rosenberg, when he found in-situ formation of cis-

diamminedichloroplatinum (cis-[PtCl2(NH3)2]) and cis-diamminetetrachloroplatinum (cis-

[PtCl4(NH3)2]) [128] as highly potent agents that could inhibit the cell division. Since then 

extensive work on design and development of several platinum complexes has been 

undertaken. These efforts have led to development of new platinum based drugs shown in 

Scheme 10. The extensive investigations on design of such complexes have led to the 

following general features in the active molecules [129]. 

� The compound should have two amine groups with cis geometry, as those with trans 

geometries are inactive.  

� It is necessary, although not sufficient, for the compound to have two leaving groups that 

are cis with respect to one another. Leaving groups are those groups on the molecule that 

are the most easily lost.  

� The ease with which the leaving groups are able to be lost affects the activity and the 

toxicity of the compound. It is preferable for the leaving groups to be only moderately 

easy to remove.   

� The compound should be neutral. 

� Compounds with fewer alkyl substituents on the amine ligands had greater activity.  

� Each amine ligand should possess at least one proton.  
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Scheme 10: Anticancer platinum based drugs 

Luminescent properties 

 Luminescent platinum complexes have attractive chemical and photophysical 

properties such as high stability, emission in the visible region, high emission quantum yields 

and long excited state lifetimes [130].  The square-planar geometry of d
8
 transition metal 

complexes, such as platinum(II), leads to a high tendency towards stacking, through 

establishment of ground-state intermolecular non-covalent weak metal...metal and/or ligand–

ligand interactions through the π-electron cloud of the aromatic rings. It has been reported 

that in organic or aqueous media, luminescent Pt(II) complexes are able to form homo [131] 

and hetero-metallic [132-134], Supra-molecular architectures and superstructures such as 

nano-wires [135] nano-sheets, nano-wheels, nano-tubes  [136] liquid crystals [137], etc. 

 Owing to good photoluminescence property of Pt2 complexes, the luminescence 

studies of platinum-chalcogen complexes has also attracted considerable interest. Yam and 

co-workers [138] have synthesized binuclear platinum complex, [Pt2(µ-S)2(dppy)4]. 

Compared to [PtCl2(dppy)2],  [Pt2(µ-S)2(dppy)4] has an additional good σ-donating sulfido 

moiety, which may lead to ligand-to-metal charge transfer (LMCT) character from the newly 

emergent low-energy emitting state.  
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1.6 Scope of the work 

The above discussion on palladium and platinum chemistry clearly indicates that there 

are several areas which offer new opportunities for further investigations. Coordination 

/transition metal driven self-assembly represent a powerful synthetic methodology for the 

synthesis of multinuclear systems with well-defined architectures. So it is proposed to 

synthesize multinuclear/Supra-molecular complexes of platinum group metals. The ligands 

with Group 15 donor atoms have been widely used to construct the above types of molecules, 

whereas it is almost unexplored with chalcogen ligands. The bridging ability and additional 

lone pair of electrons on chalcogen atom are very promising features to construct large 

assemblies. The non-chelating bidentate ligands such as 4-pyridyl chalcogenolate offer 

several bonding possibilities. Ligands containing both the COOH group and a soft donor 

atom like sulfur have not so far been employed in the design of Supra-molecular assemblies. 

In this regard mercaptobenzoic acids have been chosen to design hydrogen–bonded 

supramolecules. The metal-sulfur linkage, being a stronger bond, can be exploited to 

construct rigid structures. In order to assess the suitability of palladium complexes as 

homogenous catalyst in C–C coupling reaction, the activity of some of these complexes has 

been examined in Suzuki coupling reactions.  

The emphasis has been to understand and synthesize various palladium and platinum 

Supra-molecular complexes with chalcogen ligands. All the complexes have been 

characterized by elemental analyses, IR, NMR (
1
H, 

13
C, 

31
P, 

77
Se, 

125
Te, 

195
Pt), UV-Vis, mass 

spectrometry. In several cases structures have been established unambiguously by single 

crystal diffraction analyses. For the sake of convenience and clarity the present work is sub-

divided as follows: 

� Chemistry of 4-pyridylselenolate complexes of palladium and platinum and their 

catalytic activity in Suzuki C-C coupling reaction. 
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� Chemistry of 3-/4-mercaptobenzoic acid complexes of palladium(II) and platinum(II) 

stabilized by hydrogen bonding. 

� Chemistry of aryldithiolate ligands of palladium and platiunm and their unprecedented 

catalytic activity in Suzuki C-C coupling reaction. 

� Chemistry of nitrogen bonded hemilabile organoselenium/tellurium complexes of 

palladium and platinum. 

� Chemistry of 4-pyridyltellurolate complexes of palladium and platinum. 

 

 

 

 

 

 

 



Chapter 2 

 

Experimental 
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2.1  Materials and methods 

Glassware with inter-changeable standard conical ground joints were used throughout 

this investigation. Special type of glasswares like Schlenk flasks, two-necked flasks and three-

way stopcocks with appropriate joints were used for synthesis and storage of moisture and air 

sensitive compounds. All the glass-wares were immersed overnight in an alkali bath [5% NaOH 

in ethanol-water (1:1 v/v) mixture], washed thoroughly with soap and water followed by rinsing 

with acetone and dried in an oven at 120-130 °C for at least 6 h. Before using, hot apparatus 

were kept in desiccators filled with silica gel for cooling. Filtration assemblies with G-2/G-3 

sintered discs were used for filtering precipitates. Celite was used for filtration of solvent 

extracts. Vacuum pump was used to evaporate/ concentrate solvents under reduced pressure. 

Various methods such as cooling, and evaporation, etc. were employed for growing crystals of 

the complexes. 

All solvents and reagents were of A. R. grade and were dried, purified by standard 

procedures [139]. Hexane (67-68 °C), benzene (78 °C) and toluene (110 °C) were dried by 

refluxing them on sodium with benzophenone followed by distillation in an inert atmosphere. 

Diethyl ether (36 °C) and tetrahydrofuran (65-67 °C) were dried initially over CaCl2 followed by 

distillation over anhydrous P2O5, and further dried by refluxing over sodium metal using 

benzophenone as an indicator. Dichloromethane (38 °C) was dried over calcium chloride 

followed by decantation and distillation. Methanol (65 °C) was refluxed over magnesium 

methoxide (prepared from magnesium turnings and methanol in the presence of catalytic amount 

of iodine) for 4 h and distilled. Iodomethane (43 °C) was freshly distilled prior to the preparation 

of Grignard reagent. 4-Bromopyridine hydrochloride, 1-(4-pyridyl)pyridinium chloride 

hydrochloride, 4-Mercaptobenzoic acid (4-H2mba), 3-mercaptobenzoic acid (3-H2mba), 1,4-
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benezenedithiol, 4,4′-biphenyldithiol, 1,4-benezenedimethanethiol, silver triflate (AgOTf), aryl 

boronic acids, aryl halides and other reagents were used as purchased from commercial sources 

without any further purification. 

 

2.2  Experimental techniques 

 Melting points were determined in glass capillary tubes sealed at one end and are 

uncorrected. Microanalyses (C, H, N and S) were carried out on Thermo Fischer Flash EA-1112 

CHNS instrument. The IR spectra were recorded as KBr wafer on a Jasco FT-IR 6100 

spectrometer in the range of 4000-400 cm-1 with a resolution of 5 cm-1. Electronic absorption 

spectra were recorded in CH2Cl2, MeOH, and acetone on a UV-vis Jasco V-630 double beam 

spectrophotometer using quartz cuvettes with path length of 1 cm. The spectra were recorded in a 

wavelength range of 200-800 nm with a resolution of ~1 nm. The molar extinction coefficient (ε) 

was calculated using Beer-Lambert law expressed by thefollowing equation (Eq. 1). 

ε  = O.D.
c . I                                                                     ...(1) 

  O.D.  = Absorbance determined experimentally 

  c  = concentration of the solution 

  I  = thickness of the absorbing medium (in the present study 1 cm) 

 
The 1H, 13C{1H}, 31P{1H }, 77Se{1H}, 125Te{1H}, 195Pt{1H} NMR spectra were recorded 

on Bruker Avance II-300 MHz and Bruker Avance III-400 MHz NMR spectrometers operating 

at 300/ 400.13, 75.47/ 100.61, 121/ 161.97, 57.24/ 76.33, 94.86/ 126.24 MHz, respectively in 

thin walled 5 nm NMR tubes. Chemical shifts are relative to internal chloroform peak (δ = 7.26 

ppm for 1H and δ = 77.0 ppm for 13C), external 85% H3PO4 for 31P{1H}, Na2PtCl6 in D2O for 
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195Pt{1H}, external Me2Se for 77Se{1H} (secondary reference Ph2Se2 in CDCl3, δ 463 ppm) and 

Me2Te for 125Te{1H} (secondary reference Ph2Te2 in C6D6, δ 421 ppm). A 90° pulse was used in 

every case.  

Mass spectra were recorded on a Waters Q-TOF micro (YA-105) time of flight mass 

spectrometer. Cyclic voltammetry was performed on PGSTAT 20 Eco Chemie instrument. The 

voltammograms were recorded using a three electrode configuration with a platinum pseudo 

reference electrode (square foil 8 x 8 mm; electrode potential: 0.12 V vs. Ag/AgCl (saturated)), 

platinum wire coated with platinum black as a counter electrode and polished glassy carbon 

electrode (diameter = 5 mm) as a working electrode. Solutions of the complexes were prepared 

in CH3CN/ 0.05 M Me4NPF6, cycling between –2.5 and 1.5 V. Concentrations of the samples 

were maintained in the range 0.25-1.0 mM.  

The single crystal X-ray structural analyses of a number of complexes were carried out 

on BRUKER GADDS using Cu sealed X-ray tube (Kα = 1.5418 Å) radiation / BRUKER APEX 

2 using Mo Kα radiation or Rigaku AFC7S diffractometer using graphite monochromated Mo 

Kα (λ = 0.71069 Ǻ) radiation [140]. The crystals were directly mounted on the diffractometer 

after examining the quality of crystal under a polarizing microscope. Most of the structures were 

solved using direct methods using SHELX-97 [141, 142] and refined by full matrix least square 

method [143] on F2 using data correction for absorption effects using empirical procedures [144]. 

All non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed in their 

geometrically idealized positions with coordinate and thermal parameters riding on host atoms. 

The molecular structures were drawn using ORTEP [145-147]. Crystallographic and refinement 

details are given in Tables 3 - 11. 
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Table 3. Crystallographic and structure refinement data for Pd/Pt (II) 4-pyridylselenolate complexes  
Compound [PdCl(SeC5H4N-

4)(PPh3)2]·acetone 
[PtCl(SeC5H4N-4)(PEt3)2] [Pd(SeC5H4N-4)2(PPh3)2] [Pt(SeC5H4N-4)2(PEt3)2] 

Chemical formula C44H40ClNOP2PdSe C17H34ClNP2PtSe C46H38N2P2PdSe2 C22H38N2P2PtSe2 

Formula weight 881.52 623.89 945.04 745.49 
Crystal Size (mm3) 0.12 × 0.06 × 0.03 0.42 × 0.31 × 0.25 0.50 × 0.43 × 0.16 0.43 × 0.41 × 0.24
Diffractometer BRUKER GADDS BRUKER APEX 2 BRUKER APEX 2 BRUKER APEX 2 
T/K 110(2) 110(2) 110(2) 110(2) 
λ/Å 1.54178 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group P21/n P21/n P21 Pca21 
a/Å 10.4301(3)  14.4320(6) 10.1330(11)  19.975(3) 
b/Å 16.8918(6)  10.6073(5) 12.8723(14)  9.0763(15) 
c/Å 43.8939(14)  15.4103(7) 15.0542(16)  14.380(2) 
α/o 90 90 90 90 
β/0 93.019(2) 105.0360(10) 91.1260 90 
γ/0 90 90 90 90 
V/Å3 7722.6(4) 2278.31(18) 1963.2(4) 2607.1(7) 
ρcalc, g cm-3 1.516 1.819 1.599 1.899
Z 8 4 2 4 
µ/mm-1 6.646 8.014 2.444 8.309 
Reflections collected  135477 47227 30774 27666 
Data/restraints/parameters 11447 / 0 / 923 5237 / 2 / 222 8936 / 1 / 479 5919 / 15 / 262 
Final R1,wR2 indices R1 = 0.0382, 

wR2 = 0.0863 
R1 = 0.0162, 
wR2 = 0.0396 

R1 = 0.0440, 
wR2 = 0.1128 

R1 = 0.0238, 
wR2 = 0.0499 

R1, wR2 (all data) R1 = 0.0511, 
wR2 = 0.0894 

R1 = 0.0177, 
wR2 = 0.0405 

R1 = 0.0485, 
wR2 = 0.1162 

R1 = 0.0281, 
wR2 = 0.0511 

Largest diff.peak & hole [eÅ −3] 0.408 and -0.822 0.675 and -0.985 3.155 and -0.849 1.445 and -1.015 
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Table 4. Crystallographic and structure refinement data for Pd/Pt (II) 4-pyridylselenolate complexes  
Compound [Pd(SeC5H4N-4)2(dppe)]·2H2O [Pt(SeC5H4N-4)2(dppp)]·0.5H2O [PdCl(SeC5H4N-4)(PPh3)]2 

Chemical formula C36H36N2O2P2PdSe2 C37H35N2O0.5P2PtSe2 C46H38Cl2N2P2Pd2Se2 
Formula weight 854.93 930.62 1122.34 
Crystal Size (mm3) 0.13 × 0.08 × 0.03 0.06 × 0.05 × 0.03 0.25 × 0.18 × 0.12 
Diffractometer BRUKER GADDS BRUKER GADDS BRUKER APEX 2 
T/K 110(2) 110(2) 110(2) 
λ/Å 1.54178 1.54178 0.71073 
Crystal system Monoclinic Triclinic Monoclinic 
Space group P21/c P-1 P21/n 
a/Å 15.7931(8) 10.5487(12) 10.1799(12) 
b/Å 10.5303(5) 10.7006(13) 14.6690(17) 
c/Å 21.2888(11) 14.9796(16) 14.8568(17) 
α/o 90 91.771(9) 90 
β/0 105.650(3) 94.027(9) 93.4050 
γ/0 90 95.391(9) 90 
V/Å3 3409.2(3) 1678.0(3) 2214.6(4) 
ρcalc, g cm-3 1.666 1.842 1.683 
Z 4 2 2 
µ/mm-1 7.999 11.443 2.683 
Reflections collected  9607 9931 24421 
Data/restraints/parameters 5063 / 0 / 406 9942 / 0 / 407 5068 / 0 / 253 
Final R1,wR2 indices 0.0347, 0.0828 0.0373, 0.1104 0.0178, 0.0437 
R1, wR2 (all data) 0.0446, 0.0848 0.0423, 0.1151 0.0193, 0.0443 
Largest diff.peak & hole [eÅ −3] 1.067 and -0.774 1.065 and -1.036 0.492 and -0.445 
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Table 5. Crystallographic and structure refinement data for trinuclear palladium and platinum 4-pyridylselenolate complexes 
Compound [PdCl(SeC5H4N-4)(PEt3)]3 [PtCl(SeC5H4N-4)(PEt3)]3•CHCl3  
Chemical formula C33H57Cl3N3P3Pd3Se3 C34H58Cl6N3P3Pt3Se3 
Formula weight 1251.16 1636.59 
Crystal Size (mm3) 0.25 × 0.20 × 0.10 0.30 × 0.15 × 0.15 
Diffractometer RIGAKU AFC7S RIGAKU AFC7S 
T/K 298 (2) 298 (2) 
λ/Å 0.71069 0.71069 
Crystal system Monoclinic Monoclinic 
Space group P21/n  P21/a 
a/Å 14.2500(12) 14.501(3) 
b/Å 13.984(6) 24.574(3) 
c/Å 24.400(5) 14.763(4) 
α/o 90 90 
β/0 105.330(13) 102.72(2) 
γ/0 90 90 
V/Å3 4689(2) 5131.7(18) 
ρcalc, g cm-3 1.772 2.026 
Z 4 4 
µ/mm-1 3.766 10.567 
Reflections collected  14523 14086 
Data/restraints/parameters 10760/20/410 11757/63/363  

Final R1,wR2 indices 0.0745, 0.1409 0.0696, 0.1331 
R1, wR2 (all data) 0.1803, 0.3474 0.2161, 0.3843 

Largest diff.peak & hole [eÅ −3] 1.032 & -0.886 1.000, -1.247 
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Table 6. Crystallographic and structure refinement data for mononuclear mercaptobenzoic acid complexes of platinum. 
Compound [Pt(SC6H4COOH-4)2(PEt3)2]·H2O [Pt(SC6H4COOH-4)2(PEt3)2]·(MeOH)2 [Pt(SC6H4COOH-4)2(PPh3)2]
Chemical formula C26H42O5P2PtS2 C28H48O6P2PtS2 C50H40O4P2PtS2 
Formula weight 753.73 801.81 1025.97 

Crystal Size (mm3) 0.20 X 0.20 X 0.10 0.10 X 0.10 X 0.05 0.08 X 0.03 X 0.02 

Diffractometer RIGAKU AFC7S RIGAKU AFC7S BRUKER GADDS 
T/K 298 298 110.15 
λ/Å 0.71069 0.71069 1.54178 
Crystal system Triclinic Monoclinic Triclinic 
Space group P-1 P 21/c P-1 
a/Å 7.694(7) 12.675(4) 10.8776(4) 
b/Å 8.820(6) 10.199(4) 18.0407(6) 
c/Å 13.924(6) 14.263(4) 24.6712(9) 

α/o 89.42(5) 90 81.901(2) 

β/0 83.80(4) 113.13(2) 83.211(2) 

γ/0 78.41(4) 90 84.888(2) 

V/Å3 920.2(11) 1707.7(10) 4746.6(3) 

μcalc, g cm-3 1.360 1.559 1.436 

Z 1 2 4 

µ/mm-1 4.040 4.360 7.318 

Reflections collected  5150 4702 74601 
Data/restraints/parameters 4211/0/173 3925/0/184 13777/67/1053 
Final R1,wR2 indices 0.0796, 0.1700 0.0511, 0.0861 0.0518, 0.1271 
R1, wR2 (all data) 0.2223, 0.2580 0.1107, 0.1596 0.0643, 0.1330 

Largest diff.peak & hole [eÅ -3] 1.365 and -2.204 1.184 and -1.767 2.955 and -1.438 
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Table 7. Crystallographic and structure refinement data for dinuclear mercaptobenzoic acid complexes of palladium and platinum. 

Compound [Pt(SC6H4COOH-3)(PEt3)2]2 
(OTf)2 

[Pt(SC6H4COOH-4)(PEt3)2]2 
(OTf)2·(H2O)2 

[Pd(SC6H4COOH-3)(dppe)]2 
.(OTf)2·(H2O)2 

Chemical formula C20H36F3O5P2PtS2 C40 H74F6O12P4Pt2S4 C68H62F6O12 P4Pd2S4 

Formula weight 733.63 1503.29 1650.10 

Crystal Size (mm3) 0.06 X 0.04 X 0.03 0.18 X 0.05 X 0.04 0.30 x 0.15 x 0.15 

Diffractometer BRUKER GADDS BRUKER APEX 2 RIGAKU AFC7S 
T/K 110(2) 110(2) 298 
λ/Å 1.54178 0.71073 0.71069 
Crystal system Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 
a/Å 11.4772(19) 11.117(4) 11.175(3) 
b/Å 11.5470(18) 15.396(5) 12.647(4) 
c/Å 12.838(2) 17.488(6) 13.273(6) 

α/o 65.338(8) 83.270(4) 79.42(3) 

β/0 73.374(8) 77.901(4) 70.60(3) 

γ/0 74.230(8) 71.860(4) 85.66(3) 

V/Å3 1458.7(4) 2776.9(16) 1739.1(11) 

ρcalc, g cm-3 1.670 1.798 1.576 

Z 2 2 1 

µ/mm-1 11.783 5.371 0.805 

Reflections collected  22063 37046 9570 
Data/restraints/parameters 4081 / 35 / 298 12542 / 250 / 690 7965/18/432 
Final R1,wR2 indices 0.0370, 0.0950 0.0257, 0.0546 0.0760, 0.2043 
R1, wR2 (all data) 0.0419, 0.0979 0.0318, 0.0570 0.1757, 0.2565 

Largest diff.peak & hole [eÅ -3] 1.477 and -1.572 1.258 and -0.998 1.355 and -1.476 
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Table 8. Crystallographic and structure refinement data for palladium complexes 
Compound [Pd2(SC6H4S)(dppe)2]2(OTf)4 

·0.36CH2Cl2 
[Pd2(SC12H8S)(dppe)2]2 

(OTf)4 
[Pd2(SCH2C6H4CH2S)(dppe)2]4 

(OTf)8·(CH3COCH3)2 
[Pt2(SC6H4S)(PEt3)4]2 

(OTf)4 ·(CH2Cl2)2 

Chemical formula C120H104 F12O12P8Pd4S8 
.0.36CH2Cl2 

C132H112F12O12P8Pd4S8 C250H236F12O14 P16Pd8S12 C66H136Cl8 F6O6P8Pt4S6 

Formula weight 2926.61 3048.05 5423.81 2643.83 
Crystal Size (mm3) 0.21 x 0.17 x 0.03 0.26 x 0.26 x 0.15 0.48 x 0.14 x 0.08 0.50 x 0.20 x 0.10 
Diffractometer BRUKER APEX 2 BRUKER APEX 2 BRUKER APEX 2 Rigaku AFC7S 
T/K 110.15 110.15 110.15 298 
λ/Å 0.71073 0.71073 0.71073 0.71069 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 P-1 
a/Å 13.145(2) 14.619(3) 17.2155(16) 12.323(4) 
b/Å 14.789(3) 14.797(3) 21.975(2) 13.000(6) 
c/Å 16.778(3) 18.150(3) 22.457(2) 18.163(8) 
α/° 79.21(5) 92.291(2) 61.808(10) 73.35(4) 
β/° 85.46(4) 113.233(2) 71.330(10) 83.01(3) 
γ/° 70.71(4) 91.287(2) 68.640(2) 88.12(4) 
V/Å3 3023.6(10) 3601.6(11) 6859.3(11) 2766.9(19) 
ρcalc, g cm-3 1.607 1.405 1.313 1.587 

Z 1 1 1 1 
µ/mm-1 0.924 0.766 0.757 5.509 
Reflections collected 34721 40761 127933 3812 
Data/restraints/parameters 13475/0/766 16120/516/939 31331/0/1407 3489/0/209 
Final R1,wR2 indices 0.0270, 0.0600 0.0466, 0.1257 0.0533, 0.1143 0.0768, 0.2243 
R1, wR1 (all data) 0.0338, 0.0639 0.0579, 0.1359 0.0724, 0.1256 0.0944, 0.2130 
Largest diff.peak & hole [eÅ]-3 0.666 and – 0.516 3.049 and –1.179 2.138 and –1.690 1.953 & –2.708 
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Table 9. Crystallographic and structure refinement data for palladium and platinum 
complexes 
Compound [Pd3(µ-Te)2(dppe)3)](OTf)2 [Pt{(C5H4N-

4,4)2Te2}(PEt3)2]2(OTf)4. 

3.75H2O   

Chemical formula C80H72F6O6P6Pd3S2Te2 C48H83.50F12 N4O15.75P4Pt2S4Te4 

Formula weight 2067.71 2349.39 

Crystal Size (mm3) 0.13 × 0.05 × 0.02 0.13 X 0.06 X 0.05 

Diffractometer BRUKER GADDS BRUKER APEX 2 

T/K 110 150(2) 

λ/Å 1.54178  0.71073 

Crystal system Orthorhombic Monoclinic 

Space group Pbca P2 

a/Å 22.6715(9) 9.437(2) 

b/Å 18.0553(7) 34.224(7) 

c/Å 38.3415(16) 12.002(3) 

α/o 90 90 

β/0 90 93.226(3) 

γ/0 90 90 

V/Å3 15694.7(11) 3870.0(14) 

ρcalc, g cm-3 1.750 2.016 

Z 8 2 

µ/mm-1 13.450 5.365 

Reflections collected  95758 45300 

Data/restraints/parameters 11873 / 0 / 946 17475/1/867 

Final R1,wR2 indices 0.0407,  0.0936 0.0541, 0.1113 

R1, wR2 (all data) 0.0536, 0.0999 0.0653, 0.1176 

Largest diff. peak & hole [eÅ −3] 1.000 and -1.154  1.813 and -1.181 
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Table 10. Crystallographic and structure refinement data for palladium and platinum 4-
pyridyl selenolate complexes  

Compound [Pt(SeC5H4N-4)(dppe)]2(BPh4)2 

.4CH2Cl2 

[Pt(SeC5H4N-

4)(PEt3)2]2(BPh4)2 

Chemical formula C114H104B2Cl8N2P4Pt2Se2 C82H108B2N2P4Pt2Se2 

Formula weight 2479.19 1815.3 

Crystal Size (mm3) 0.16 × 0.14 × 0.06 0.05 × 0.05 × 0.05 

Diffractometer BRUKER APEX 2 RIGAKU AFC7S 

T/K 150.15 298(2) 

λ/Å 0.71073 0.71069 

Crystal system Triclinic Monoclinic 

Space group P-1 C2/m 

a/Å  11.5598(19) 22.000(5) 

b/Å  15.143(2) 18.012(4) 

c/Å  15.801(3)  10.9961(18) 

α/o 86.121(2) 90 

β/0 72.408(2) 109.450(17) 

γ/0 84.689(2) 90 

V/Å3 2622.9(7) 4108.7(15) 

ρcalc, g cm-3 1.570 1.467

Z 1 2 

µ/mm-1 3.672 4.406 

Reflections collected  48285 4763 

Data/restraints/parameters 11872 / 7 / 602 4763 / 0 / 149 

Final R1,wR2 indices 0.0365, 0.0745 0.0560, 0.1324 

R1, wR2 (all data)  0.0503, 0.0819  0.3094, 0.1324 

Largest diff. peak & hole [eÅ −3] 2.113 and -2.661 1.018 and -2.322 
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Table 11. Crystallographic and structure refinement data for palladium and platinum tellurolate complexes  

Compound [Pd(TeC5H4N-
4)2(dppe)] 

[Pt(TeC5H4N-
4)2(dppe)] 

[Pt{PPh2C(TeC5H4

N-4)PPh2}2] 
[Pd2(µ-Te)(µ-TeC5H4N-
4)(TeC5H4N-4)(dppm)]2 

[PdCl (TeC5H4N-
4)2(PPh3)]2 

Chemical formula C36H32N2P2PdTe2 C36H32N2P2PdTe2 C60H48N2P4PtTe2 C70H60N4P4Pd4Te6 C48.68H43.37Cl7.37N2P2Pd2Te2 
Formula weight 916.17 1004.86 1371.17 2272.30 1447.54 
Crystal Size (mm3) 0.15 × 0.05 × 0.02 - 0.20 × 0.10 × 0.05 0.30 × 0.15 × 0.05 0.08 × 0.06 × 0.02 
Diffractometer RIGAKU AFC7S RIGAKU AFC7S RIGAKU AFC7S RIGAKU AFC7S BRUKER GADDS 
T/K 298(2) 293(2) 298(2) 298(2) 110(2) 
λ/Å 0.71069 0.71069 0.71069 0.71069 1.54178 
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic 
Space group C2/c C2/c C2/c P-1 P 21/n 1 
a/Å 33.748(5) 33.927(15) 22.800(4) 13.808(3) 17.3108(6) 
b/Å 9.4115(14)  9.3843(18) 13.403(3) 17.782(5) 16.1040(6) 
c/Å 22.785(4)  22.798(8) 23.477(8) 18.461(5) 19.9246(8) 
α/o 90 90 90 84.02(2) 90 
β/0 99.580(2) 100.04(3) 121.48(2) 72.93(2) 108.131(3) 
γ/0 90 90 90 84.14(2) 90 
V/Å3 7136.1(19) 7147(4) 6118(3) 4297.4(19) 5278.6(4) 
ρcalc, g cm-3 1.706 1.868 1.489 1.756 1.821 
Z 8 8 4 2 4 
µ/mm-1 2.239 5.643 3.368 2.930 18.329 
Reflections collected  8186 10944 7020 19826 116877 
Data/restraints/parameters 8186 / 0 / 389 8189/ 48/ 388 7020 / 0 / 253 19826 / 432 / 649 7865 / 93 / 602 
Final R1,wR2 indices 0.1082, 0.2674 0.0999, 0.2054 0.0660, 0.1602 0.1106, 0.2816 0.0668, 0.1523 
R1, wR2 (all data) 0.3007, 0.3404 0.3402, 0.3064 0.1612, 0.1878  0.3628, 0.4099 0.0752, 0.1579 
Largest diff.peak & hole [eÅ −3] 2.995 and -2.159 3.378 and -3.876 1.168 and -1.338 1.730 and -2.680 2.464 and -1.158  
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2.3 Catalysis 

 In a typical experiment, a two-necked round bottomed flak under a nitrogen 

atmosphere was charged with dioxane (3 ml), aryl halide (1.0 mmol), arylboronic acid (1.3 

mmol), aqueous base (2.0 mmol, 1 mL) and a catalyst (0.1 mol%). The reactants were 

refluxed with stirring for a specified time. After cooling the reaction mixture to room 

temperature, the contents were diluted with water (10 ml), neutralized with dil. HCl and 

extracted with hexane (3 × 15 mL). The whole organic extract was washed with water (2 × 15 

mL), brine (2 × 10 mL), dried over anhydrous Na2SO4, filtered and the solvent was removed 

under reduced pressure. The products were characterized by 1H and 13C{1H} NMR spectra. In 

case of any contamination with other impurities, the product was chromatographed on a silica 

gel column to give the pure product. 
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2.4  Syntheses of ligands and metal precursors 

2.4.1  Synthesis of ligands 

4, 4'-Dipyridyldiselenide [Se2(C5H4N-4,4')2]  

i) To an ethoxy ethanol solution (500 mL) of Na2Se2 [prepared by reduction of selenium 

(20 g, 253 mmol) with NaBH4 (11.5 g, 304 mmol) over a period of 1 h] was added dropwise 

an aqueous solution (50 mL) of 1-(4-pyridyl)pyridinium chloride hydrochloride (57.3 g, 250 

mmol) and the reaction mixture was stirred for 15 h at room temperature. The solution was 

concentrated to 100 mL and aq. Na2CO3 (75 g, 707 mmol) was added and stirred for 0.5 h. 

The reaction solution was shaken with toluene and the aqueous layer was filtered and kept for 

aerial oxidation for two days. The yellowish brown solid that formed was separated and 

extracted with THF and concentrated. To this, toluene was added and kept for 

recrystallization at –5 °C. A yellowish orange solid was dissolved in chloroform, filtered 

through Celite and kept at –5 °C to yield yellow crystals of the title compound in 42% yield 

[148]. M.p.113 oC. Anal. Calcd for C10H8N2Se2: C, 38.24; H, 2.57; N, 8.92%; Found: C, 

38.27; H, 2.46; N, 9.12%.  1H NMR (CDCl3) δ: 7.47 (d, 3JHH = 4.5 Hz, 4H, 3,5-H); 8.42 (d, 

3JHH = 4.5 Hz, 4H, 2,6-H) ppm.13C{1H} NMR (CDCl3) δ: 124.2 (s, C-3), 140.9 (s, C-4), 

150.1 (s, C-2) ppm. 77Se{1H} NMR (CDCl3) δ: 409 (s)ppm. ESI-MS m/z (ion, relative 

intensity): 317 ([M+H]+, 100 ), 237 ([M+H+Se]+, 15). 

 

4, 4'-Dipyridylselenide [Se(C5H4N-4,4')2]  

 To a suspension of selenium powder (1.015 g, 27.03 mmol) in water (100 ml), sodium 

borohydride (NaBH4) (1.02 g, 12.85 mmol) was added at 5-10 °C with constant stirring. To 

the obtained colorless solution of NaHSe, ethanolic solution of 4-bromopyridine (4.99 g, 25.7 

mmol) was added dropwise with stirring and was refluxed for 4 hrs, where upon a pale 

yellow precipitate formed. After cooling, the reaction mixture was extracted with hexane (3 x 



37 
 

50 ml) and the organic part was dried over anhydrous sodium sulphate, which was finally 

concentrated to give pale yellow needle like crystals of 4, 4'-dipyridylselinide (0.84 g, 28 %).  

M.p. 63 °C. Anal. Calcd. for C10H8N2Se: C, 51.08; H, 3.43; N, 11.91; Found: C, 51.48; H, 

3.34; N, 4.2 %. 1H NMR (CDCl3) δ: 7.32 (d, 3JHH = 4.5 Hz, 4H, 3,5-H), 8.47 (d, 3JHH = 6.0 

Hz, 4H, 2,6-H); 13C{1H} NMR (CDCl3) δ: 127.0 (s, C-3), 140.2 (s, C-4), 150.2 (s, C-2); 

77Se{1H} NMR (CDCl3) δ: 430 (s) ppm. 

 

4, 4'-Dipyridylditelluride [Te2(C5H4N-4,4')2] 

(a) 4-Bromopyridine (7.32 g, 46.3 mmol) was added drop wise to a vigorously stirred 

mixture of isopropylmagnesium chloride (5.0 g, 48.6 mmol) in THF. After stirring for 2h at 

room temperature the mixture was cooled in an ice bath and tellurium powder (6.18 g, 48.6 

mmol) was added. After all the tellurium had dissolved, stirring was stopped and dilute nitric 

acid (~1M, 40 mL) was added slowly. The mixture was extracted with ethylacetate (4 × 150 

ml) and the organic layer was dried over anhydrous sodium sulfate. The solvent was removed 

under vacuum and the residue was purified by silica gel column chromatography with 

hexane/ethyl acetate (5:1) as eluent. After TLC assessment, the solvents were evaporated 

under vaccum to give a reddish brown powder. The latter was thoroughly washed with hot 

hexane (3 × 10 mL) so as to remove any monotelluride. The residue was recrystallized from 

methanol as reddish-brown needles (1.7 g, 18% yield).   

 

(b) Since the yield of 4,4'-py2Te2 from the above method was rather poor another method 

described in literature was attempted after modification [149]. To a clear colorless solution of 

NaTeH [prepared by reduction of tellurium (4.91g, 38.5 mmol) in refluxing alkaline ethanol 

(NaOH, 1.54 g, 38.5 mmol in 500 mL EtOH) by NaBH4 (9.6 g, 254 mmol) for 1 hr] ethanolic 

solution of 4-pyBr.HCl (15.0 g, 77.12 mmol) was added and the contents were refluxed with 
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stirring for 30 hrs. The contents were transferred into a beaker for areal oxidation followed by 

addition of an aqueous solution of K3Fe(CN)6. The product was extracted with chloroform (3 

× 100 mL), the combined extracts were dried over anhydrous sodium sulfate for 1 hr. The 

solution was filtered and dried under vaccum. The residue was washed thoroughly with hot 

hexane (3 × 20 mL) and recrystallized from methanol (yield 2.0 g, 25% based on tellurium).  

 The title compound prepared from the above two methods showed identical m. p. and 

NMR spectra. M.p.121oC (dec). Anal. Calcd for C10H8N2Te2: C, 29.20; H, 1.96; N, 6.81 %;  

Found: C, 28.33; H, 1.47; N, 0.00 %. 1H NMR (acetone-d6) δ:  7.82 (dd, 1.6, 4.4 Hz, 4H), 

8.28 (dd, 1.6, 4.4 Hz, 4H)ppm. 13C{1H} NMR (acetone-d6) δ: 118.4 (Te-C), 130.8, 148.9 

ppm. 125Te{1H} NMR (acetone-d6) δ: 370 (s). 

 

2.4.2  Synthesis of metal precursors 

Na2[PdCl4] [150], K2[PtCl4] [151] and other phosphine complexes were prepared 

according to literature methods. 

 

[MCl2(P∩P)] 

Complexes were prepared according to reported literature methods [152]. To an 

aqueous solution of Na2PdCl4 (0.89 g, 2.3 mmol) was added a solution of dppm (0.90 g, 2.3 

mmol) in methanol and stirred for 3 h whereupon an off-white precipitate was formed. The 

precipitate was filtered, washed thoroughly with water and cold acetone followed by diethyl 

ether and dried under reduced pressure. Similar procedure was employed for other 

phosphines, viz. dppe and dppp. Similarly, [PtCl2(dppm)] was prepared by adding a solution 

of dppm (0.31 g, 0.81 mmol) in methanol to an aqueous  solution of K2PtCl4 (0.34 g, 0.82 

mmol), and stirred for 3 h whereupon a white precipitate was obtained. The precipitate was 
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filtered, washed successively with water and ether and dried under vacuum. Similarly 

PtCl2(dppe) and PtCl2(dppp) were prepared. Pertinent data are summarized in Table 12. 

 

[Pt(PPh3)4]  

To an aqueous ethanolic reaction mixture of K2[PtCl4] (450 mg, 11 mmole) and PPh3 

(1.42 g, 54 mmole), an aqueous solution of NaBH4 (123 mg, 32 mmole) was added with 

stirring which continued for 3h at room temperature whereupon a yellow precipitate formed. 

The latter was filtered, washed thoroughly with ethanol, cold water and warm ethanol to yield 

a yellow powder of [Pt(PPh3)4] [153]. 
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Table 12. Physical, analytical and NMR data of various platinum(II) and palladium(II) phosphine precursors 

 Complex 

 

Recrystallization  

Solvent (% Yield) 

Color m.p. ( oC) % Analysis   Found (calcd.) 31P{1H}NMR in CDCl3 

δ[1J(Pt-P) in Hz] 
C H 

[PtCl2(PPh3)2] Chloroform 

(72) 

White 310 54.69 

(54.69) 

3.80 

(3.82) 

14.4  [1J(Pt-P) = 3678] 

[PtCl2(dppm)] Chloroform 

 (78) 

White 330 45.88 

(46.17) 

3.32 

(3.41) 

–64.4 [1J(Pt-P) = 3087] 

[PtCl2(dppe)] Chloroform 

 (82) 

White 290 47.09 

(47.00) 

3.64 

(3.64) 

  41.3 [1J(Pt-P) = 3605] 

[PtCl2(dppp)] Chloroform 

 (60) 

Pale flesh 230 48.00 

(47.80) 

3.78 

(3.86) 

–5.6 [1J(Pt-P) = 3420] 

[PdCl2(PPh3)2] Chloroform 

 (69) 

Yellow 270 61.60 

(61.60) 

4.54 

(4.31) 

23.1 

[PdCl2(dppm)] Chloroform 

 (63) 

Cream 340 53.41 

(53.46) 

3.95 

(3.95) 

–54.2 

[PdCl2(dppe)] Chloroform 

 (90) 

Pale buff 360 54.21 

(54.24) 

4.07 

(4.20) 

64.2 

[PdCl2(dppp)] Chloroform 

 (58) 

White >360 54.89 

(54.99) 

4.32 

(4.44) 

11.5 
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2.5  Synthesis of 4-pyridylselenolate complexes of palladium and 

 platinum 

 

[PdCl2{4,4'-(C5H4N)2Se2}] 

(i) A methanolic solution (8 mL) of Na2PdCl4 (236 mg, 0.802 mmol) was added to a  

methanolic solution (10 mL) of 4,4'-(C5H4N)2Se2 (252 mg, 0.802 mmol) with stirring which 

continued for 5 h at room temperature. The yellow suspension was filtered through a G3 

assembly and washed thoroughly with water, acetone and diethyl ether and dried under 

vaccum to yield [PdCl2{4,4'-(C5H4N)2Se2}] (324 mg, 0.659 mmol, 82%).  

(ii) A dichloromethane solution (8 mL) of [PdCl2(PhCN)2] (122 mg, 0.318 mmol) was added 

to a dichloromethane solution (10 mL) of 4,4'-(C5H4N)2Se2 (108 mg, 0.344 mmol) with 

stirring which continued for 4 h whereupon a yellow suspension formed. The latter was 

filtered through a G3 assembly and washed thoroughly with methanol, acetone, and diethyl 

ether and dried (66 mg, 0.133 mmol, 42%).  

 Similarly the platinum analog, [PtCl2{4,4'-(C5H4N)2Se2}] was prepared by using 

[PtCl2(PhCN)2] and 4,4'-(C5H4N)2Se2 in 68% yield.  

 

[Pd(SeC5H4N-4)2]n   

 A methanolic solution (10 mL) of Na2PdCl4 (360 mg, 1.224 mmol) was added to a 

freshly prepared methanolic solution (15 mL) of Na(SeC5H4N-4) (prepared from 4,4'-

(C5H4N)2Se2 (398 mg, 1.267 mmol) and NaBH4 (98 mg, 2.58 mmol)) with stirring which 

continued for 4 h at RT whereupon a dark brown precipitate formed. The latter was filtered 

through a G3 assembly and washed with water, acetone and diethyl ether and dried in vacuo 

(460 mg, 1.094 mmol, 89%).  
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[PdCl(SeC5H4N-4)]n   

 Prepared similar to the above from Na2PdCl4 (428 mg, 1.455 mmol) and 

Na(SeC5H4N-4) (prepared from 4,4'-(C5H4N)2Se2 (229 mg, 0.729 mmol) and NaBH4 (56 mg, 

1.475 mmol)) in 1:1 ratio in methanol and isolated as a dark brown powder (380 mg, 1.271 

mmol, 88%).  

 

trans-[PdCl(SeC5H4N-4)(PPh3)2]  

 A dichloromethane solution (10 mL) of PPh3 (1.02 g, 3.89 mmol) was added to a 

dichloromethane suspension (15 mL) of [PdCl(SeC5H4N-4)]n (573 mg, 1.920 mmol) with 

stirring which continued for 6 h at room temperature. The solvent was evaporated in vacuo, 

the pink residue was washed with diethyl ether, extracted with acetone (3 × 5 mL) and 

filtered. The filtrate was reduced to a minimum volume of (5 mL), to yield pink crystals of 

the title complex (671 mg, 0.081 mmol, 43%).  

 

trans-[PtCl(SeC5H4N-4)(PEt3)2] 

 To a CDCl3 solution (0.5 mL) of [Pt(SeC5H4N-4)2(PEt3)2] (30 mg, 0.04 mmol) was 

added PtCl2(PEt3)2 (20 mg, 0.04 mmol) in an NMR tube and the formation of trans-

[PtCl(SeC5H4N-4)(PEt3)2] was monitored by 31P NMR spectroscopy The redistribution 

reaction took 5 days for completion. The contents of the NMR tube were transferred into a 

flask and the solvent was evaporated in vacuo, the yellow residue was washed with hexane 

and diethyl ether and recrystallized from a CH2Cl2/ hexane mixture to yield pale yellow 

crystals of the title complex (15 mg, 0.024 mmol, 30%). A small amount ~5% of PtCl2(PEt3)2 

and [Pt(SeC5H4N-4)2(PEt3)2] existed in solution (by 31P and 195Pt NMR) even after 20 days of 

monitoring the reaction. 
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trans-[Pd(SeC5H4N-4)2(PPh3)2]  

  To an acetone (10 mL) suspension of [Pd(SeC5H4N-4)2]n (50 mg, 0.119 mmol) PPh3 

(63 mg, 0.240 mmol) was added with stirring. The whole was stirred at RT for 4 h whereupon 

a  brownish red solution formed which was dried in vacuo. The residue was washed with 

hexane and recrystallized from an acetone/hexane mixture to yield the title complex (38 mg, 

0.04 mmol, 34%). 

 

trans-[Pt(SeC5H4N-4)2(PPh3)2]  

(i) To a stirred dichloromethane solution of [Pt(PPh3)4] (330 mg, 0.265 mmol) was added a 

solution (8 mL) of 4,4'-(C5H4N)2Se2 (84 mg, 0.267 mmol) dropwise and further stirred for 3 

h. The solvent was evaporated in vacuo, the yellow residue was washed with hexane and 

diethyl ether, extracted with dichloromethane (3 × 5 mL) and filtered. The filtrate was 

reduced (5 mL) which on cooling gave yellow crystals of the title complex (98 mg, 0.095 

mmol, 36%).  

(ii) A dichloromethane solution (8 mL) of [PtCl2(PPh3)2] (78 mg, 0.099 mmol) was added to 

a freshly prepared methanolic solution (15 mL) of Na(SeC5H4N-4) (prepared from 4,4'-

(C5H4N)2Se2 (32 mg, 0.102 mmol) and NaBH4 (8 mg, 0.210 mmol)) with stirring. The yellow 

solution was stirred for 4 h at room temperature. The solvents were evaporated in vacuo, the 

yellow residue was washed with hexane and diethyl ether, extracted with dichloromethane (3 

× 5 mL) and filtered. The filtrate was concentrated to 5 mL which on cooling afforded yellow 

crystals of the title complex (88 mg, 0.085 mmol, 86%) and the NMR data are consistent with 

the sample prepared from (i) above. However, the sample was contaminated by ~5% 

impurities (δ 31P 21.7 and 17.9 ppm).  
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trans-[Pt(SeC5H4N-4)2(PEt3)2]  

 Prepared similar to the above method (ii) employing [PtCl2(PEt3)2] (150 mg, 0.299 

mmol) and (15 mL) of Na(SeC5H4N-4) (from 4,4'-(C5H4N)2Se2 (97 mg, 0.308 mmol) and 

NaBH4 (25 mg, 0.658 mmol)) as a pale yellow crystalline solid (186 mg, 0.249 mmol, 83%); 

(ii) A similar reaction between cis-[Pt(OTf)2(PEt3)2] and Na(SeC5H4N-4) as starting material 

gave trans-[Pt(SeC5H4N-4)2(PEt3)2]  in 41% yield. 

 

[Pd(SeC5H4N-4)2(dppe)] 

 A dichloromethane solution (8 mL) of [PdCl2(dppe)] (124 mg, 0.215 mmol) was 

added to a methanolic solution (15 mL) of Na(SeC5H4N-4) (from 4,4'-(C5H4N)2Se2 (70 mg, 

0.222 mmol) and NaBH4 (18 mg, 0.474 mmol) with stirring. After 5 hours of stirring, 

solvents were evaporated in vaccuo and the residue was extracted with dichloromethane (3 × 

7 mL) and the extract was passed through a florisil column. The solvent was evaporated in 

vacuo, the residue was washed with hexane (2 mL) and recrystallized from an acetone/ 

hexane mixture to yield yellow crystals of [Pd(SeC5H4N-4)2(dppe)] (136 mg, 0.166 mmol, 

77%). The complexes [Pt(SeC5H4N-4)2(dppm)] and [Pt(SeC5H4N-4)2(dppp)] were 

analogously prepared with 41% and 85% yields, respectively. 

 

[PdCl(SeC5H4N-4)(PEt3)]n 

 A dichloromethane solution (8 mL) of [Pd2Cl2(µ-Cl)2(PEt3)2] (96 mg, 0.162 mmol) 

was added to a stirred methanolic solution (15 mL) of Na(SeC5H4N-4) (prepared from 4,4'-

(C5H4N)2Se2 (53 mg, 0.169 mmol) and NaBH4 (13 mg, 0.342 mmol)). After 5 h of stirring, 

solvents were evaporated in vacuo and the residue was extracted with dichloromethane and 

passed through a florisil column. The solvent was evaporated in vacuo, the residue was 

washed with hexane and recrystallized from a CH2Cl2/ hexane mixture (122 mg, 0.097 mmol, 
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93%).  The complexes [PdCl(SeC5H4N-4)(PPh3)]n, PtCl(SeC5H4N-4)(PEt3)]n and 

[PtCl(SeC5H4N-4)(PMe2Ph)]n were prepared similarly with 55%, 77%, 42% yields, 

respectively. Pertinent data are given in Table 13. 

 

Table 13. Physical and analytical data of palladium and platinum 4-pyridylselenolate 
complexes 
Complex Recrystallization 

solvent 
m.p. 
(°C) 

% Analysis Found (Calcd.) 
C H N 

[PdCl2{4,4'-(C5H4N)2Se2}] - > 230  24.40 
(24.44) 

1.84 
(1.64) 

5.51 
(5.70) 

[PtCl2{4,4'-(C5H4N)2Se2}] - > 230 21.54 
(20.71) 

1.33 
(1.39) 

4.59 
(4.83) 

[Pd(SeC5H4N-4)2]n   - > 230 27.92 
(28.56) 

2.12 
(1.92) 

6.46 
(6.66) 

[PdCl(SeC5H4N-4)]n   - > 230 19.83 
(20.09) 

1.16 
(1.35) 

4.48 
(4.69) 

trans-[PdCl(SeC5H4N-4)(PPh3)2] Acetone 143 60.35 
(59.80) 

4.36 
(4.16) 

1.50 
(1.70) 

trans-[PtCl(SeC5H4N-4)(PEt3)2] Dichloromethane-
Hexane 

175 31.59 
(32.72) 

4.18 
(5.49) 

2.04 
(2.24) 

trans-[Pd(SeC5H4N-4)2(PPh3)2] Acetone-Hexane 150 57.82 
(58.46) 

3.86 
(4.05) 

2.76 
(2.96) 

trans-[Pt(SeC5H4N-4)2(PPh3)2] Dichloromethane 212 53.57 
(53.45) 

3.81 
(3.71) 

2.91 
(2.71) 

trans-[Pt(SeC5H4N-4)2(PEt3)2] Dichloromethane 157  34.95 
(35.44) 

5.34 
(5.14) 

3.55 
(3.76) 

[Pd(SeC5H4N-4)2(dppe)] Acetone-Hexane 157 52.02 
(52.80) 

4.28 
(3.94) 

3.62 
(3.42) 

[Pt(SeC5H4N-4)2(dppm)] Acetone-Hexane 155 46.43 
(47.04) 

3.20 
(3.38) 

3.18 
(3.13) 

[Pt(SeC5H4N-4)2(dppp)] 
 

Acetone-Hexane 160 48.03 
(48.22) 

3.72 
(3.72) 

2.96 
(3.04) 

[PdCl(SeC5H4N-4)(PEt3)]n Dichloromethane-
Hexane 

200 31.82 
(31.68) 

4.78 
(4.59) 

3.18 
(3.36) 

[PdCl(SeC5H4N-4)(PPh3)]n Acetone-Hexane 191 48.72 
(49.22) 

3.38 
(3.41) 

2.40 
(2.50) 

[PtCl(SeC5H4N-4)(PEt3)]n Dichloromethane-
Hexane 

215 26.52 
(26.12) 

3.60 
(3.79) 

2.57 
(2.77) 

[PtCl(SeC5H4N-4)(PMe2Ph)]n Dichloromethane-
Hexane 

187 30.30 
(29.70) 

3.09 
(2.88) 

2.87 
(2.66) 
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2.6  Synthesis of 3-/4-mercaptobenzoic acid complexes of palladium 

 and platinum  

[Pt(SC6H4COOH-4)2(PEt3)2] 

(i) To a stirred methanolic solution (8 mL) of 4-H2mba (42 mg, 0.274 mmol) methanolic 

NaOMe (1.1 mL, 0.548 mmol), a dichloromethane solution (8 mL) of [Pt(PEt3)2(OTf)2] (80 

mg, 0.110 mmol) was added whereupon a yellow solution formed which was stirred for 14 h. 

The solvent was evaporated in vacuo, the yellow residue was washed with hexane and 

diethylether and extracted with methanol (2 × 5 mL). The volume of the solution was reduced 

to 5 mL, few drops of diethylether were added to yield pale yellow crystals of 

[Pt(SC6H4COOH-4)2(PEt3)2] (58 mg, 0.072 mmol, 65%). 

(ii) To a methanolic solution (6 mL) of 4-H2mba (51 mg, 0.329 mmol) and triethylamine (0.1 

mL) was added a dichloromethane solution (8 mL) of [Pt(PEt3)2Cl2] (75 mg, 0.150 mmol). 

The yellow solution was stirred for 4 h. The solvent was evaporated in vacuo, the yellow 

residue was thoroughly washed with water and extracted with methanol (2 × 4 mL). The 

volume of the extract was minimized to 2 mL, few drops of diethylether was added to yield 

pale yellow crystals of [Pt(SC6H4COOH-4)2(PEt3)2] (78 mg, 0.097 mmol, 68%). The data 

matches with the data of the compound prepared above (i). 

 

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2  

 To a dichloromethane solution (8 mL) of [Pt(PEt3)2(OTf)2] (77 mg, 0.105 mmol), a 

solution of 3-H2mba (34.0 mg, 0.220 mmol) in dichloromethane (10 mL) was added with 

stirring. Colourless solution was stirred for 14 h at room temperature. The solvent was 

evaporated in vacuo and the yellow residue was washed with ether and extracted with acetone 

(2 × 4 mL). The volume of the extract was minimized to 2 mL, few drops of hexane were 
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added to yield off-white crystals of [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2  (Yield 128 mg, 0.087 

mmol, 83%).  

 Similarly the complexes [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2, [Pd(SC6H4COOH-

3)(dppe)]2(OTf)2 , [Pd(SC6H4COOH-4)(dppe)]2(OTf)2 and [Pt(SC6H4COOH-4)(dppp)]2(OTf)2  

were prepared analogously with 81, 71, 76 and 58%, respectively. 

 

[Pt(SC6H4COOH-4)2(PPh3)2]  

 Prepared similar to [Pt(SC6H4COOH-4)2(PEt3)2] as described in method (ii) under 

refluxing condition using PtCl2(PPh3)2  as precursor to yield yellow crystals of the title 

complex (85 mg, 0.073 mmol, 79%).  

 

[Pt(SC6H4COOH-3)2(dppm)]  

 Prepared similar to [Pt(SC6H4COOH-4)2(PEt3)2] as described in method (ii) under 

refluxing condition using PtCl2(dppm) as precursor to yield dark yellow crystals of the title 

complex (198 mg, 0.193 mmol, 50%).  

 

[Pt(SC6H4COOH-4)2(dppm)]  

 Prepared similar to [Pt(SC6H4COOH-4)2(PEt3)2] as described in method (ii) under 

refluxing condition using PtCl2(dppm) as precursor to yield dark yellow crystals of title 

complex (163 mg, 0.159 mmol, 35%).  Pertinent data are given in Table 14.  
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Table 14.  Physical and analytical data of mercaptobenzoic acid complexes of palladium 

  and platinum 

Complex Recrystallization 

solvent 

m.p. 

(°C) 

% Analysis Found 

(Calcd.) 

C H S 

[Pt(SC6H4COOH-4)2(PEt3)2] Methanol-Ether > 230 

(dec) 

39.87 

(40.36) 

5.52 

(5.73) 

8.11 

(8.29) 

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 Acetone-Hexane > 230 

(dec) 

32.21 

(32.74) 

4.62 

(4.81) 

8.12 

(8.74) 

[Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2 Methanol-Ether > 230 

(dec) 

  31.81 

(31.96) 

4.76 

(4.96) 

8.23 

(8.53) 

[Pd(SC6H4COOH-3)(dppe)]2(OTf)2  Methanol-Ether > 230 

(dec) 

48.14 

(48.71) 

3.25 

(3.49) 

8.34 

(8.54) 

[Pd(SC6H4COOH-4)(dppe)]2(OTf)2  Methanol-Ether > 230 

(dec) 

48.80 

(49.49) 

3.56 

(3.79) 

7.60 

(7.77) 

[Pt(SC6H4COOH-4)(dppp)]2(OTf)2   Methanol-Ether > 230 

(dec) 

47.23 

(46.21) 

3.77 

(3.43) 

7.13 

(7.05) 

[Pt(SC6H4COOH-4)2(PPh3)2] Methanol-Ether > 230 

(dec) 

57.79 

(57.80) 

4.15 

(4.85) 

3.73 

(5.51) 

[Pt(SC6H4COOH-3)2(dppm)] Methanol-Ether > 230 

(dec) 

53.25 

(52.81) 

4.81 

(4.73) 

5.86 

(6.27) 

[Pt(SC6H4COOH-4)2(dppm)] Methanol-Ether > 230 

(dec) 

52.20 

(52.81) 

4.46 

(4.73) 

5.96 

(6.27) 
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2.7  Synthesis of aryldithiolate complexes of palladium and platinum  

 

[Pd2(S(C6H4)S)(dppe)2]2(OTf)4 

 To a methanolic solution (10 mL) of HSC6H4SH (6.7 mg, 0.047 mmol), added 

[Pd(dppe)(OTf)2] (75.6 mg, 0.094 mmol) in methanol (7 mL). The wine red solution was 

stirred for 6 h. The solvent was evaporated in vaccuo, the red residue was washed with ether 

and hexane and extracted with dichloromethane (5 mL). Few drops of hexane were added to 

yield orange crystals of the title complex (49.6 mg, 0.017 mmol, 72%).   

 

[Pd2(S(C12H8)S)(dppe)2]2(OTf)4  

Prepared similar to [Pd2(S(C6H4)S)(dppe)2]2(OTf)4  using [Pd(dppe)(OTf)2]  (80.1 mg, 

0.10 mmol) and HSC12H8SH (11 mg, 0.05 mmol) and recrystallized from dichloromethane-

hexane mixture to yield orange crystals of  [Pd2(S(C12H8)S)(dppe)2]2(OTf)4 (51 mg, 0.017 

mmol, 67%). 

 

[Pd2(SCH2(C6H4)CH2S)(dppe)2]4(OTf)8 

 Prepared similar to [Pd2(S(C12H8)S)(dppe)2]2(OTf)4, using [Pd(dppe)(OTf)2]  (76.1 

mg, 0.095 mmol) and HSCH2C6H4CH2SH (8.1 mg, 0.048 mmol) and recrystallized from 

acetone-hexane mixture to yield yellow crystals of [Pd2(SCH2(C6H4)CH2S)(dppe)2]4(OTf)8 

(36.6 mg, 0.007 mmol, 52%). 

 

[Pt2(S(C6H4)S)(PEt3)4]2(OTf)4 

To a methanolic solution (10 mL) of [Pt(PEt3)2(OTf)2] (70.5 mg, 0.097 mmol), added 

methanolic solution (7 mL) of HSC6H4SH (7.0 mg, 0.049 mmol) yellow solution was stirred 

for 8 h. The solvent was evaporated in vaccuo, the residue was washed with hexane and ether 
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and extracted with dichloromethane (5 mL). Few drops of hexane were added to yield pale 

yellow crystals of [Pt2(S(C6H4)S)(PEt3)4]2(OTf)4 (52.0 mg, 0.020 mmol, 83%).  

 

[Pt2(S(C12H8)S)(PEt3)4]2(OTf)4  

Prepared similar to [Pt2(S(C6H4)S)(PEt3)4]2(OTf)4, using [Pt(PEt3)2(OTf)2]  (72.3 mg, 

0.099 mmol) and HSC12H8SH (11 mg, 0.05 mmol) and recrystallized from dichloromethane-

hexane mixture to yield the title complex as a pale yellow solid (45 mg, 0.016 mmol, 66%).  

 

 [Pt2(S(CH2C6H4CH2)S)(PEt3)4]4(OTf)8   

 Prepared similar to [Pt2(S(C6H4)S)(PEt3)4]2(OTf)4, using [Pt(PEt3)2(OTf)2]  (66.0 mg, 

0.09 mmol) and HSCH2C6H4CH2SH (7.8 mg, 0.046 mmol) and recrystallized from acetone-

hexane mixture to yield the title complex as a colorless solid (38.5 mg, 0.007 mmol, 64%). 

Pertinent data are given in Table 15. 
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Table 15. Physical and analytical data of palladium and platinum arylthiolate complexes 

Complex Recrystallization solvent m.p. 

(°C) 

% Analysis Found (Calcd.) 

C H S 

[Pd2(S(C6H4)S)(dppe)2]2(OTf)4 Dichloromethane-Hexane > 230  49.72 

(49.77) 

3.53 

(3.62) 

9.46 

 (8.86) 

[Pd2(S(C12H8)S)(dppe)2]2(OTf)4 Dichloromethane-Hexane 188 51.60 

(52.01) 

3.52  

(3.70) 

8.94  

(8.42) 

[Pd2(SCH2(C6H4)CH2S)(dppe)2]4(OTf)8 Acetone-Hexane > 230 50.06 

(50.45) 

3.63 

(3.82) 

8.77 

(8.69) 

[Pt2(S(C6H4)S)(PEt3)4]2(OTf)4 Dichloromethane-Hexane  210 

 

30.08 

(29.54) 

4.78 

(4.96) 

9.72 

(9.86) 

[Pt2(S(C12H8)S)(PEt3)4]2(OTf)4 Dichloromethane-Hexane > 230 

 

33.60 

(33.14) 

4.90 

(4.98) 

9.40 

(9.31) 

[Pt2(S(CH2C6H4CH2)S)(PEt3)4]4(OTf)8   Acetone-Hexane 141 

 

31.23 

(30.72) 

5.08 

(5.16) 

10.25 

(9.65) 
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2.8  Synthesis of palladium and platinum complexes of hybrid nitrogen 

 and organoselenium/tellurium donor ligands 
 

[Pt {(4,4'-C5H4N)2Se2}(PEt3)2]2(OTf)4  

 To a methanolic solution (10 mL) of [Pt(PEt3)2(OTf)2] (71.8 mg, 0.098 mmol) a 

solution (7 mL) of (4,4'-C5H4N)2Se2 (30.9 mg, 0.098 mmol) was added with stirring which 

continued for 5 h at room temperature. The solvent was evaporated in vaccuo, the pale yellow 

residue was washed with diethylether and hexane and the residue was extracted with 

methanol (5 mL) and recrystallized by diffusing slowly dry diethylether to yield pale yellow 

crystals of the title complex (95 mg, 93% yield).   

 

[Pt{(4,4'-C5H4N)2Te2}(PEt3)2]2(OTf)4   

 This was prepared similar to [Pt{(4,4'-C5H4N)2Te2}(PEt3)2]2(OTf)4  using 

[Pt(PEt3)2(OTf)2] (54 mg, 0.074 mmol), and (4,4'-C5H4N)2Te2 (30.5 mg, 0.074 mmol) in 

methanol and recrystallized from methanol-diethylether mixture at -5 oC as a yellow 

crystalline solid (66 mg, 78% yield).  

 

[Pd{(4,4'-C5H4N)2Se2}(dppe)]2(OTf)4  

 This was prepared in a similar mannaer to [Pt{(4,4'-C5H4N)2Se2}(PEt3)2]2(OTf)4  by 

using [Pd(dppe)(OTf)2] (54.3 mg, 0.068 mmol) and 4,4'-py2Se2 (21.2 mg, 0.067 mmol) in 

methanol and recrystallized  from methanol-diethyl ether mixture to give a pale yellow 

powder (60  mg, 80% yield).  

 

[Pd3(µ-Te)2(dppe)3)](OTf)2  

 A reaction between [Pd(dppe)(OTf)2] (39.1 mg, 0.049 mmol) and (4,4'-C5H4N)2Te2 

(20.3 mg, 0.049 mmol) in methanol for 4 hrs at room temperature afforded the title 

complexes as orange-red crystals (28 mg, 84% yield). Pertinent data are given in Table 16. 
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Table 16.  Physical and analytical data of palladium and platinum nitrogen bonded  

  complexes. 

Complex Recrystallization 
solvent 

m.p. 
(°C) 

% Analysis Found (Calcd.) 
  C H 

[Pt{(4,4'-C5H4N)2Se2} (PEt3)2]2(OTf)4 Methanol-Ether 143 26.98 
(27.62) 

3.80 
(3.67) 

[Pt{(4,4'-C5H4N)2Te2} (PEt3)2]2(OTf)4  Methanol-Ether 138 23.83 
(25.26) 

2.84 
(3.36) 

[Pd{(4,4'-C5H4N)2Se2}(dppe)]2(OTf)4 Methanol-Ether 218 40.77 
(40.86) 

2.94 
(2.89) 

[Pd3(µ-Te)2(dppe)3)](OTf)2 Dichloromethan
e-Hexane 

172 
 

45.94 
(46.47) 

3.34 
(3.51) 
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2.9  Synthesis of 4-pyridyltellurolate complexes of palladium and 

 platinum 

 

[Pd(TeC5H4N-4)2(dppe)] 

 A dichloromethane suspension (8 mL) of [PdCl2(dppe)] (155 mg, 0.27 mmol) was 

added to a methanolic solution (10 mL) of Na(TeC5H4N-4) (prepared from 4,4′-(C5H4N)2Te2 

(111 mg, 0.27 mmol) and NaBH4 (20.4 mg, 0.54 mmol) with stirring at room temperature. 

After 5 hours of stirring, solvents were evaporated in vacuo and the residue was extracted 

with dichloromethane (3 × 5 mL) and the combined extracts were passed through a Florisil 

column. The solvent was evaporated in vacuo, the residue was washed with hexane (2 mL) 

and recrystallized from an acetone–hexane mixture to give dark purple crystals of the title 

complex (192 mg, 78% yield).  

 

[Pt(TeC5H4N-4)2(dppe)] 

 This was prepared similar to the above using [PtCl2(dppe)] (113 mg, 0.17 mmol) and 

4,4′-(C5H4N)2Te2 (70 mg, 0.17 mmol) and NaBH4 (13 mg, 0.34 mmol) and recrystallized 

from dichloromethane-hexane as yellow crystals (130 mg, 76% yield).  

 

[Pt{PPh2C(TeC5H4N-4)PPh2}2] 

 To a methanolic solution of NaTepy (prepared from (4,4'-C5H4N)2Te2 (56 mg, 0.14 

mmol) and NaBH4 (11 mg, 0.29 mmol in 8 mL methanol) a suspension of PtCl2(dppm) (87 

mg, 0.13 mmol) in methanol was added with stirring which continued for 5 hrs at room 

temperature. The solvent was evaporated under vaccum and the residue was extracted with 

dichloromethane which was concentrated in vaccum and recrystallized from 

dichloromethane-hexane to give brown crystals (52 mg, 57% yield).   
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[Pd2(µ-Te)(µ-TeC5H4N-4)(TeC5H4N-4)(dppm)]2 

 Reaction similar to the above using [PdCl2(dppm)] (110 mg, 0.20 mmol) and NaTepy 

(from (4,4'-C5H4N)2Te2  (81 mg, 0.20 mmol), NaBH4 (15 mg, 0.40 mmol) in methanol was 

carried out. Product was extracted from dichloromethane and recrystallized from 

dichloromethane–hexane-diethylether mixture as black cubic crystals (84 mg, 76% yield).  

 

[Pt(SeC5H4N-4)(dppe)]2(BPh4)2 

 To a dichloromethane suspension (8 mL) of [PtCl2(dppe)] (150 mg, 0.23 mmol), 

NaBPh4 (77.3 mg, 0.23 mmol) was added with stirring. To this suspension a methanolic 

solution (10 mL) of Na(SeC5H4N-4) (from 4,4′-(C5H4N)2Se2 (36 mg, 0.115 mmol) and 

NaBH4 (9.1 mg, 0.24 mmol) was added at room temperature with stirring which continued 

for 5 hours. The solvents were evaporated in vacuo and the residue was extracted with 

dichloromethane (3 × 5 mL). The combined extracts were passed through a Florisil column. 

The solvent was evaporated in vacuo, the residue was washed with hexane (2 mL) and 

recrystallized from dichloromethane–hexane mixture to afford yellow crystals of the title 

complex (174 mg, 71% yield).  

 

[Pt(SeC5H4N-4)(PEt3)2]2(BPh4)2 

 This was prepared similar to the above using [PtCl2(PEt3)2] (120 mg, 0.24 mmol), 

NaBPh4 (81.7 mg, 0.24 mmol), 4,4′-(C5H4N)2Se2 (37.5 mg, 0.12 mmol) and NaBH4 (9.1 mg, 

0.24 mmol), in dichloromethane and methanol. Product was extracted from dichloromethane 

recrystallized from dichloromethane-hexane mixture as yellow crystals (120 mg, 55%). 

Pertinent data are given in Table 17. 
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Table 17. Physical and analytical data of palladium and platinum tellurolate complexes 

Complex Recrystallization 

solvent 

m.p. 

(°C) 

% Analysis Found (Calcd.) 

C H 

[Pd(TeC5H4N-4)2(dppe)] Acetone-Hexane 162 47.71 

(47.19) 

3.55 

(3.52) 

[Pt(TeC5H4N-4)2(dppe)] Dichloromethane-

Hexane 

168 43.73 

(43.03) 

3.25  

(3.21) 

[Pt{PPh2C(TeC5H4N-4)PPh2}2] Dichloromethane-

Hexane 

174   50.57 

(52.56) 

3.50 

(3.53) 

[Pd2(µ-Te)(µ-TeC5H4N-

4)(TeC5H4N-4)(dppm)]2 

Dichloromethane-

Hexane 

-- 

 

- 

(37.00) 

- 

(2.66) 

[Pt(SeC5H4N-4)(dppe)]2(BPh4)2 Dichloromethane-

Hexane 

187 

 

61.62 

(61.75) 

4.04 

(4.52) 

[Pt(SeC5H4N-4)(PEt3)2]2(BPh4)2 

 

Dichloromethane-

Hexane 

172 

 

53.29 

(54.25) 

5.77 

(6.00) 
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Chemistry of 4-pyridylselenolate complexes of palladium and platinum 

 Palladium and platinum(II) complexes based on hemilabile ligands containing chalcogen 

atom and nitrogen donor are of particular interest due to their extensive applications in 

homogeneous catalysis [154-158] and as versatile molecular precursors for metal chalcogenide 

nanomaterials [50, 159]. The chemistry of palladium and platinum complexes derived from two 

different classes of hemilabile ligands, viz. N,N-dimethylaminoalkylchalcogenolate [54, 57] and 

2-pyridyl chalcogenolate [50, 62, 64] has been investigated during the past decade in Jain’s 

group. Although, the chemistry of 2-pyridylchalcogenolate ligands is well documented [40, 50, 

65], the corresponding 4-isomer i.e., 4-pyridyl chalcogenolate (I) is hardly explored [50] with 

some attention given to only thiolate derivatives. The 4-pyridylthiolate has been employed for 

construction of macrocycles [160, 161], heteronuclear supra-molecular assemblies [162, 163] 

and also pincer complexes [164]. These ligands offer several bonding possibilities with a metal 

ion as the two donor atoms (chalcogen and nitrogen) are inaccessible to the same metal unlike in 

the case of 2-pyridyl chalcogenolate [50] which is having completely different reactivity. Stang 

and co-workers have explored the chemistry of 4,4-dipyridyl disulfides for the synthesis of 

supra-molecular architectures [165]. The chemistry of the higher homologue, i.e., 4-

pyridylselenolate, though known for quite some time, has been hardly investigated. Thus 4-

pyridylselenolate complexes of palladium(II) and platinum(II) have been studied and their 

catalytic activity has been explored. 

E  
           I       E = S, Se, Te 
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 The synthesis of 4-pyridylselenolate complexes of palladium and platinum is depicted in 

Scheme 11. Reactions of Na2PdCl4 or MCl2(PhCN)2 with 4,4'-dipyridyldeselenide gave yellow 

colored insoluble products of composition [MCl2{Se2(C5H4N)2}]. It is worth noting that such 

reactions with 2,2'-dipyridyldichalcogenides or diaryldichalcogenides yield complexes (when M 

= Pd) of composition, [PdCl(EAr)]n  (E = S, Se, Te; Ar = aryl or 2-pyridyl) [61, 166, 167]. In the 

present case the pyridyl nitrogen coordinates to the metal atom making the diselenide linkage 

inaccessible for oxidative addition to the metal center. The complexes of composition, 

[PdCl(SeC5H4N-4)]n  could be isolated by the reaction between Na2PdCl4 and NaSeC5H4N-4 in 

1:1 molar ratio. This reaction in 1:2 molar ratio afforded a homoleptic selenolate complex, 

[Pd(SeC5H4N-4)2]n. The 
13

C NMR spectrum of the latter displayed two sets of resonances for the 

pyridyl ring as has been reported for the hexanuclear homoleptic selenolates, [Pd(SeR)2]6 [168]. 

However, the 
77

Se NMR spectrum exhibited only a single resonance. 

Treatment of [PdCl(SeC5H4N-4)]n with PPh3 in acetone gave [PdCl(SeC5H4N-4)(PPh3)2], 

which was isolated as the trans isomer after recrystallization (see later, X-ray crystallography). 

The 
31

P NMR spectrum displayed a single resonance at δ 23.6 ppm indicative of trans 

configuration. The spectrum also showed resonances due to free PPh3 and [PdCl(SeC5H4N-

4)(PPh3)]n (total integration ~ 10%) indicating dissociation of the complex in solution. Similarly, 

the corresponding thiolate derivative [PdCl(SC5H4N-4)(PPh3)2] tends to exist in an equilibrium 

with PPh3 and a trinuclear complex, [PdCl(SC5H4N-4)(PPh3)]3 in solution. A redistribution 

reaction between [Pt(SeC5H4N-4)2(PEt3)2] and [PtCl2(PEt3)2] in CDCl3  proceeded slowly to give 

[PtCl(SeC5H4N-4)(PEt3)2]. About ~ 5% starting material existed in solution even after 20 days as 

revealed by 
31

P and 
195

Pt NMR spectral data. 
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M Se

PR3

PR3

NSeN

PtCl2(PEt3)2

2 Na(4-SeC5H4N)4,4'-(C5H4N)2Se2

NaBH4
MeOH

[M2Cl2(µ-Cl)2(PR3)2]

(M = Pd; R = Ph)
(M = Pt; R = Ph, Et)

[MCl2{(C5H4N)2Se2}]n

[MCl2(PhCN)2]
or Na2PdCl4

(X = Cl, OTf)

M Se

PR3

PR3

NCl

PtX2(PEt3)2
Pt(PPh3)4

[PdCl(4-SeC5H4N)]n

M

P

P

Se N

Se N

[Pd(4-SeC5H4N)2]n

PPh3

Na2PdCl4

[MCl(4-SeC5H4N)(PR3)]n

(M = Pd; R = Ph)
(M = Pt; R = Et)

2Na2PdCl4

MCl2(P-P)

(Pd/dppe)
(Pt/dppm)
(Pt/dppp)

n (2 PPh3)

(M = Pd; PR3 = PEt3, PPh3)
(M = Pt; PR3 = PEt3, PMe2Ph)

(M = Pd or Pt)

 

Scheme 11. Syntheses of 4-pyridylselenolate complexes of palladium and platinum 

 

The reaction of [Pd(SeC5H4N-4)2]n with PPh3 in acetone afforded a brown crystalline 

solid, [Pd(SeC5H4N-4)2(PPh3)2]. Alternatively [Pd(SeC5H4N-4)2(PPh3)2] could be obtained by 

the reaction of [PdCl2(PPh3)2] with 2-equivalents of NaSeC5H4N-4 in a benzene-methanol 

mixture. Similarly reactions of PtCl2(PR3)2 with two equivalents of NaSeC5H4N yielded trans-

[Pt(SeC5H4N-4)2(PPh3)2] and trans-[Pt(SeC5H4N-4)2(PEt3)2]. Oxidative addition of 4,4'-

(C5H4N)2Se2 to Pt(PPh3)4 yielded trans-[Pt(SeC5H4N-4)2(PPh3)2]. The magnitude of 
1
J(Pt-P) for 

trans-[Pt(SeC5H4N-4)2(PPh3)2] and trans-[Pt(SeC5H4N-4)2(PEt3)2] is in accordance with the 

trans configuration of the complex and is further confirmed by the X-ray structural analysis of 

trans-[Pt(SeC5H4N-4)2(PEt3)2]. The 
195

Pt NMR spectra of trans-[Pt(SeC5H4N-4)2(PPh3)2] and 
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trans-[Pt(SeC5H4N-4)2(PEt3)2] exhibit a triplet at ~ −5000 ppm due to coupling with two 

chemically equivalent phosphorus nuclei (Table 18).  

The reactions of MCl2(P
∩

P) [ M/P
∩

P = Pd/dppe; Pt/dppm; Pt/dppp)] with two equivalents 

of NaSeC5H4N-4 gave cis-[M(SeC5H4N-4)2(P
∩

P)]. The 
31

P NMR spectra exhibited single 

resonances in the expected regions; the resonances for platinum complexes were flanked by 
195

Pt 

satellites. The 
77

Se NMR spectra showed a doublet at ~ 240 ppm due to coupling with trans 

phosphorus nucleus; the cis-Se-P couplings being much smaller and hence could not be resolved. 

The 
195

Pt NMR spectra exhibit a triplet due to coupling with two phosphorus nuclei [169]. 

                  Reactions of [M2Cl2(µ-Cl)2(PR3)2] (R = PEt3, PPh3, PMe2Ph) with two equivalents of 

NaSeC5H4N-4 gave complexes of composition [MCl(SeC5H4N-4)(PR3)]n which were isolated as 

trimer/dimer containing bridging selenolate ligands. The 
31

P, 
77

Se and 
195

Pt NMR spectra 

(Figures 2 and 3; Table 18) of [PdCl(SeC5H4N-4)(PEt3)]n, [PtCl(SeC5H4N-4)(PEt3)]n and 

[PtCl(SeC5H4N-4)(PMe2Ph)]n  showed single resonances in solution but [PdCl(SeC5H4N-

4)(PPh3)]n  exhibit two such resonances. One is attributed to a trinuclear species while the other 

to the dimer. The 
77

Se NMR spectrum of [PdCl(SeC5H4N-4)(PPh3)]n  displayed three resonances 

one singlet at 390 ppm attributable to the trimer and two doublets at -91 and -104 ppm with 

2
J(Se-P) = ~ 145 Hz (Figure 4). The latter are due to coupling with trans phosphine to bridging 

selenolate ligand (Scheme 12). Both di- and trimeric forms could be separated and structurally 

characterized. 

 The absorption spectra of the complexes in CH2Cl2 solution were characterized by a 

weak band in the visible region. The distinct violet colored Pd complex, trans-[PdCl(SeC5H4N-

4)(PPh3)2] exhibited a broad, well-separated but relatively weak band at 517 nm whereas the 

yellow Pt complex, [PtCl(SeC5H4N-4)(PEt3)]n showed a similar band at comparatively higher 
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energy at about 403 nm. This long-wavelength weak band has been observed in selenolate/ 

tellurolate complexes [MCl(E
∩

N)(PR3)] (M = Pd, Pt; E
∩

N = 2-C5H4N [20], ECH2CH2NMe2 [54, 

55]). The distinct color in these complexes has been attributed to the low-energy electronic 

transition from ligand (Se or Te)-to-ligand (PR3) charge transfer transitions (LLCT). 

M = Pd

M = Pd

(M = Pd; PR 3 = PEt 3, PPh 3)

(M = Pt; PR 3 = PEt 3, PMe 2Ph)  

Scheme 12 Possible isomers of complex [MCl(SeC5H4N-4)(PR3)]n 

  

 

Figure 2. 
31

P{
1
H} NMR spectra of [PtCl(SeC5H4N-4)(PEt3)]n in CDCl3 



 

Figure 3. 
195

Pt{
1

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 
77

Se{
1
H} NMR spectrum of [PdCl(

62 

1
H} NMR spectra of [PtCl(SeC5H4N-4)(PEt3)]n in CDCl

H} NMR spectrum of [PdCl(SeC5H4N-4)(PPh3)]n

 

 

in CDCl3 

n in CDCl3 
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Table 18. Spectroscopic data for 4-pyridylselenolate complexes of palladium and platinum 

Complex UV-Vis 

(CH2Cl2) 

λmax in nm (ε 

in M
-1

 cm
-1

) 

1
H NMR data in (δ ppm) 

31
P{

1
H} 

NMR data in 

(δ ppm) 

77
Se{

1
H} NMR 

data in (δ ppm)
 

195
Pt {

1
H} NMR 

data in (δ ppm)
 

[Pd(SeC5H4N-4)2]n
a
 – 7.96, 7.80, 7.62, 7.48 (each br, s) - 287 (s) - 

trans-[PdCl(SeC5H4N-4)(PPh3)2] 276(17211), 

343(14080), 

378(11322), 

517(449) 

7.80-7.50 (m, 14H, o-H, Ph and 

2,6-H, py), 7.50-7.25 (m, 18H, m/p-

H, Ph), 6.94 (d, 
3
JHH = 5.1 Hz, 2H, 

3,5-H, py) 

23.6 278 - 

trans-[PtCl(SeC5H4N-4)(PEt3)2]
b
 - 7.98 (br s, 4H, 2,6-H, py), 7.58 (br 

s, 4H, 3,5-H, py); 2.35-1.80 (m, 

12H, PCH2), 1.40-0.90 (m, 18H, 

PCH2CH3) 

11.1 (s, 
1
JPt-P 

= 2401 Hz) 

111 (s, 
2
JPt-Se = 

90 Hz) 

−4594 (t, 
1
JPt-P = 

2407 Hz) 

trans-[Pd(SeC5H4N-4)2(PPh3)2]
a
 – -  27.1 (s) - - 

trans-[Pt(SeC5H4N-4)2(PPh3)2] - 7.66 (d, 
3
JHH = 5.7 Hz, 4H, 2,6-H, 

py), 7.64-7.53 (m, 12H, o/p-Ph), 

7.38-7.18 (m, 18H, m/p-Ph), 6.87 

(d, 
3
JHH = 5.7 Hz, 4H, 3,5-H, py) 

19.5 (s, 
1
JPt-P 

= 2695 Hz) 

- –5035 (t, 
1
JPt-P = 

2680 Hz) 

trans-[Pt(SeC5H4N-4)2(PEt3)2] - 8.07 (d, 
3
JHH = 4.5 Hz, 4H, 2,6-H, 

py ), 7.54 (d, 
3
JHH = 4.2 Hz, 4H, 

3,5-H, py), 2.03 (br, 12H, PCH2), 

1.11-0.96 (m, 18H, PCH2CH3) 

 

 

 

7.1 (s, 
1
JPt-P = 

2384 Hz) 

106 (s, 
1
JPt-Se = 

81 Hz) 

–4996 (t, 
1
JPt-P = 

2379 Hz) 



64 

 

[Pd(SeC5H4N-4)2(dppe)] 328 (3800), 

409 (1000) 

7.87 (d, 
3
JHH = 5.4 Hz, 4H, 2-H, 

2py), 7.67 (m, 8H, o-Ph), 7.50 (m, 

4H, p-Ph), 7.42 (m, 8H, m-Ph), 7.15 

(d, 
3
JHH = 5.7 Hz, 4H, 3py), 2.30 (d, 

2
JPH = 21.6 Hz, 4H, PCH2) 

55.2 (s) 235 (d, 
2
JSeP = 

90 Hz) 

 

[Pt(SeC5H4N-4)2(dppm)] – 7.68 (d, 
3
JHH = 4.2 Hz, 4H, 2-H, 

2py), 7.58 (m, 8H, o-Ph), 7.47 (m, 

4H, p-Ph), 7.38 (m, 8H, m-Ph), 7.22 

(d, 
3
JHH = 4.2 Hz, 4H, 3py), 4.41 (t, 

2
JP-H = 11 Hz, 

3
JPt-H = 50 Hz, 

PCH2–) 

–52.5 (s, 
1
JPt-

P = 2540 Hz) 

236, 235 (d, 
2
JP-

Se = 45 Hz ) 

–4314 (t, 
1
JPt-P = 

2542 Hz) 

[Pt(SeC5H4N-4)2(dppp)] – 7.75 (d, 
3
JHH = 4.8 Hz, 4H, 2,6-H, 

py), 7.65 (br, Ph), 7.75-7.25 (m, 

12H, Ph), 7.09 (d, 
3
JHH = 4.5 Hz, 

4H, 3,5-H, py), 2.75- 2.36 (br, 4H, 

PCH2–), 2.15-1.90 (br, 2H, –CH2–) 

 

–4.2 (s, 
1
JPt-P 

= 2798 Hz) 

249 (d, 
2
JP-Se = 

46 Hz) 

–4894 (t, 
1
JP-Pt = 

2819 Hz) 

[PdCl(SeC5H4N-4)(PEt3)]n 259(17230), 

331(12794), 

362(10864), 

451(949) 

8.26 (dd, 
3
JHH = 6.3 Hz, 

4
JPH = 2.7 

Hz, 2H, 2-H, py), 7.30 (d, 
3
JHH = 

5.4 Hz, 2H, 3-H, py), 2.02 (dq, J(d) 

= 10.5 Hz, J(q) = 7.5 Hz, PCH2), 

1.19 (dt, J(d) = 17.4 Hz, J(t) = 7.8 

Hz, PCH2CH3) 

 

 

 

31.4 (s) 324 (s) – 
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[PdCl(SeC5H4N-4)(PPh3)]n – 8.23 (m, 2H, 2,6-H, py), 7.80-7.60 

(m, 6H, o-H, Ph), 7.53-7.25 (m, 9H, 

m/p-                                                                                                                   

Ph),7.10 (m, 2H, 3,5-H, py) 

29.8 (s), 29.2 

(s br) 

390 (s), −91 (d, 
2
JSe-P = 145 Hz), 

−104 (d, 
2
JSe-P = 

149 Hz) 

– 

[PtCl(SeC5H4N-4)(PEt3)]n 265(26008), 

343(67099), 

403(sh) 

8.20 (br, 2H, 2,6-H, py), 7.39 (d, 
3
JHH = 5.4 Hz, 2H, 3,5-H, py), 1.99 

(dq , J(d) = 9.9 Hz, J(q) = 7.2 Hz, 

PCH2), 1.54 (dt, J(d) = 17.1 Hz, J(t) 

= 7.5 Hz, PCH2CH3) 

1.4 (s, 
1
JPt-P = 

3307 Hz) 

278 (s, 
1
JPt-Se = 

91 Hz) 

−4168 (d, 
1
JPt-P = 

3335 Hz) 

[PtCl(SeC5H4N-4)(PMe2Ph)]n – 8.14 (br s, 2H, 2,6-H, py), 7.73 (br 

s, 2H, Ph), 7.43 (br s, 3H, m/p-o, Ph 

), 7.31 (d, 
3
J = 5.7 Hz, 2H, 3,5-H, 

py), 1.94 (d, 
3
JP-H = 11 Hz, 6H, 

PMe2) 

−22.5 (s), 

(JPt-P = 3352 

Hz) 

  

a
 Recorded in acetone-d6.  

b
 A small amount ∼5% of PtCl2(PEt3)2 and Pt(SeC5H4N-4)2(PEt3)2 existed in solution (by 

31
P and 

195
Pt NMR) even after 20 days of 

monitoring the reaction. 
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Crystallography 

 Crystal and molecular structures of trans-[PdCl(SeC5H4N-4)(PPh3)2], trans-

[PtCl(SeC5H4N-4)(PEt3)2], trans-[Pd(SeC5H4N-4)2(PPh3)2], trans-[Pt(SeC5H4N-4)2(PEt3)2], 

cis-[Pd(SeC5H4N-4)2(dppe)], cis-[Pt(SeC5H4N-4)2(dppp)], [PdCl(SeC5H4N-4)(PEt3)]n, 

[PdCl(SeC5H4N-4)(PPh3)]n  and [PtCl(SeC5H4N-4)(PEt3)]n   have been established by single 

crystal X-ray diffraction analyses. The ORTEP drawings with crystallographic numbering 

scheme are shown in Figures 5-13, and the selected inter-atomic parameters are given in 

Tables 19-23. The complex trans-[PdCl(SeC5H4N-4)(PPh3)2] crystallized with a molecule of 

acetone whereas the complexes [Pd(SeC5H4N-4)2(dppe)] and [Pt(SeC5H4N-4)2(dppp)], were 

crystallized with molecule(s) of water. 

 The structures of [PdCl(SeC5H4N-4)(PPh3)2] (Figure 5) and [PtCl(SeC5H4N-

4)(PEt3)2] (Figure 6) are isomorphous with nearly similar bond lengths and angles (Table 19). 

These complexes adopt a trans configuration defined by mutually trans disposed two neutral 

phosphine ligands and two anionic groups (Cl and SeC5H4N). The M−Cl, M−Se and M−P 

bond distances can be compared with [MCl(SeC6H5)(PPh3)2]  ( M = Pd [69], Pt [170]). The 

two M−P distances are dissimilar which is more pronounced in the case of trans-

[PdCl(SeC5H4N-4)(PPh3)2] (Pd1−P1: 2.3454(12) Å; Pd1−P: 2.3161(12) Å).  

The coordination environment around the distorted square planar metal center in the 

isomorphous [Pd(SeC5H4N-4)2(PPh3)2] (Figure 7) and [Pt(SeC5H4N-4)2(PEt3)2] (Figure 8) is 

defined by the trans-P2Se2 donor atoms. The two selenolate groups adopt an anti 

configuration. The existence of both syn and anti forms have been reported for trans-

[Pt(SeC6H5)2(PEt3)2] [91]. The M−Se distances (Table 20) can be compared with those 

reported for trans-[M(SeR′)2(PR3)2] (M/R′/R = Pd/Ph/Bu
n
 (2.4609(4) Å) [171]; Pt/Ph/Et 

(2.461(1) Å [91, 172]; Pt/Ph/Bu (2.463(3) Å [91]; Pt/Ph/Ph (2.4525(5), 2.4548(5) Å) [173]. 
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The two acute (~ 85
o
) and two obtuse (93.08(3)-96.62(3)

o
) P−M−Se angles can be compared 

with other phenylselenolate derivatives trans-[Pt(SeC6H5)2(PR3)2] [91, 173, 174]. 

 

Table 19. Selected interatomic distances [Å] and angles [°] for                 

[PdCl(SeC5H4N-4)(PPh3)2]·acetone and [PtCl(SeC5H4N-4)(PEt3)2]
 

 [PdCl(SeC5H4N-4)(PPh3)2] 

·(acetone) 

[PtCl(SeC5H4N-4)(PEt3)2]  

M1−P1 2.3454(12) 2.3182 (6) 

M1−P2 2.3161(12) 2.3092 (6) 

M1−Se1 2.4254(5) 2.4275 (2) 

M1−Cl1 2.3462(11) 2.3455 (6) 

Se1−C1 1.906 (5) 1.900 (2) 

P1−M1−P2 177.48(4) 177.56 (2) 

P1−M1−Se1 92.25(3) 92.886 (16) 

P1−M1−Cl1 91.35(4) 86.37 (2) 

P2−M1−Se1 85.44(3) 88.747 (17) 

P2−M1−Cl1 90.94(4) 91.87 (2) 

Se1−M1−Cl1 176.29(3) 175.892 (16) 

 

 

 

Figure 5. Molecular structure of trans-[PdCl(SeC5H4N-4)(PPh3)2]·acetone; ellipsoids drawn 

at 50% probability (Hydrogen atoms and solvent molecule are omitted for clarity). 
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Figure 6. Molecular structure of trans-[PtCl(SeC5H4N-4)(PEt3)2]; ellipsoids drawn at 50% 

probability (Hydrogen atoms are omitted for clarity). 

 

Table 20. Selected interatomic distances [Å] and angles [°] of trans-[Pd(SeC5H4N-

4)2(PPh3)2] and trans-[Pt(SeC5H4N-4)2(PEt3)2]  

 [Pd(SeC5H4N-4)2(PPh3)2]  [Pt(SeC5H4N-4)2(PEt3)2]  

M1−Se1 2.4521(6) 2.4594(5) 

M1−Se2 2.4544(5) 2.4570(5) 

M1−P1 2.3395(14) 2.3171(12) 

M1−P2 2.3507(15) 2.3178(12) 

Se1−C1 1.896(4) 1.896(5) 

Se2−C6 1.906(4) 1.897(5) 

Se1−M1−Se2 177.99(2) 177.01(2) 

Se1−M1−P1 85.25(3) 86.12(30 

Se1−M1−P2 96.62(3) 93.37(3) 

Se2−M1−P1 93.08(3) 93.79(3) 

Se2−M1−P2 85.00(3) 86.87(3) 

P1−M1−P2 177.05(4) 177.05(5) 
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Figure 7. Molecular structure of trans-[Pd(SeC5H4N-4)2(PPh3)2]; ellipsoids drawn at 50% 

probability (Hydrogen atoms are omitted for clarity). 

 

 

 

Figure 8. Molecular structure of trans-[Pt(SeC5H4N-4)2(PEt3)2] ellipsoids drawn at 50% 

probability. (Hydrogen atoms are omitted for clarity) 
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The metal atom in the isostructural complexes, [Pd(SeC5H4N-4)2(dppe)] (Figure 9) 

and [Pt(SeC5H4N-4)2(dppp)] (Figure 10) adopts a distorted square planar configuration 

defined by a cis-P2Se2 coordination core. The two M−Se and two M−P distances in these 

complexes are essentially similar (Table 21). These distances in several such complexes are 

either similar or quite often dissimilar and are primarily governed by the relative orientation 

of the aryl group of the chalcogenolate ligand [175] For instance, the two M−Se distances in 

[Pd(SeC6H5)2(dppe)] (Pd−Se = 2.444(1), 2.480(1) Å) [176] and [Pt(SeC5H4N-2)2(dppe)] 

(Pt−Se = 2.4335(13); 2.4980(14) Å) [177] are dissimilar. The pyridyl groups in 

[Pd(SeC5H4N-4)2(dppe)] and [Pt(SeC5H4N-4)2(dppp)] are syn oriented. Both complexes show 

intermolecular hydrogen bonding with solvated water molecule(s). The two pyridyl nitrogen 

atoms of [Pd(SeC5H4N-4)2(dppe)] from two adjacent molecules are H-bonded via two H2O to 

form an infinite zig-zag chain. The [Pt(SeC5H4N-4)2(dppp)] on the other hand is a discrete 

molecule as only one pyridyl nitrogen is H-bonded with H2O. 

 

 

Figure 9. H-bonding in cis-[Pd(SeC5H4N-4)2(dppe)]·2H2O ellipsoids drawn at 50% 

probability.  
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Figure 10. Molecular structure of cis-[Pt(SeC5H4N-4)2(dppp)]·0.5H2O; ellipsoids drawn at 

50% probability. (Hydrogen atoms are omitted for clarity) 

 

Table 21.  Selected interatomic distances [Å] and angles [°] of  

  [Pd(SeC5H4N-4)2(dppe)]·2H2O and [Pt(SeC5H4N-4)2(dppp)]·0.5H2O  

 

 [Pd(SeC5H4N-4)2(dppe)]·2H2O  [Pt(SeC5H4N-4)2(dppp)]·0.5H2O  

M1−Se1 2.4750(6) 2.4822(7) 

M1−Se2 2.4777(6) 2.4760(7) 

M1−P1 2.2691(13) 2.2744(15) 

M1−P2 2.2675(12) 2.2656(15) 

Se1−C1 1.911(5) 1.875(6) 

Se2−C6 1.912(5) 1.925(6) 

Se1−M1−Se2 93.34(2) 95.49(2) 

Se1−M1−P1 176.59(4) 175.98(4) 

Se1−M1−P2 91.96(4) 86.47(4) 

Se2−M1−P1 88.91(3) 84.65(4) 

Se2−M1−P2 168.93(3) 176.69(4) 

P1−M1−P2 85.40(5) 93.58(5) 
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The complex, [PdCl(SeC5H4N-4)(PPh3)]2 (Figure 11) is a centrosymmetric dimer with 

a sym-trans configuration as reported for similar other complexes, [PdCl(µ-SeR)(PPh3)]2 (R = 

Ph  [178] CH2CH2–COOMe [124]). The molecule comprises of a central planar Pd2Se2 

rhombus. The two palladium atoms are held together by two bridging selenolate groups. The 

two pyridyl groups of the bridging selenolate adopt an anti configuration. The two Pd−Se 

distances are distinctly different (Table 22), the one trans to the phosphine ligand is longer (~ 

2.47 Å) than the one trans to the chloride (~ 2.40 Å), owing to the strong trans influence of 

the phosphine ligand. 

 

Table 22. Selected interatomic distances [Å] and angles [°] of [PdCl(µ- SeC5H4N-4)(PPh3)]2  

 

 [PdCl(µ- SeC5H4N-4)(PPh3)]2 

Pd1−Se1 2.4001(3) 

Pd1−Se1# 2.4739(3) 

Pd1#−Se1 2.4740(3) 

Pd1−P1 2.2908(4) 

Pd1−Cl1 2.3278(4) 

Se1−C1 1.9215(16) 

Pd1…Pd1# 3.657 

P1−Pd1−Cl1 91.975(15) 

P1−Pd1−Se1 95.063(12) 

P1−Pd1−Se1# 177.509(12) 

Cl1−Pd1−Se1# 90.291(12) 

Cl1−Pd1−Se1 171.368(12) 

Se1−Pd1−Se1# 82.772(7) 

C1−Se1−Pd1 105.97(5) 

C1−Se1−Pd1# 100.08(5) 

Pd1−Se1−Pd1# 97.227(7) 
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Figure 11. Molecular structure of [PdCl(SeC5H4N-4)(PPh3)]2; ellipsoids drawn at 50% 

probability. (Hydrogen atoms are omitted for clarity) 

 

The complexes [PdCl(SeC5H4N-4)(PEt3)]3 (Figure 12)  and [PtCl(SeC5H4N-4)(PEt3)]3 

(Figure 13) are isostructural and represent an interesting example of neutral triangular (nearly 

equilateral triangle) shaped molecules, although cationic complexes, e.g. 

[Pt(PMe3)2(pyrazine)]3
6+

, are fairly well documented  [53, 179]. The distance between the 

metal and the pyridyl ring facing the metal atom varies in the range 7.0–7.1 Å (for Pd) and 

6.5 –7.0 Å (for Pt) indicating palladium metallacycle is bigger in size than the platinum 

analog. Both [PdCl(SeC5H4N-4)(PEt3)]n and [PtCl(SeC5H4N-4)(PEt3)]n  are comprised of 

three distorted square planar palladium atoms which are held together by bridging selenolate 

groups, via Se and N atoms. The coordination environments, defined by PSeNCl set, around 

each metal atom and inter atomic parameters involving the metal center is similar. The 

neutral donors (P and N) are trans to each other at an angle (N−Pd−P) of ~ 177° (Table 23). 

The pyridyl ring is almost perpendicular to the metal square plane. The trinuclear complexes 

in a triangular arrangement are usually held by single bridging atom (O, S, Se, Cl) [38, 53] so 

as to form a six-membered “M3X3” ring adopting different conformations.  
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Table 23.  Selected interatomic distances [Å] and angles [°] of [MCl(SeC5H4N-4)(PEt3)]3 (M 

= Pd ;  Pt). 

 [PdCl(SeC5H4N-4)(PEt3)]3  [PtCl(SeC5H4N-4)(PEt3)]3·CHCl3  

M1−Se1 2.4043(18) 2.434(3) 

M2−Se2 2.3965(17) 2.426(3) 

M3−Se3 2.3921(17) 2.385(3) 

M1−Cl1 2.333(4) 2.362(7) 

M2−Cl2 2.323(4) 2.353(7) 

M3−Cl3 2.339(4) 2.315(7) 

M1−P1 2.245(4) 2.181(9) 

M2−P2 2.239(5) 2.203(9) 

M3−P3 2.226(4) 2.250(9) 

M1−N3 2.146(10) 2.080(12) 

M2−N1 2.141(11) 2.068(12) 

M3−N2 2.140(9) 2.133(12) 

P1−M1−Cl1 93.65(14) 90.0(3) 

P1−M1−Se1 86.95(11) 93.4(3) 

P1−M1−N3 177.0(3) 175.3(5) 

Cl1−M1−Se1 178.71(13) 172.3(2) 

Cl1−M1−N3 89.0(3) 89.8(5) 

N3−M1−Se1 90.4(3) 87.4(4) 

P2−M2−Cl2 89.33(16) 87.8(3) 

P2−M2−Se2 90.69(13) 94.5(3) 

P2−M2−N1 177.8(3) 175.7(6) 

Cl2−M2−Se2 179.13(14) 177.5(2) 

Cl2−M2−N1 88.5(3) 87.9(5) 

N1−M2−Se2 91.5(3) 89.8(5) 

P3−M3−Cl3 89.61(16) 92.4(3) 

P3−M3−Se3 89.61(13) 92.0(2) 

P3−M3−N2 177.6(3) 177.4(5) 

Cl3−M3−Se3 172.44(13) 175.4(2) 

Cl3−M3−N2 89.3(3) 86.6(5) 
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Figure 12. Molecular structure of [PdCl(SeC5H4N-4)(PEt3)]3; ellipsoids drawn at 50% 

probability. (Hydrogen atoms are omitted for clarity) 

 

 

 

 

Figure 13. Molecular structure of [PtCl(SeC5H4N-4)(PEt3)]3·CHCl3; ellipsoids drawn at 50% 

probability. (Hydrogen atoms and solvent molecules are omitted for clarity) 
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Suzuki C−−−−C Coupling Reaction 

The complexes trans-[PdCl(SeC5H4N-4)(PPh3)2] and [PdCl(SeC5H4N-4)(PPh3)]n  

were examined as catalysts in Suzuki cross-coupling reactions of arylbromide and 

arylboronic acid to yield biaryls (Table 24). Catalysts are tolerant to various functional 

groups, such as CHO, NO2, COCH3, etc. Cross-coupling yielded products almost 

quantitatively when electron deficient arylbromides were used (Table 24, entries 6-7). High 

yields were also obtained (> 82%) when the catalyst concentration was lowered by ten times 

in the case of electron-deficient arylbromides (Table 24, entries 9-10). The catalytic activity 

of monomeric complex trans-[PdCl(SeC5H4N-4)(PPh3)2] and trimeric-dimeric complex, 

[PdCl(SeC5H4N-4)(PPh3)]n  are comparable as both gave similar yields of biaryls under 

similar reaction conditions. As it is commonly believed that catalytically active species are 

generally monomeric which indirectly also supports the trimer-dimer-monomer equilibrium 

of [PdCl(SeC5H4N-4)(PPh3)]n  prior to catalyst initiation [155, 180].
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Table 24. Suzuki-Miyaura cross-coupling of aryl bromide with phenylboronic acid.
[a] 

 

Br (OH)2B+
K2CO3 in H2O / 1,4-dioxane

"Pd" complex, 100 0C

R R

 

S. No. R X Complex mol% Pd Time (hrs) 
b
Yield (%) TON 

1. 4-CH3 Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.1 8 27 270 

2. 4-CH3 Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.1 20 39 390 

3. 4-CH3 Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.3 8 40 133 

4. 4-CH3 Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.5 8 80 160 

5. 4-CH3 Br [PdCl(SeC5H4N-4)(PPh3)]n 0.1 8 28 280 

6. 4-NO2 Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.1 8 91 910 

7. 4-NO2 Br [PdCl(SeC5H4N-4)(PPh3)]n 0.1 8 97 970 

8. 4-NO2 Br [PdCl(SeC5H4N-4)(PPh3)]n 0.01 8 62 6200 

9. 2-CHO Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.01 6 82 8200 

10. 2-CHO Br [PdCl(SeC5H4N-4)(PPh3)]n 0.01 6 84 8400 

11. 4-COCH3 Br trans-[PdCl(SeC5H4N-4)(PPh3)2] 0.01 12 14 1400 

12. 4-COCH3 Br [PdCl(SeC5H4N-4)(PPh3)]n 0.01 12 29 2900 

 

 [a]
 Reaction conditions: Aryl halide (1.0 mmol), aryl boronic acid (1.3 mmol), K2CO3 as base (2 mmol), dioxane (2 mL), H2O (1 mL).  

b
Isolated yield. 



 

78 

 

3.2 Chemistry of 3-/4-mercaptobenzoic acid complexes of palladium and 

 platinum 

Supra-molecular coordination chemistry has made great strides in the past few 

decades with the design of ever-increasing families of exotic molecules [95, 181-183]. Three 

different strategies are generally employed in the design of supra-molecular structures [95, 

183], viz., (i) the use of a strong metal-ligand directional bond [95] and flexible hemi-labile 

ligands [183]; (ii) the use of non-covalent secondary interactions such as π-π stacking, van 

der Waals and ion-dipole; and (iii) the use of a ligand capable of hydrogen bonding. The 

latter strategy plays a major role in designing supra-molecular structures [95, 183, 184], 

widely represented especially by biomolecules in nature. A large number of infinite network 

of varied dimensions have been generated in organometallic [185, 186] and metallo organic 

systems based on hydrogen bonding through carboxylic acid group as a supra-molecular 

connector. When the same –COOH group is present in a ligand possessing another 

coordination site like N, S donor atoms, predictable assemblies of coordination complexes 

can be constructed through directional intermolecular interactions.  

Mercaptobenzoic acids (H2 mba) which contain both the –COOH group and a soft 

donor atom like sulfur have been employed so far in the design of square planar building 

blocks for the construction of supra-molecular assemblies. Since these are small ligands they 

can strengthen their coordination with metal ions without any steric hindrance.  The 3- and 4- 

H2mba (II and III) posses both a coordinating thiolate and a carboxylic acid group in non-

chelating positions [187, 188] stabilize themselves through hydrogen bonding, and serve as a 

versatile binding motif for the formation of supramolecules. Aurophilic and hydrogen 

bonding interactions have been thoroughly exploited in supra-molecular gold complexes of 4-

H2mba [187] and 2-H2mba [189-191].  
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 4-H 2 mba 3-H 2 mba

II III

SH SH

COOH

COOH

 

Square planar palladium and platinum complexes have been widely used to synthesize 

supra-molecular architectures. It was considered worthwhile to design supra-molecular 

assemblies of palladium and platinum containing the 3-/4- H2mba ligand.   

            Synthesis of various 3-/4-mercaptobenzoic acid complexes of palladium(II) and 

platinum(II) is given in Scheme 13. The complex trans-[Pt(SC6H4COOH-4)2(PEt3)2] was 

prepared by two different synthetic routes, viz. (i) reaction of  4-mercaptobenzoic acid (4-

H2mba) with cis-PtCl2(PEt3)2 in the presence of Et3N and (ii) treatment of cis-

[Pt(PEt3)2(OTf)2] with 4-H2mba in the presence of NaOMe. The trans-[Pt(SC6H4COOH-

4)2(PEt3)2]  existed exclusively in the trans form in solution (by NMR) and solid state (X-ray 

structure, see later). 
31

P{
1
H} NMR spectrum showed a singlet with 

195
Pt coupling (

1
JPt-P = 

2484 Hz). The 
195

Pt{
1
H} NMR spectrum displayed a triplet at –4697 ppm with 

1
J(Pt-P) = 

2510 Hz.  

 When the above reaction of 3-/4-H2mba with [Pt(PEt3)2(OTf)2] or [M(P
∩

P)(OTf)2] 

either in 1:1 or 2:1 molar ratio was carried out in the absence of any base, binuclear cationic 

complexes of compositions [Pt(µ-SC6H4COOH-n)(PEt3)2]2(OTf)2 (n = 3,  4) and [M(µ-

SC6H4COOH-n)(P
∩

P)]2(OTf)2 (M/n/P
∩

P = Pd/3/dppe, Pd/4/dppe, Pt/4/dppp) were formed 

exclusively via self-assembly process. Deprotonation of H2mba with sodium alkoxide and co-

ordination of the carboxylate group to the metal centre as in [R3Sn(SC6H4COO-4)SnR3] [192] 

and [Au(SC6H4COOH-4)(PR3)] [187] has been reported earlier. All the five binuclear 
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complexes ([Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2, [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2, 

[Pd(SC6H4COOH-3)(dppe)]2(OTf)2, [Pd(SC6H4COOH-4)(dppe)]2(OTf)2 and 

[Pt(SC6H4COOH-4)(dppp)]2(OTf)2) displayed a single sharp peak in their 
31

P NMR spectra 

indicating magnetic equivalence of two phosphorus nuclei both in complexes containing 

monodentate and chelating phosphines. The cis orientation of monodentate phosphines is 

assigned by increased 
1
J(Pt-P) values 2891 Hz for [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2  and 

2903 Hz for [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2 (Figures 14 and 15). The free –COOH 

group has been identified as singlets at δ ≈166 ppm for [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 

and [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2 in 
13

C{
1
H} NMR spectra. A single 

19
F resonance is 

observed at δ -81.6 and -80.1 ppm in 
19

F{
1
H} NMR spectra of [Pt(SC6H4COOH-

4)(PEt3)2]2·(OTf)2 and [Pd(SC6H4COOH-4)(dppe)]2(OTf)2, respectively. 

 

Figure 14.
  31

P{
1
H} NMR spectrum of [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2 in CH3OD 

 

Figure 15.
 195

Pt{
1
H} NMR spectrum of of [Pt(SC6H4COOH-3)2(dppmin  CD3OD 
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 The reaction of cis-Pt(PEt3)2(OTf)2 with one equivalent of Na2(4-mba) yielded three 

products [Pt(SC6H4COOH-4)2(PEt3)2] and [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2 and a 

complex tentatively assigned as cis-[Pt(SC6H4COOH-4)2(PEt3)2] (12.3 ppm, 
1
J(Pt-P) = 2887 

Hz) in 1:1:0.3 ratio from 
31

P{
1
H} NMR integration. When the same reaction was carried out 

with one equivalent of Na2(4-mba) which was prepared from NaOH instead of NaOMe, the 

same three products were obtained in 1:1.4:1.2 ratio. 

 

Scheme 13. Synthesis of 3-/4-mercaptobenzoic acid complexes of palladium and platinum 

 Treatment of PtCl2(PPh3)2 and PtCl2(dppm) with H2mba in 1:2 molar ratio in the 

presence of triethylamine in refluxing methanol yielded mononuclear complexes, 

[Pt(SC6H4COOH-4)2(PPh3)2] and cis-[Pt(SC6H4COOH-n)2(dppm)] (n = 3, 4) which are often 

contaminated with one equivalent of Et3N·HCl. The 
31

P NMR spectrum of these complexes 

Method A
i) 2 NaOMe, MeOH
ii) cis-[Pt(PEt3)2(OTf)2], MeOH

Pt

PR3

PR3

COOHSHOOC S

HS

cis-[Pt(PEt3)2(OTf)2]
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2+
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COOH
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3-COOH: P  P = dppe; M = Pd
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i) Et3N, MeOH
ii) cis-PtCl2(PR3)2, CH2Cl2

[M(P  P)(OTf)2]
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P
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displayed a single resonance with 
195

Pt coupling indicative of only one isomeric form in 

solution. Since both PPh3 and aryl thiolate groups have similar trans influence [193, 194], the 

magnitude of 
1
J(Pt-P) coupling constants serve little diagnostic purpose in assigning the 

configuration (cis or trans) of [Pt(SC6H4COOH-4)2(PPh3)2]. The X-ray analysis reveals the 

trans configuration for [Pt(SC6H4COOH-4)2(PPh3)2]. 

 All the complexes are off-white to yellow crystalline stable solids. They are soluble in 

methanol and acetone but insoluble or sparingly soluble in other common organic solvents 

such as dichloromethane, chloroform, ether, THF, benzene or toluene. The uv-vis spectra of 

these complexes in methanol showed strong absorptions in the UV region (Table 25). The 

mononuclear yellow complex [Pt(SC6H4COOH-4)2(PEt3)2]  displayed a relatively low energy 

broad band at about 341 nm (ε ≈ 27000 M
-1

cm
-1

) whereas binuclear off-white complexes 

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 and [Pt(SC6H4COOH-4)(PEt3)2]2•(OTf)2  showed bands 

at 299 nm (ε ≈ 24300 M
-1

cm
-1

) and 294 nm (ε ≈ 27600 M
-1

cm
-1

) respectively. These bands 

may be assigned due to allowed thiolate (HOMO) to phosphine or phosphine mixed with 

Pt(II) (LUMO) charge transfer transitions. The hypsochromic shift of the band in 

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 and [Pt(SC6H4COOH-4)(PEt3)2]2•(OTf)2  may be due to 

changed coordination environment and binding modes of the similar ligands to the Pt(II) 

center. In the cases of [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 and [Pt(SC6H4COOH-

4)(PEt3)2]2•(OTf)2, binuclear complexes with cis-coordinated ligands, the greater orbital 

overlap between phosphine with Pt(II) makes stronger back bonding interaction which 

destabilizes the LUMO. This is also supported by larger 
1
J(Pt-P) ≈ 2900 Hz coupling 

constants for [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 and [Pt(SC6H4COOH-4)(PEt3)2]2•(OTf)2   

than for [Pt(SC6H4COOH-4)2(PEt3)2]  (
1
J(Pt-P) ≈ 2500 Hz) in 

31
P NMR spectra. In the visible 

region the low-energy electronic transition from ligand (Se or Te)-to-ligand (PR3) charge 
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transfer transitions (LLCT) has been observed by us in complexes [MCl(E
∩

N)(PR3)] (E = Se, 

Te; E
∩

N = 2-/4-EC5H4N [61], ECH2CH2NMe2[54, 55]).                 

 The IR spectra exhibited sharp υ C=O band at 1672, 1712 and 1699 cm
-1

 for trans-

[Pt(SC6H4COOH-4)2(PEt3)2], [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 and [Pt(SC6H4COOH-

4)(PEt3)2]2•(OTf)2  indicating the presence of free -COOH groups. The variation is due to the 

different mode of association and involvement of solvent and counter-anion in the H-

bonding. For example the vibration at higher frequency for C=O group in [Pt(SC6H4COOH-

3)(PEt3)2]2(OTf)2 indicates that they are relatively unperturbed compared to the C=O groups 

in [Pt(SC6H4COOH-4)2(PEt3)2]  and [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2  which is supported 

by crystal structure in which the C=O groups in [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 are not 

involved in H-bonding.  

Molecular Structures 

 Crystal and molecular structures of [Pt(SC6H4COOH-4)2(PEt3)2].2MeOH, 

[Pt(SC6H4COOH-4)2(PEt3)2].H2O, [Pt(SC6H4COOH-4)2(PPh3)2], [Pt(SC6H4COOH-

3)(PEt3)2]2(OTf)2, [Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2 and [Pd(SC6H4COOH-

3)(dppe)]2(OTf)2 have been established by single crystal X-ray diffraction analyses. The 

ORTEP drawings with crystallographic numbering scheme are shown in Figures 16-21, and 

the selected inter-atomic parameters are given in Tables 26-29.  
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Table 25. Spectroscopic Data for 3-/4-mercaptobenzoic acid complexes of palladium(II) and platinum(II) 

Complex UV-Vis 

(CH2Cl2) 

λmax in nm (ε 

in M
-1

 cm
-1

) 

1
H NMR data in (δ ppm) 

13
C{

1
H} NMR data in (δ 

ppm) 

31
P{

1
H} NMR 

data in (δ ppm) 

[Pt(SC6H4COOH-4)2(PEt3)2]
a
 266(16000), 

341(27000) 

7.65 (d, 
3
JHH = 8.1 Hz, 4H, 2,6-H, 

Ph), 7.48 (d, 
3
JHH = 7.8 Hz, 4H, 3,5-

H, Ph), 1.92 (br m, 12H, PCH2), 

1.05 (m, 18H, PCH2CH3) 

– 10.6 (s, 
1
JPt-P = 

2484 Hz) 

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2
b
 231(89800), 

253(83800), 

279(45700), 

299(24300) 

8.86 (s, 2H, 2-H), 8.22 (d, 
3
JHH = 7.2 

Hz, 2H, 6-H), 8.00 (d, 
3
JHH = 7.5 

Hz, 2H, 4-H), 7.61 (t, 
3
JHH = 7.8 Hz, 

2H, 5-H), 1.04 (br m, 36H, 

PCH2CH3), the peak corresponds to 

PCH2 merge with the solvent peak 

at δ 2.05 

165.7 (s, -COOH), 137.7 (s, 

C-2), 136.5 (s, C-6), 133.9 

(s, C-1), 132.1 (s, C-3), 

130.4, 130.2 (each s, C-5, C-

4), 119.3 (q, 
1
JCF = 302 Hz, 

OTf), 15.4 (m, PCH2), 7.7 (s, 

PCH2CH3) 

16.2 (s, 
1
JPt-P = 

2891 Hz) 

[Pt(SC6H4COOH-4)(PEt3)2]2(OTf)2
a,c

 (47800), 

250(47200), 

260(44000), 

279(36400), 

294(sh, 27600) 

8.14 (m, 8H, Ph), 1.93 (m, 24H, 

PCH2), 1.01 (m, 36H, PCH2CH3) 

166.8 (s, -COOH), 138.5 (s, 

C-4), 134.9 (s, C-5), 132.2 

(s, C-1), 130.5 (s, C-6), 15.1 

(br m, PCH2), 7.2 (s, 

PCH2CH3), not observed 

(OTf) 

14.2 (s, 
1
JPt-P = 

2903 Hz) 
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[Pd(SC6H4COOH-3)(dppe)]2(OTf)2
a
 – 8.45 (s, 2H, 2-H), 7.68-7.37 (m, 

40H, Ph), 6.49 (t, 
3
JHH = 7.8 Hz, 2H, 

5-H), 6.13 (d, 
3
JHH = 8.4 Hz, 4-H), 

2.55 (d, 
2
JPH = 23.7 Hz, 8H, PCH2) 

– 66.2 (s) 

[Pd(SC6H4COOH-4)(dppe)]2(OTf)2
a
 - 7.61 (t, 

3
JHH = 7.4 Hz, 8H, p-H, Ph), 

7.52 (m, 16H, o-H, Ph), 7.44 (m, 

16H, m-H, Ph), 7.19 (d, 
3
JHH = 8.0 

Hz, 4H, 2,6-H), 6.85 (d, 
3
JHH = 7.6 

Hz, 4H, 3,5-H), 2.64 (d, 
2
JPH = 17.1 

Hz, 8H, PCH2) 

 65.4 (s) 

[Pt(SC6H4COOH-4)(dppp)]2(OTf)2
b,d

 - 8.03 (s), 7.81 (br t), 7.54 (br m), 

7.35 (s), 6.77 (m), 1.27 (s), 1.10 (t) 

– 0.1 (s, 
1
JPt-P = 

2809 Hz) 

[Pt(SC6H4COOH-4)2(PPh3)2]
a
 – 7.48 - 7.35 (m, 16H, o-H, Ph; 2,6-H, 

Ph), 7.32 (t, 
3
JHH = 7.3 Hz, 6H, p-H, 

Ph), 7.23 (d, 
3
JHH = 8.1 Hz, 4H, 3,5-

H, Ph), 7.16 (t, 
3
JHH = 7.3 Hz, 12H, 

m-H, Ph) 

– 19.7 (s, 
1
JPt-P = 

2985 Hz) 

[Pt(SC6H4COOH-3)2(dppm)]
a#

 – 7.83 (s, 2H, 2-H), 7.57 (m, 8H, o-H, 

Ph), 7.42 (t, 
3
JHH = 7.2 Hz, 4H, p-H, 

Ph), 7.33 (t, 
3
JHH = 7.4 Hz, 8H, m-H, 

Ph), 7.25 (d, 
3
JHH = 7.6 Hz, 2H, 6-

H), 7.18 (d, 
3
JHH = 8.0 Hz, 2H, 4-H), 

6.52 (t, 
3
JHH = 7.6 Hz, 2H, 5-H), 

3.27 (m, 2H, PCH2) 

– –48.85 (s, 
1
JPt-P 

= 2522 Hz) 



 

86 

 

[Pt(SC6H4COOH-4)2(dppm)]
b
 – 8.14 (m, 8H, Ph), 7.85-7.75 (m, 8H, 

o-H, Ph), 7.57-7.50 (m, 4H, p-H, 

Ph), 7.48-7.39 (m, 8H, m-H, Ph), the 

peak for PCH2 is merged in the base 

of the peak due to H2O present in 

the solvent. 

– –50.04 (s, 
1
JPt-P 

= 2465 Hz) 

 

a
 Recorded in methanol-d4; 

195
Pt{

1
H} NMR data in (δ ppm) = –4697 (d, 

1
J(Pt-P) = 2510 Hz) 

#
195

Pt{
1
H} NMR data in (δ ppm) =–4090 (t, 

1
J(Pt-P) = 2530 Hz) 

b
 Recorded in acetone-d6. 

c
 When the spectrum is recorded in 400 MHz instrument, a small peak (~ 5%) is resolved at δ 14.0 ppm in 

31
P{

1
H} NMR spectra. 

d
 A small peak (≈ 10 % ) was observed in 

31
P{

1
H} NMR spectrum at δ 34.4 ppm due to dioxide of dppp. 
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 The complex [Pt(SC6H4COOH-4)2(PEt3)2]  crystallizes with solvent molecules, either 

one molecule of water, [Pt(SC6H4COOH-4)2(PEt3)2]·H2O (Figure 16) or two molecules of 

methanol, [Pt(SC6H4COOH-4)2(PEt3)2]·(MeOH)2 (Figure 17). The structure of 

[Pt(SC6H4COOH-4)2(PEt3)2]  in both the solvated molecules is as expected with slightly 

distorted square-planar (<PPtS ~ 85.75-94.25°) platinum atom coordinated with two thiolate 

and two PEt3 ligands which adopts a trans configuration. All the inter-atomic parameters are 

similar in both water and methanol solvated molecules except the C=O bond distances (Table 

26). The crystal lattice of [Pt(SC6H4COOH-4)2(PPh3)2] (Figure 18) has two independent 

molecules a and b each with trans configuration differing slightly in their inter-atomic 

parameters (Table 27). A number of mononuclear Pt(II) complexes having trans-“PtE2P2” 

moiety (E = S [195-197], Se [91, 173, 174], Te [198]) with arylchalcogenolate and 

monodentate phosphine ligands have been reported. The centrosymmetric molecule 

[Pt(SC6H4COOH-4)2(PEt3)2]  has two equal Pt–S and Pt–P distances which are in close 

agreement with the similar distances reported in trans-[Pt(SC6H3Me2-2,6)2(PR3)2] (R = Me, 

Et) [195] having two dissimilar Pt–S and Pt–P bond lengths. The Pt–S bond lengths in 

molecule a of [Pt(SC6H4COOH-4)2(PPh3)2]  (2.372(2), 2.384(2) Ǻ) are longer than in 

molecule b (2.359(2), 2.339(2) Ǻ), which are slightly higher than the Pt–S bond lengths in 

similar reported complex trans-[Pt(PPh3)2(SC6H4-2-SiCH3Ph2)2] (2.3402(16), 2.3275(16) Ǻ) 

[197]. In both the structures of complexes [Pt(SC6H4COOH-4)2(PEt3)2]  and 

[Pt(SC6H4COOH-4)2(PPh3)2] , the benzoic acid substituents of two thiolate ligands are in anti 

position, as noted in trans-[Pt(SC6H3Me2-2,6)2(PEt3)2] [195]. A syn configuration has 

however, been reported in trans-[Pt(SC6H3Me2-2,6)2(PMe3)2] [195] and trans-[Pt(2-

SC6H4Cl)2(PPh3)2] [196, 199]. 
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Figure 16. Dimeric unit of 1 aggregated via H-bonding in [Pt(SC6H4COOH-4)2(PEt3)2]·H2O 

(1·H2O). The PEt3 ethyl groups, hydrogen atoms in benzene ring and solvent molecules have 

been omitted for clarity. 

 

 

Figure 17. (a) Molecular structure of [Pt(SC6H4COOH-4)2(PEt3)2]·(MeOH)2 (1·(MeOH)2) 

and highlighting their mode of association via H-bonding. The PEt3 ethyl groups and 

hydrogen atoms in benzene ring have been omitted for clarity. (b) Two dimensional stair like 

network of the molecules in 1·(MeOH)2 via H-bonding 



 

89 

 

 

Figure 18. Two layers of molecules a and b forming ribbons in the crystals of 

[Pt(SC6H4COOH-4)2(PPh3)2] . 

Table 26.  Selected interatomic distances [Å] and angles [°] of mononuclear neutral  

  complexes trans-[Pt(SC6H4COOH-4)2(PEt3)2]·solvent (1·solvent) 

 [Pt(SC6H4COOH-4)2(PEt3)2]·H2O [Pt(SC6H4COOH-4)2(PEt3)2]· (MeOH)2 

Pt1-S1 2.349(4) 2.358(3) 

Pt1-P1 2.319(5) 2.318(3) 

S1-C1 1.757(14) 1.737(9) 

C4-C7 1.50(2) 1.485(13) 

C7-O1 1.27(2) 1.310(11) 

C7-O2 1.25(2) 1.228(11) 

P1·· ·S1 3.177 3.207 

P1·· ·S1# 3.421 3.405 

P1-Pt1-S1 85.76(16) 86.54(10) 

P1-Pt1-S1# 94.24(16) 93.46(10) 

P1-Pt1-P1# 180.000(1) 180.0 

Pt1-S1-C1 108.8(5) 108.1(3) 

S1-Pt1-S1# 180.000(1) 180.00(10) 

Angle Pt sq. 

plane and Ph ring 

75.10 82.49 

 

  



 

90 

 

Table 27.  Selected interatomic distances [Å] and angles [°] of mononuclear neutral  

  complexes trans-[Pt(SC6H4COOH-4)2(PPh3)2] 

 molecule a molecule b 

Pt1-S1 2.372(2) 2.359(2) 

Pt1-S2 2.384(2) 2.339(2) 

Pt1-P1 2.309(2) 2.321(2) 

Pt1-P2 2.311(2) 2.325(2) 

S1-C1 1.693(9) 1.758(8) 

S2-C8 1.649(10) 1.539(9) 

O1-C7 1.248(12) 1.234(12) 

O2-C7 1.294(12) 1.320(13) 

S1-Pt1-S2 174.75(7) 177.64(8) 

P1-Pt1-S1 94.21(7) 93.02(7) 

P1-Pt1-S2 85.00(7) 85.19(7) 

P1-Pt1-P2 177.47(8) 177.16(7) 

P2-Pt1-S1 86.71(7) 89.12(7) 

P2-Pt1-S2 94.30(7) 92.62(7) 

C1-S1-Pt1 111.1(3) 108.6(3) 

C8-S2-Pt1 107.4(3) 109.0(2) 

 

 The complexes [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 (Figure 19), [Pt(SC6H4COOH-

4)(PEt3)2]2·(OTf)2 (Figure 20), [Pd(SC6H4COOH-3)(dppe)]2(OTf)2 (Figure 21) are 

centrosymmetric binuclear molecules in which two metal atoms are held together by two 

bridging thiolato ligands with benzoic acid substituents adopting an anti configuration. 

Except [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2, crystals of other complexes are solvated. In a 

similar binuclear complex of d8 metal, [Rh(SC6H4COOH-4)(PPh3)2]2, the syn-exo conformer 

exists in the crystal structure [200]. The R groups on thiolate ligands in complexes of 

composition [M2(µ-SR’)2(PR3)4]
2+

 can adopt either syn or anti configuration [52]. The 

complex [Pt(SC6H4COOH-4)(PEt3)2]2(OTf)2  crystallizes with two independent molecules c 

and d in an asymmetric unit, which are very similar in their dimensions (Table 28). The two 
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triethylphosphine ligands are cis-coordinated to the platinum atom in [Pt(SC6H4COOH-

3)(PEt3)2]2(OTf)2 and [Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2 , whereas in [Pd(SC6H4COOH-

3)(dppe)]2(OTf)2  the two cis positions are chelated by one dppe ligand to the palladium 

atom. Although a handful binuclear platinum complexes with “P2Pt(µ-SAr)PtP2” motif are 

known [201-205], the structures close to [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 and 

[Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2   are [Pt(µ-SAr)(PEt3)2]2
2+

 (Ar = C6H5 [202], C6H4C6H5 

[201]). The palladium complexes with pyridyl carboxylate ligand and cis-blocked phosphine 

co-ligands generate self-assembled macrocyclic squares, triangles and rectangles [206-208].  

Due to the two cis-positioned PEt3 groups, the P1-Pt1-P2 angle is widened (~ 96.6 – 98.3°) 

and the S1-Pt1-S1# angle is contracted (~ 81.5°), thus forming a rhombohedral planar Pt2S2 

ring. The Pt·· ·Pt separation (> 3.61 Å) is more than the sum of van der Waals distances of 

two platinum atoms reflecting absence of any metal metal intramolecular interaction. The 

structure of palladium complex ([Pd(SC6H4COOH-3)(dppe)]2(OTf)2 ·(H2O)2) is similar to the 

one reported for [M2(µ-SC6F5)2(dppe)2](OTf)2·acetone (M = Pd, Pt) [205].  

 

Figure 19. Molecular structure of [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2  and intermolecular 

interactions. The PEt3 ethyl groups and hydrogen atoms in benzene ring have been omitted 

for clarity. 
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Figure 20. Molecular structure of [Pt(SC6H4COOH-4)(PEt3)2]2(OTf)2·(H2O)2 and 

intermolecular H-bonding.  The PEt3 ethyl groups and hydrogen atoms in benzene ring have 

been omitted for clarity. 

 

 

Figure 21. Molecular structure and intermolecular interactions of [Pd(SC6H4COOH-

3)(dppe)]2(OTf)2·2(H2O).  The dppe phenyl groups, hydrogen atoms in benzene ring and 

dppe have been omitted for clarity. 
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Table 28. Selected interatomic distances [Å] and angles [°] of dinuclear cationic  

  complexes 

 2 (M = Pt) 3·(H2O)2 (M = Pt) 4·(H2O)2 (M = Pd) 

molecule c molecule d 

M1-S1 2.3878(18) 2.3764(10) 2.3890(11) 2.408(2) 

M1-S1#1 2.3904(18) 2.3845(10) 2.3872(10) 2.403(2) 

M1-P1 2.294(2) 2.2907(10) 2.2864(12) 2.277(2) 

M1-P2 2.293(2) 2.2979(12) 2.2957(11) 2.268(3) 

S1-C1 1.808(7) 1.794(3) 1.796(3) 1.798(9) 

C7-C4/C5 1.493(10) 1.491(6) 1.485(5) 1.477(15) 

C7-O1 1.320(8) 1.323(7) 1.321(4) 1.324(13) 

C7-O2 1.212(8) 1.206(7) 1.214(4) 1.205(14) 

M1···M1 

intramolecular 

3.612 3.615 3.628 3.462 

P1-M1-P2 98.26(7) 96.97(4) 96.62(4) 84.94(9) 

P1-M1-S1 165.32(6) 170.48(3) 169.49(3) 172.92(9) 

P2-M1-S1 93.23(7) 90.15(4) 90.57(4) 91.96(9) 

P1-M1-S1# 87.96(7) 92.53(4) 92.99(4) 95.81(9) 

P2-M1-S1# 170.87(6) 168.39(3) 167.08(3) 173.90(9) 

S1-M1-S1# 81.79(7) 81.20(4) 81.15(4) 87.95(8) 

M1-S1-M1# 98.21(7) 98.80(4) 98.85(4) 92.05(8) 

M1-S1-C1 98.3(2) 101.92(12) 99.27(10) 100.9(3) 

Angle between 

“M2S2” plane and 

Ph ring 

89.60 83.96 83.79 88.31 

 

General trend of hydrogen bonding 

 All the complexes with two free carboxylic acid groups are involved in intermolecular 

H-bonding with various patterns (Schemes 14 and 15) which are described by graph sets[209, 

210]. The donor and acceptor groups and the geometrical features such as donor-acceptor 

separation (D···A), D-H-A angles, etc. were calculated by Mercury [211] program and are 

summarized in Table 29. In the present examples, the carboxyl dimer synthon [212] is formed 

in [Pt(SC6H4COOH-4)2(PEt3)2].H2O (Scheme 14) and [Pt(SC6H4COOH-4)2(PPh3)2] , 

whereas in the solid state structures of [Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2.2(H2O) (Scheme 

15) and [Pd(SC6H4COOH-3)(dppe)]2(OTf)2.2(H2O) (Scheme 15), water and counter-anion 
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are involved in hydrogen bonding and consequently interrupting the carboxyl dimer synthons. 

The dimer formation is also prevented by MeOH in [Pt(SC6H4COOH-4)2(PEt3)2].2(MeOH) 

instead a large network resulted (Scheme 14). Similarly, the triflate ion in [Pt(SC6H4COOH-

3)(PEt3)2]2(OTf)2 prevents dimerization leading to an open chain structure (Figure 19, 

Scheme 15). The zig-zag coordination polymer of palladium complexes of cis-blocked 

phosphines are reported with pyridyl carboxylate ligand without any H-bonding [207]. This is 

due to the presence of strong H-bond donor hydroxyl group in H2O and MeOH, and strong 

H-bond acceptor SO group in triflate ion [213]. 
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Scheme 14. H-bonding pattern in the crystals of mononuclear complexes 
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Scheme 15. H-bonding pattern in the crystals of dinuclear complexes 
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Hydrogen bonding in mononuclear complexes 

 In [Pt(SC6H4COOH-4)2(PEt3)2].H2O and [Pt(SC6H4COOH-4)2(PPh3)2] 

crystallographically equivalent monomers are linked through hydrogen bonding typical for 

familiar carboxylic acids. The system is formed by the dimerization of two free carboxylic 

acid groups. The infinite repeating dimer pattern of one dimensional zigzag chain is formed 

through hydrogen bonding, as observed in dicarboxylic acid, such as terephthalic acid. In 

[Pt(SC6H4COOH-4)2(PEt3)2].H2O the water molecule is situated in the lattice and do not take 

part in the cyclic ring formation of dimer. The average plane of 8-membered ring formed by 

the two carboxylic acid groups is almost coplanar (~7.85°) with the phenyl ring in 

[Pt(SC6H4COOH-4)2(PEt3)2] ·H2O. Whereas the same 8-membered ring deviates from 

planarity in [Pt(SC6H4COOH-4)2(PPh3)2]  and forms puckered structure due to the deviation 

of donor–H–acceptor angles (D–H…A) from the linearity such as O4–H4···O1 (159.67°, 

Table  29). Both crystals contain “ribbons” of molecules inter linked via hydrogen bonding. 

In the crystal of [Pt(SC6H4COOH-4)2(PPh3)2]  two types of ribbons and the corrugated sheets 

are formed by two independent molecules a and b stacking up along the c-axis (Figure 18). 

The overall structural feature have similarity with the reported complexes trans-

[PdCl2(NC5H4COOH-4)2]
 
[214]. 

 In the structure of [Pt(SC6H4COOH-4)2(PEt3)2].2(MeOH), methanol takes part in 

intermolecular H-bonding between two –COOH of two adjacent molecules and forms a large 

ring of the type (Scheme 14). The carboxylic acid groups in each molecule act as donor and 

acceptor. The –COOH groups of the neighbouring molecules are connected in head to tail 

fashion via one MeOH molecule, thus forming a stair like 2D network (Figure 17) of 

macrocyclic ring systems linked by two independent O–H···O interactions (Table 29). The 

macrocycle possesses a large cavity of dimension (18.2 × 7.5 Å) (Figure 17, O1S···O1S, 

S1·· ·S1 distances, respectively) having potential for inclusion of guest molecules. 
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Hydrogen bonding in cationic binuclear complexes 

  The [Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2  and [Pd(SC6H4COOH-3)(dppe)]2(OTf)2  

crystallize with two molecules of water; accordingly hydrogen bonding pattern is different 

from [Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2. The two oxygen atoms of triflate anions in 

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 take part in two distinct non-covalent interactions, one is 

H-bonding (S-O: 1.446 (7) Å) with the proton of the carboxylic acid group and the other is 

van der Waals interactions (S-O: 1.597 (10) Å) of similar oxygen atom (O···O: 2.832 Å) of 

another triflate anion leading to the formation of an infinite linear chain (Figure 19). The third 

oxygen with shorter S-O bond (S-O: 1.380 (9) Å) is not involved in any interaction.  

 The supra-molecular synthons of carboxyl dimers with rings of graph set ��
�(12) and 

��
�(8) are formed in [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2·2(H2O)  and [Pd(SC6H4COOH-

3)(dppe)]2(OTf)2.2(H2O), with the help of H2O and triflate anion, respectively. In 

[Pt(SC6H4COOH-4)(PEt3)2]2.(OTf)2.(H2O) both C=O and O-H groups make the 12-

membered ring and OTf remain outside of this ring (Figure 20, Scheme 14) whereas in the 

case of [Pd(SC6H4COOH-3)(dppe)]2(OTf)2·2(H2O) one of the O atom of triflate anion 

participates in hydrogen bonding with water to give ��
�(8). The oxygen atoms of the water 

molecules of this ring make contact with carboxylic groups leading to the formation of 

infinite one-dimensional chain. One of the H-bonding interactions O7-H7A···O5 in 

[Pd(SC6H4COOH-3)(dppe)]2(OTf)2·2(H2O) is bent (125°) and longer one (H7A·· ·O5: 2.239 

Å) falls in the category of weak hydrogen bond [215].       
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Table 29. Intermolecular Hydrogen bonding interactions and associated distances (distances in Å, angles in deg) in crystalline complexes. 

Crystal D-H·· ·A D-H H···A D···A D-H·· ·A CF3SO3 anion 

[Pt(SC6H4COOH-4)2(PEt3)2]·H2O O1-H1·· ·O2 1.3(2) 1.294 2.602 178.39     

[Pt(SC6H4COOH-4)2(PEt3)2]·(MeOH)2 O1-H1·· ·O1S 

O1S-H1S···O2 

0.8200 

0.8200 

1.796 

1.872 

2.612 

2.670 

173.12 

163.75 

    

[Pt(SC6H4COOH-3)(PEt3)2]2(OTf)2 O1-H1·· ·O52 0.84 1.8 2.636 174.27 S50-O51 

S50-O52 

S50-O53 

O53···O53 

1.380(9) 

1.446(7) 

1.597(10) 

2.832 

[Pt(SC6H4COOH-

4)(PEt3)2]2·(OTf)2·(H2O)2  

O1-H1·· ·O55 

O55-H55A···O2 

O55-H55B···O71 

0.8399 

0.8501 

0.85 

1.712 

1.909 

2.155 

2.55 

2.759 

3.005 

175.72 

179.71 

179.25 

S70-O71 

S70-O73 

S70-O72 

1.451(4) 

1.426(3) 

1.420(4) 

[Pd(SC6H4COOH-

3)(dppe)]2(OTf)2·(H2O)2  

 

 

[Pt(SC6H4COOH-4)2(PPh3)2] 

O1-H1·· ·O7 

O7-H7A···O5 

O7-H7B···O5 

O2-H2·· ·O3                                        

O4-H4·· ·O1 

0.8200 

0.8500 

0.8501 

0.8400 

0.8400 

1.845 

2.239 

2.103 

1.830 

1.773 

2.638 

2.813 

2.832 

2.665 

2.578 

162.13 

124.84 

143.62 

171.30 

159.67 

S2-O4 

S2-O5 

S2-O6                                           

 

 

1.381(11) 

1.378(11) 

1.458(14) 
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 A comparison of all hydrogen bonds (Table 29) shows that the donor-acceptor 

distances are comparatively shortened in structures, [Pt(SC6H4COOH-4)2(PEt3)2] ·H2O 

(2.602 Å), [Pt(SC6H4COOH-4)(PEt3)2]2·(OTf)2 ·(H2O)2 (2.550 Å) and [Pt(SC6H4COOH-

4)2(PPh3)2]  (2.578 Å) than those found in other structures, possibly due to stronger H-bond 

interactions. In the case of Fe(II) and Co(III) complexes containing ligands with free COOH 

groups it has been observed that the O···O i.e., donor-acceptor separations, does not depend 

on the neutral or ionic nature of the complexes [184]. Among the five structures having H-

bonded rings, the nearly equal C=O distances (1.25(2), 1.27(2) Å) which are intermediate 

between single and double bond distances of C=O bond in –COOH group indicates the equal 

sharing of H atom between the two oxygen atoms of carboxylic acid [191]. Nearly equal CO 

distances reported in [PdCl2(NC5H4COOH-3)2] has been attributed to crystallographic 

disorder arising from strong H-bonding [214]. 
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3.3 Chemistry of aryldithiolate complexes of palladium and platinum  

Among the transition series, d
8
 metal ions such as Rh(I), Pd(II) and Pt(II), have been 

extensively used to construct the supra-molecular structures due to their well-defined square 

planar geometry. A library of closed and discrete two- (square, triangle, rectangle, etc.) and 

three-dimensional (tetrahedra, cubes, octahedra, pyramids, etc.) architectures have been 

constructed  by capping two cis-positions with phosphines/amines of the metal square plane, 

making use of several pyridyl based ligands [95, 215-219]. Thiolate ligands have hardly been 

employed to design supra-molecular coordination complexes (SCCs) due to their high 

propensity to act as a bridging ligand thus leading to oligomerization of resulting metal 

complexes which are either insoluble or sparingly soluble in organic solvents, limiting their 

utility as functional material.  

 Ligand structures are equally critical to determine the overall architecture besides 

metal ion stereochemistry. A bridging ligand capable to coordinate multiple metal ions 

together in a well-defined configuration must be conformationally rigid or at least restricted 

[220]. Accordingly, the S atom linked to the rigid aromatic back bone (e.g., phenyl, biphenyl) 

in combination with other donor atoms at para- or meta-position is a good choice in the 

formation of supra-molecular structures. The ligands containing two S donor atoms 

symmetrically separated by a rigid aromatic core have not been explored as building blocks 

to prepare functional SCCs of Pd and Pt, whereas the flexible and hemilabile hetero-ligands 

containing phosphine and chalcogen (S, Se) groups are used for the synthesis of palladium 

and platinum macrocyclic structures via weak-link approach [221]. These dithiolate ligands 

(IV – VI) are versatile to act in bridging mode as well as the same S donor atom can bridge 

two different metal centers. Thus aryl dithiolate ligands IV-VI were chosen to design 

palladium and platinum supra-molecular coordination complexes.  
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 Treatment of metal cis-triflate complexes ([Pd(dppe)(OTf)2] and [Pt(PEt3)2(OTf)2]) 

with aryldithiols in 2:1 stoichiometry at room temperature afforded corresponding palladium 

([Pd2(SC6H4S)(dppe)2]2(OTf)4, [Pd2(SC12H8S)(dppe)2]2(OTf)4, 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8) and platinum ([Pt2(SC6H4S)(PEt3)4]2(OTf)4, 

[Pt2(SC12H8S)(PEt3)4]2(OTf)4 , [Pt2(SCH2C6H4CH2S)(PEt3)4]4(OTf)8) complexes in nearly 

quantitative yields (Scheme 16). The resulting complexes were characterized by analytical 

and spectroscopic data and also by X-ray structural analyses. Although the complexes are of 

high molecular weights ([Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8: 5904 Da; [Pt2 

(SCH2C6H4CH2S)(PEt3)4]4(OTf)8: 5317 Da) and possesses 4 or 8 charges, they are highly 

soluble in acetone, methanol and dichloromethane. A sharp singlet in the 
31

P NMR spectra 

with associated Pt satellites in the case of the Pt complexes (Figure 22) is consistent with the 

highly symmetric macrocyclic structures [216, 222]. The singlet at about –78 ppm in 
19

F 

NMR spectra is indicative of triflate anion. The microanalysis and integration of the 
1
H NMR 

signals (Figure 23) suggest the metal to ligand ratio is 2:1 with the general formula 

[M2{SX(C6H4)nXS}]m(OTf)2m (m = 2 or 4) of the complexes. The chemical shift for the 

phenylene protons of the coordinated dithiolate ligands are shielded in the range from ∆δ = 

0.9–1.2 ppm for Pd complexes whereas it is deshielded upto ∆δ ~ 0.6 ppm for analogous Pt 

complexes.  

CH2SHHSH2CSHHSSHHS

IV V VI
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Scheme 16. Syntheses of palladium and platinum SCCs 

 

 The sharp singlet for benzylic and benzene ring protons of aryldithiolate ligand for 

[Pd2(SC6H4S)(dppe)2]2(OTf)4, [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8, 

[Pt2(SC6H4S)(PEt3)4]2(OTf)4 and [Pt2(SCH2C6H4CH2S)(PEt3)4]4(OTf)8 indicates that the 

rotation about the H2C–C (phenylene) bond is rapid on the NMR time scale at room 

temperature. In the case of [Pd2(SC12H8S)(dppe)2]2(OTf)4  and [Pt2(SC12H8S)(PEt3)4]2(OTf)4, 
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appearance of two doublets suggests that α and β biphenylene protons are equivalent and also 

the rotation of biphenylene rings is rapid. This rules out, the possibility of existence of inner 

and outer environment, unusually observed in other macrocyclic rigid structures [219, 223].  

 

 

Figure 22. 
31

P{
1
H} NMR spectrum of [Pt2(SC12H8S)(PEt3)4]2(OTf)4 in CD3OD 

 

 

 

Figure 23. 
1
H NMR spectrum of [Pt2(SC12H8S)(PEt3)4]2(OTf)4 in CD3OD 
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The 
1
J(Pt-P)) values of platinum complexes (2833-2912 Hz) (Table 30) are 

significantly reduced as compared to sub unit [Pt(PEt3)2(OTf)2] (~ 3704 Hz) due to two 

strong trans influencing thiolate groups. All the Pt nuclei are magnetically equivalent as a 

triplet in 
195

Pt NMR spectra for [Pt2(SC6H4S)(PEt3)4]2(OTf)4 and 

[Pt2(SC12H8S)(PEt3)4]2(OTf)4  (Figure 24)  is observed due to coupling with two equivalent 

31
P nuclei. The ESI-MS measurement gave convincing evidence for the formation of 

[Pt2(SC12H8S)(PEt3)4]2(OTf)4 (Figure 25) and [Pt2(SCH2C6H4CH2S)(PEt3)4]4(OTf)8. The 

prominent peaks were observed for [Pt2(SC12H8S)(PEt3)4]2(OTf)4  corresponding to the intact 

structure minus triflate anions at m/z: 1227 ([M-2OTf]
+
), 769 ([M-3OTf]

3+
) and 651 ([M-

OTf]
4+

) strongly supports the formation of proposed structure. In the case of 

[Pt2(SCH2C6H4CH2S)(PEt3)4]4(OTf)8, peaks at m/z: 1216 ([M-3OTf]
4+

), 1063 ([M]
5+

), 811 

([M-3OTf]
6+

), 687 ([M-8OTf]
6+

) and ([M-4OTf]
8+

) indicate the formation of octanuclear 

structure. 

 

  

 

Figure 24. 
195

Pt{
1
H} NMR spectrum of [Pt2(SC12H8S)(PEt3)4]2(OTf)4  in CD3OD 
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Figure 25. ESI-mass spectrum of [Pt2(SC12H8S)(PEt3)4]2(OTf)4. The prominent peaks 

derived from the parent complex are indicated. 

 

The above complexes were also crystallized out from the reactions of  1,4-

benezenedithiol, 4,4′-biphenyldithiol to M(OTf)2 and 1,4-benezenedimethanethiol  with 

[Pd(dppe)(OTf)2] and [Pt(PEt3)2(OTf)2]   when carried out in 1:1 ratio showing the formation 

of identical products. This is confirmed by the experiments involving stepwise addition of 

ligand to metal (Figure 26) and metal to ligand employing [Pd(dppe)(OTf)2] and 

HSCH2C6H4CH2SH. The formation of [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 was monitored 

by 
31

P NMR spectroscopy. The Figure 26 reveals the existence of at least two products or 

intermediates at δ 63.4 and 63.8 ppm along with the expected complex 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 at δ 62.9 when ligand concentration was less than 1 

equivalent. When it was above 1 equivalent the yield of 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 became quantitative (> 90%).  
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Figure 26. a)
 31

P{
1
H} NMR spectra (162 MHz, CD3OD) obtained from the mixture of 

[Pd(dppe)(OTf)2 upon stepwise addition of (HSCH2C6H4CH2SH) in an NMR tube (ligand 

variation) (A) [Pd(dppe)(OTf)2: (HSCH2C6H4CH2SH) = 2:0·25; (B) [Pd(dppe)(OTf)2: 

(HSCH2C6H4CH2SH) = 2:0·75; (C) [Pd(dppe)(OTf)2: (HSCH2C6H4CH2SH) = 2:1·25; b) 
31

P NMR 

spectra (162 MHz, CD3OD) obtained from the mixture of [Pd(dppe)(OTf)2 and 

(HSCH2C6H4CH2SH)  in 2:1 ratio in NMR tube. (A) no addition of (HSCH2C6H4CH2SH); (B) 

immediately after addition; (C) after 3 hrs; (D) after 25 hrs; (E) after 3 days. 
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Similar experiments keeping fixed ratio of metal ([Pd(dppe)(OTf)2]) to ligand 

(HSCH2C6H4CH2SH), 
31

P NMR spectra were monitored versus time. In case of low ratio 

2:0·5, an equilibrium existed between [Pd(dppe)(OTf)2] and 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 with the intermediates whereas the higher ratios 2:1 

and 2:1.5 yielded [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 as major product with the same 

spectral features as observed in the case of metal to ligand variation experiments.  These 

studies support the formation of thermodynamically favored rigid and cyclic products which 

are sufficiently stable in solid as well as in solution for several months without any 

dissociation as observed by NMR spectra in methanol and acetone. Surprisingly the complex 

trans-Pd(PEt3)2(OTf)2 upon reaction with 1,4-benezenedithiol  and HSCH2C6H4CH2SH 

resulted only insoluble oligomeric products of the general formula 

[Pd2(SXC6H4XS)(PEt3)4]m(OTf)2m as indicated by microanalysis. 

The absorption spectra of the complexes, orange [Pd2(SC6H4S)(dppe)2]2(OTf)4  and 

[Pd2(SC12H8S)(dppe)2]2(OTf)4 , yellow [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 and pale 

yellow [Pt2(SC6H4S)(PEt3)4]2(OTf)4 and [Pt2(SC12H8S)(PEt3)4]2(OTf)4  were recorded in 

acetone (Table 31). The UV/vis spectra of [Pd2(SC6H4S)(dppe)2]2(OTf)4  and 

[Pd2(SC12H8S)(dppe)2]2(OTf)4  were characterized by a long wavelength, strong and 

relatively broad band at about 449 nm (2.76 ev) in the visible region responsible for the 

distinct orange colour of the complexes (Figure 27). While the absorption of the 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 and platinum complexes are blue shifted in the near 

UV region. Such long wavelength absorption were confirmed as transitions from the E orbital 

to the mixed orbital contributed from phosphine and metal
 
in our mixed ligand complexes 

[MCl(ECH2CH2NMe2)(PR3)] (E = S, Se, Te) [54, 55]. The hypsochromic shift of the 

absorption band on replacement of Pd by Pt keeping common combination of donor atoms of  
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Table 30. NMR spectroscopic data of aryldithiolate complexes of palladium and platinum 

Complex 1H NMR data in (δ ppm) 
31P{1H} 

NMR data in 

(δ ppm) 

195Pt {1H} 

NMR data in 

(δ ppm) 

19F{1H} 

NMR data 

in (δ ppm) 

[Pd2(S(C6H4)S)(dppe)2]2(OTf)4 

 

2.60–2.85 (m, 8H, PCH2), 3.25–3.45 (m, 8H, PCH2), 5.98 (s, 

8H, C6H4), 7.26–7.33 (m, 8H, p-H, C6H5), 7.45–7.69 (m, 32H, 

o/m-H, C6H5) 

60.9 (s) – –77.9 (s) 

[Pd2(S(C12H8)S)(dppe)2]2(OTf)4
a 2.58–3.15 (m, 8H, PCH2) (another multiplet for PCH2 merged 

with the base of the peak for H2O present in the solvent), 6.45 

(d, 3JHH = 8.4 Hz, 8H, o-H, C12H8), 6.56 (d, 3JHH = 8.4 Hz, 8H, 

m-H, C12H8), 7.53 (t, 3JHH = 7.2 Hz, 16H, m-H, Ph), 7.65 (br s, 

24H, m/p-H, Ph), 7.71 (t, 3JHH = 7.6 Hz, 8H, p-H, Ph), 7.75–

7.85 (m, 16H, o-H, Ph), 7.85–7.96 (m, 16H, o-H, Ph) 

62.7 (s) – –78.7 (s) 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8
a 2.65–3.10 (m, 32H, PCH2), 3.28 (s, 16H, SCH2), 6.33 (s, 16H, 

C6H4), 7.30–7.90 (m, 160H, PPh) 

63.5 (s) – –77.1 (s) 

[Pt2(SC6H4S)(PEt3)4]2(OTf)4
b 1.30 (dt, 3JP,H (d) = 17.2 Hz, 3JH,H (t) = 7.6 Hz, 72 H, 

PCH2CH3), 2.29 (m, 48H, PCH2), 7.49 (s, 8H, C6H4) 

13.3 (s, 1JPt-P 

= 2911 Hz ) 

–4359 (t,1JPt-

P = 2951 Hz) 

–80.0 (s) 
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[Pt2(SC12H8S)(PEt3)4]2(OTf)4
c 1.35 (dt, 3JP,H (d) = 17.2 Hz, 3JH,H (t) = 7.6 Hz, 72H, PCH2CH3), 

2.32 (m, 48H, PCH2), 7.20 (d, 3JHH = 8.4 Hz, 8H, m-H, C12H8), 

7.49 (d, 3JHH = 8.4 Hz, 8H, o-H, C12H8) 

11.9 (s, 1JPt-P 

= 2907 Hz ) 

–4369 (t, 

1JPt-P = 2917 

Hz) 

–79.9 (s) 

[Pt2(SCH2C6H4CH2S)(PEt3)4]4(OTf)8
d 0.90–1.40 (m, 144 H, PCH2CH3, peak for PCH2 group merged 

with the solvent peak at δ 2.05), 4.97 (s, 16 H, SCH2), 7.90 (s, 

16 H, C6H4) 

12.9 (s, 1JPt-P 

= 2833 Hz) 

– – 

a
 Recorded in acetone-d6. 

b
 Recorded in methanol-d4. 

c
 Mass in m/z : 1638 ([M – (Pt(PEt3)2 + 2PEt3 + 3OTf)]

+1
, 11%), 1227 ([M – 2OTf]

2+
, 100%), 1109 ([M – (2OTf + 2PEt3)]

2+
, 23%), 769 ([M – 

3OTf]
3+

, 60%), 651 ([M – OTf]
4+

, 29%), 539 ([M – 4OTf]
4+

, 16%), 430 ([M – (4OTf + 4C6H5S)]
4+

, 16%) 

d
 Mass in m/z : 1216 ([M – 3OTf]

4+
, 17%), 1062 ([M]

5+
, 69%), 1047 ([M – (OTf + 8SCH2C6H4)]

4+
, 100%), 927 ([M – (3OTf + 5CH2S)]

5+
, 28%), 

811 ([M – 3OTf ]
6+

, 27%), 778 ([M – (8OTf + 5CH2S)]
5+

, 29%), 746 ([M – (5OTf + 2CH2S)]
6+

, 17%), 687 ([M – 8OTf ]
6+

, 59%), 463 ([M – 

(2OTf + 8PEt3 + 8CH2S)]
8+

, 20%) 
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the ligands also supports the above assignment. The high molar extinction coefficient of 

about 31800 M
-1

 cm
-1

 indicates symmetry allowed transition with a good orbital overlap. 
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Figure 27.  UV/vis spectrum of [Pd2(S(C6H4)S)(dppe)2]2(OTf)4 in acetone solution. 

Table 31: UV-vis absorptiona and electrochemical datab,c of complexes  

Complex λmax (ε) Ox Red 1 Red 2 Red 3 

[Pd2(SC6H4S)(dppe)2]2(OTf)4 327 (48800), 369 (sh, 

18400), 447 (27500) 

d –1.07 –1.68 –1.95 

[Pd2(SC12H8S)(dppe)2]2(OTf)4 327 (60400), 388 

(28000), 449 (31800) 

0.98 –1.18 –1.59 –1.93 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 327 (110500), 346 (sh, 

78100) 

d –1.25 –2.15 –2.42 

[Pt2(SC6H4S)(PEt3)4]2(OTf)4 328 (19600), 364 

(18700) 

d –1.45 –1.69 –2.19 

[Pt2(SC12H8S)( PEt3)4]2(OTf)4 339 (44500), 382 (sh, 

20400) 

d –1.29 –1.59 –2.26 

a
 Wavelengths λmax at the absorption maxima in nm in acetone, molar extinction coefficients in   M

–

1cm–1. 

b 
From cyclic voltammetry at 50 mV s

-1 
scan rate, peak potentials in V vs. FeCp2/FeCp2

+
. 

c Measurement in CH3CN/ Me4NPF6. 

d 
Not observed. 
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Electrochemistry 

 Cyclic voltammetry of the complexes were measured by using three electrode cell in 

CH3CN/0.05 M Me4NPF6, cycling between –2.5 and 1.5 V (Table 31). The CV 

measurements on one representative Pd and Pt complexes in acetone and dichloromethane 

did not show detectable peaks. The electrochemical peak potentials of all the palladium 

complexes in general exhibited three irreversible reduction steps while complex 

[Pd2(SC6H4S)(dppe)2]2(OTf)4 showed one irreversible oxidation step. As the overall charge of 

the complexes i.e., +4 for tetranuclear and +8 for octanuclear  is considered to be spread over 

the whole molecules as a result the localized charge on all the metal centers should be similar 

in all the complexes. So the oxidation at M(II) centers or the reduction at S center which is in 

its most reduced form, are chemically less acceptable. It is assigned that the peak potential at 

0.98 V is due to the oxidation taking place primarily at the thiolate site whereas the most 

negative peak potential at –1.93 V is due to the irreversible reduction at the phosphine ligand 

in [Pd2(SC12H8S)(dppe)2]2(OTf)4 (Figure 28) [54, 55].
 

Although the processes involved 

corresponding to the other two negative peak potentials (–1.18 and –1.59 V), are not clearly 

understood, they could possibly be originating from two reduction processes involving metal 

centers where Pd(II) is reduced to Pd(0), as one of the peak potentials is quasi-reversible in 

nature. It is reported that the dithiolate complexes [M(Ph2C2S2)2] (M = Ni, Pd, Pt) exhibited 

two quasi-reversible reduction processes at the metal center and one oxidation at the thiolate 

center whereas the selenide clusters [Pd5(µ3–Se)4(dppe)4]
+2

 showed three reduction steps 

[224].
 
Although the oxidation peak potential was not observed in [Pd2(SC6H4S)(dppe)2]2(OTf)4, 

the little variation in three negative peak potentials indicate similar positioning of the frontier 

orbitals involved both in [Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4, as 

observed in absorption spectra. However by changing the ligand backbone from “phenylene” 

to “benzenedimethylene” moiety in , [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 a significant negative 
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shift of the peak potentials particularly of the most negative peak potential (~ 0.49 V) was 

observed. This result supports the observed blue shift of the long wavelength band in 

absorption spectra while comparing [Pd2(SC6H4S)(dppe)2]2(OTf)4 / [Pd2(SC12H8S)(dppe)2]2(OTf)4 

vs [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8. The platinum complexes [Pt2(SC6H4S)(PEt3)4]2(OTf)4 and 

[Pt2(SC12H8S)(PEt3)4]2(OTf)4 also showed three irreversible reduction steps at the more negative 

side in comparison to Pd analogues and no oxidation step was observed. The most negative 

potential shift of about 0.24 V in platinum complex [Pt2(SC6H4S)(PEt3)4]2(OTf)4 was observed 

relative to the Pd analogue [Pd2(SC6H4S)(dppe)2]2(OTf)4. The other two negative potentials (–

1.45, 1.69 V) in [Pt2(SC6H4S)(PEt3)4]2(OTf)4 may be attributed to the reduction at Pt
II
 center as 

above. 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

E [V]  

Figure 28. Cyclic voltammogram of [Pd2(S(C12H8)S)(dppe)2]2(OTf)4  in 0.05 M 

CH3CN/TMAF solution. 

 

Crystal Structures 

 The structures of macrocycles [Pd2(SC6H4S)(dppe)2]2(OTf)4, 

[Pd2(SC12H8S)(dppe)2]2(OTf)4, [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 and 

[Pt2(SC6H4S)(PEt3)4]2(OTf)4 were unambiguously determined by X-ray crystallography. The 



 

113 

 

ORTEP drawings with crystallographic numbering schemes are shown in Figures 29-32 

while selected interatomic parameters are given in Tables 32-34. 

 The crystal lattices of [Pd2(SC6H4S)(dppe)2]2(OTf)4, [Pd2(SC12H8S)(dppe)2]2(OTf)4, 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 consist of rectangular or square cations with well-

separated, but electro-statically interacting anions. The asymmetric unit cell of 

[Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4 comprise of half rectangle 

and two triflate anions, in the case of [Pd2(SC6H4S)(dppe)2]2(OTf)4 partially occupied 

dichloromethane ([Pd2(SC6H4S)(dppe)2]2(OTf)4·0·36CH2Cl2) is also associated with the 

crystal lattice. Similarly the asymmetric unit cell of [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 

contains only a half square, two triflate anions and one acetone molecule as solvent. In case 

of [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8, the Z is 1 for the unit cell and Z' is 0.5, as the 

asymmetric unit doubles there will be 8 triflate and 2 acetone in the unit cell. Some of the 

solvent was also squeezed out. The entire rectangle or square is generated via an inversion 

center that is located at the mid-point between the two diagonal S atoms.  

The molecules [Pd2(SC6H4S)(dppe)2]2(OTf)4, [Pd2(SC12H8S)(dppe)2]2(OTf)4,  consist 

of two dithiolate ligands and four Pd atoms (m = 2) forming a rectangular shaped 

macrocycles, the four dppe chelating ligands attached to four Pd atoms form two boats of 

“Pd2(dppe)2S2” unit at head and tail position. Interestingly the molecule 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 is a square shaped octanuclear (m = 4) and comprises 

of four similar boats at four corners. All the three structures [Pd2(SC6H4S)(dppe)2]2(OTf)4, 

[Pd2(SC12H8S)(dppe)2]2(OTf)4  and [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 have common 

feature i.e., hinged four-membered “Pd2S2”ring, capped with dppe ligand which are bridged 

via phenylene, biphenylene and benzenedimethylene groups, respectively. Although half of 

the phenyl groups of the dppe ligand lie inside the macrocycle and close to the phenylene 

rings, the metal–S–C angle and S–C bond help in bending and lengthening of the bridge, thus 
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successfully self-assemble into macrocycles. It may be noted that the self-assembly of 

Pd(dppp)(OTf)2 and pyrazine is prevented due to the steric crowding of phenyl groups of the 

phosphine ligand, whereas molecular squares are formed with 1,4-dicyanobenzene [222]. The 

hinging of Pd2S2 rings is reflected in the dihedral angles (~ 127 - 144°) deviated from the flat 

conformation (θ = 180°), which has been established due to the attractive donor-acceptor 

interactions between the dz
2
 and pz orbitals of the metal atoms [225, 226]. The Pd···Pd 

distances in [Pd2(SC6H4S)(dppe)2]2(OTf)4  (3.190 Å), [Pd2(SC12H8S)(dppe)2]2(OTf)4 (3.254 

Å) and [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 (3.258, 3.306 Å) within the same “Pd2S2” core 

falls in the expected range of binuclear thiolato bridged palladium complexes [52, 227, 228]. 

Although numerous sulfido and thiolato-bridged palladium and platinum complexes of 

diverse nuclearity are reported [52, 227, 228], the present macrocyclic structures are the first 

examples of supra-molecular coordination complexes with thiolate ligands.   

\  

Figure 29. Molecular structure of [Pd2(SC6H4S)(dppe)2]2(OTf)4; ellipsoids drawn at 50% 

probability. The dppe phenyl groups, hydrogen atoms and triflate ions are omitted for clarity.  
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Figure 30. Molecular structure of [Pd2(SC12H8S)(dppe)2]2(OTf)4 ellipsoids drawn at 50% 

probability. The dppe phenyl groups, hydrogen atoms and triflate ions are omitted for clarity. 

 

 

Figure 31. Molecular structure of [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 ellipsoids drawn at 

50% probability. The dppe phenyl groups, hydrogen atoms and triflate ions are omitted for 

clarity. 
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 The rectangular shape of [Pd2(SC6H4S)(dppe)2]2(OTf)4 and 

[Pd2(SC12H8S)(dppe)2]2(OTf)4  is given by four sulfur atoms of the bridging ligands at the 

four corners. The length of the smaller rectangle [Pd2(SC6H4S)(dppe)2]2(OTf)4   as defined by 

edge-to-edge S···S distance is 6.3 Å and the height as defined by S1···S2 distance in a same 

Pd2S2 unit is 3.3 Å, while the distance between the two centroids of benzene rings of 

dithiolate ligand i.e., π···π stacking is 3.4 Å (Figure 29). Similar way the length and height of 

the larger rectangle, [Pd2(SC12H8S)(dppe)2]2(OTf)4 is 10.7 and 3.3 Å, respectively and the 

π···π stacking is 3.8 Å. The comparison between the two rectangular shaped rigid structures 

of [Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4 reflects the increased π-π 

stacking of the phenyl group of the thiolate ligand and metal…metal interaction in 

[Pd2(SC6H4S)(dppe)2]2(OTf)4. The two phenyl groups in [Pd2(SC6H4S)(dppe)2]2(OTf)4 are 

tightly packed and aligned parallel to each other within the cavity. Whereas in 

[Pd2(SC12H8S)(dppe)2]2(OTf)4, the C–C single bond between two phenyl groups helps in 

bending of the biphenyl group thus creating slight space to allow the twisting of the adjacent 

phenyl rings by 26.47°. 

 The square shaped highly symmetric structure of octanuclear complex 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8  is different from that of rectangular shaped 

tetranuclear complexes [Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4. The 

structure of [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8  consists of four “Pd2S2” units capped by 

dppe ligands, which occupy the corners of a square, held together by bridging dimethylene 

phenyl dithiolate groups. Since both the Pd atoms of the “Pd2S2” unit lie outside the 

macrocycle, two S2 and two S4 sulfur atoms residing inside define the corners of a square. 

Though the molecular shape looks like square, its lengths are not perfectly equal possibly due 

to two linkers, benzylic C atom and S atom of tetrahedral geometry. The dimensions of the 

cavity as defined by the edge-to-edge S···S distances are 8.8 and 9.0 Å, whereas the diagonal 
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S···S distance is 13.7 Å. Macrocyclic structure of analogous platinum complexes may show 

interesting features. Thus attempts have been made to elucidate structures of such complexes, 

after several attempts crystals of [Pt2(SC6H4S)(PEt3)4]2(OTf)4 (Figure 32) could be obtained. 

Partial data collection (~ 40%) on a crystal sealed in a capillary with mother liquor at room 

temperature showed approximate structure similar to its palladium analogue 

[Pd2(SC6H4S)(dppe)2]2(OTf)4  and the structural features are undeniable. Thus by introducing 

one flexible methylene group in the ligand backbone, the same reaction condition easily yield 

lower-order (m = 2) tetranuclear to higher order (m = 4) octanuclear supra-molecular 

coordination complexes. The effect of ligand rigidity on structural changes has been observed 

in the case of catecholamide forming supra-molecular structures of Fe(III) and Ga(III) by 

addition of methylene group in the ligand [229]. 

  

 

Figure 32. Molecular structure of [Pt2(SC6H4S)(PEt3)4]2(OTf)4.2CH2Cl2. The hydrogen 

atoms in benzene ring, solvent molecules and triflate ions have been omitted for 

clarity. 
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Table 32. Selected interatomic distances [Å] and angles [°] of complexes    

  [Pd2(SC6H4S)(dppe)2]2(OTf)4.0.36CH2Cl2 and [Pd2(SC12H8S)(dppe)2]2(OTf)4  

 [Pd2(SC6H4S)(dppe)2]2(OTf)4. 

0.36CH2Cl2 

Pd2(SC12H8S)(dppe)2]2(OTf)4 

Pd1–S1 2.3691(6) 2.4020(9) 

Pd1–S21 2.4209(6) 2.3992(9) 

Pd2–S21 2.4049(6) 2.3761(9) 

Pd2–S1 2.3723(6) 2.4239(9) 

Pd1–P1 2.2796(6) 2.2907(9) 

Pd1–P2 2.2737(6) 2.2641(10) 

Pd2–P3 2.2881(6) 2.2616(9) 

Pd2–P4 2.2675(6) 2.2840(10) 

Pd1·· ·Pd2
a
 3.190 3.254 

Pd1·· ·Pd2
b
 7.647 11.717 

S1·· ·S2
c
 3.311 3.369 

π· · ·π stacking 3.386 3.830 

θ
d
 135.1 144.1 

S1–C53/C27 1.783(2) 1.793(3) 

S2–C56/C36 1.783(2) 1.783(3) 

S1–Pd1–S21 87.454(18) 89.12(3) 

P1–Pd1–P2 83.62(2) 83.98(3) 

P1–Pd1–S1 90.522(19) 94.34(3) 

P2–Pd1–S21 98.39(2) 92.54(3) 

S1–Pd2–S21 87.75(2) 89.12(3) 

P4–Pd2–S21 91.26(2) 95.82(3) 

S2–Pd2–P4 172.89(2) 172.85(3) 

P3–Pd2–P4 83.27(2) 84.67(4) 

[a] distance between Pd1 and Pd2 atoms within the same “Pd2S2” core. 

[b] distance between Pd1 and Pd2 atoms separated by dithiolate ligand. 

[c] distance between S1 and S2 atoms within the same “Pd2S2” core. 

[d] dihedral angle between S1-Pd1-S2 and S1-Pd2-S2 planes. 
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Table 33.  Selected interatomic distances [Å] and angles [°] of complex   

  [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8·(CH3COCH3)2 

Pd1–S1 2.3584(10) Pd3–S3 2.3541(11) 

Pd1–S2 2.3890(11) Pd3–S4 2.3493(11) 

Pd2–S1 2.3679(10) Pd4–S3 2.3545(12) 

Pd2–S2 2.3458(11) Pd4–S4 2.3642(10) 

Pd1–P1 2.2603(12) Pd4–P7 2.2605(12) 

Pd1–P2 2.2855(11) Pd4–P8 2.3048(13) 

S1–C27 1.847(4) 

 

  

Pd1…Pd2
a
 

S1…S2 

θ
b
 

θ
c
 

 

S1–Pd1–S2 

P1–Pd1–P2 

3.258 

3.024 

127.12 

132.94 

 

79.11(4) 

84.40(4) 

Pd3…Pd4
a
 

S3…S4 

 

 

 

S1–C27–C28 

S4–C34–C31 

3.306 

3.032 

 

 

 

110.1(3) 

110.1(3) 

Pd1–S1–Pd2 87.15(3) S2–C94–C91 109.3(3) 

Pd1–S1–C27 99.78(13)   

 

[a] distance between two Pd atoms within the same “Pd2S2” core. 

[b] dihedral angle between S1-Pd1-S2 and S1-Pd2-S2 planes. 

[c]dihedral angle between S3-Pd3-S4 and S3-Pd4-S4 planes. 
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Table 34.  Selected interatomic parameters (Å/°) of  Pt2(SC6H4S)(PEt3)4]2(OTf)4.2CH2Cl2 

 

Pt1–S1 2.396(7) Pt2–S1 2.392(7) 

Pt1–S2 2.399(8) Pt2–S2 2.390(8) 

Pt1–P1 2.296(9) Pt2–P3 2.306 (9) 

Pt1–P2 2.271(10) Pt2–P4 2.297(9) 

    

S1-Pt1-S2 82.0(3) S1-Pt2-S2 82.3(3) 

P1-Pt1-S1 173.3(3) P3-Pt2-S1 165.4(3) 

P1-Pt1-S2 92.1(3) P3-Pt2-S2 85.2(3) 

P2-Pt1-S1 87.5(3) P4-Pt2-S1 93.2(3) 

P2-Pt1-S2 168.8(3) P4-Pt2-S2 175.2(3) 

P1-Pt1-P2 98.2(3) P3-Pt2-P4 99.1(3) 

 

 

Catalysis 

 The potential of sulfur based metal complexes as homogenous catalysts has been 

neglected for the long time due to the belief that sulfur acts as catalyst poison [230]. Recently 

Vanjari et.al. have demonstrated the role of sulfur as a promoter rather than catalyst poison in 

C–C bond formation reactions [231]. Ananikov et. al. have employed 1-dimensional 

nanoparticles of in-situ prepared [Pd(SCy)2]n as catalyst for the addition of cyclohexanethiol 

to alkynes leading to the formation of Markovnikov–type product [232]. Although supra-

molecular dendritic palladium complexes [232, 234] and self-assembled palladium 

complexes with amphiphilic phosphine ligands [235]
 
have been used as catalysts in Suzuki 

and Heck reactions, the catalytic activity of multinuclear chalcogenolate complexes is hardly 

explored.  Catalytic activity of mono- and bi-nuclear palladium chalcogenolate complexes in 

C–C bond formation has been reported recently [155, 236, 237]. 
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To assess the suitability of macrocyclic palladium complexes as homogenous catalyst 

in C–C coupling reaction, the activity of these complexes is examined in Suzuki coupling 

reactions. Based on our recent experiments on optimization study of reaction conditions in 

Suzuki coupling reactions using palladium chalcogenolate/chalcogeno ether complex as 

catalysts, the solvent dioxane, base K2CO3 and temperature 100 °C were used as reaction 

conditions [237, 238]. It is evident from Table 35 that the complexes 

[Pd2(SC6H4S)(dppe)2]2(OTf)4, [Pd2(SC12H8S)(dppe)2]2(OTf)4  and 

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8  efficiently catalyzed the coupling reaction of both 

electron-rich and -poor aryl bromides with phenylboronic acids more than 90% isolated yield. 

To start the investigation the deactivated 4-bromotoluene was used as a substrate, since its 

coupling reaction can be conveniently monitored. The reactions proceeded smoothly with 

0.04 mol% of “Pd” (entries 1, 3). The palladium complexes were active at loading as low as 

10
–4

 mol% leading to slightly lower yield but higher TON upto 97500 (entries 4, 5, 8) under 

the same reaction condition and time.  

 

The palladium supra-molecular complexes also promote the coupling of bulky or 

sterically demanding substrates. The reaction of 2,6-dimethylbromobenzene and 2-

bromomesitylene with phenylboronic acid gave moderate to good yields of biaryls (entries 9-

13). Under the same conditions cross-coupling of electron-poor aryl bromides gave 

quantitative yields of the corresponding biaryls (entries 14-16). After lowering the catalyst 

concentration gradually to 10
–6

 mol% of Pd, the complex was highly active to yield 85% 

product with a very high TON of twenty million in case of bromoacetophenone as substrate 

(entries 17-19). 
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Table 35. Suzuki-Miyaura cross-coupling of aryl halide with phenylboronic acida 

Entry R X Complex mol% of ‘Pd’ Time (hrs) Yield (%)
b
 TON 

1. 4–CH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.04 10 90 2250 

2. 4–CH3 Br [Pd2(SC12H8S)(dppe)2]2(OTf)4 0.4 10 96 240 

3. 4–CH3 Br [Pd2(SC12H8S)(dppe)2]2(OTf)4 0.04 10 90 2250 

4. 4–CH3 Br [Pd2(SC12H8S)(dppe)2]2(OTf)4 0.004 10 67 16750 

5. 4–CH3 Br [Pd2(SC12H8S)(dppe)2]2(OTf)4 0.0004 10 39 97500 

6. 4–CH3 Br [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 0.8 10 97 121 

7. 4–CH3 Br [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 0.08 10 82 1025 

8. 4–CH3 Br [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 0.008 10 62 7750 

9. 2,6–CH3 Br [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 0.8 10 58 73 

10. 2,6–CH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.8 10 70 88 

11. 2,4,6–CH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.4 10 48 120 

12. 2,4,6–CH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.8 10 82 103 

13. 2,4,6–CH3 Br [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 0.8 10 83 104 

14. 2–CHO Br [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 0.08 10 95 1188 

15. 4–CHO Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.04 10 94 2350 

16. 4–COCH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.04 10 99 2475 

17. 4–COCH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.0004 10 95 237500 

18. 4–COCH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.00004 10 93 2325000 

19. 4–COCH3 Br [Pd2(SC6H4S)(dppe)2]2(OTf)4 0.000004 8 85 21250000 

20. 3–COCH3 Cl [Pd2(SC6H4S)(dppe)2]2(OTf)4
c
 4 16 43 11 

21. 4–CHO Cl [Pd2(SC6H4S)(dppe)2]2(OTf)4
c
 2 16 57 29 

aReaction conditions: Aryl halide (1.0 mmol), aryl boronic acid (1.3 mmol), K2CO3 as base (2 mmol), dioxane (2 mL), H2O (1 mL). bIsolated yield, cTBAB (5 

mmol) used. 
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These results are better than the carbene-thiolato Pd(II) complexes [155] but 

comparable with respect to the catalytic activity of phosphino-thiolato Pd(II) complexes 

[236]. The present Pd complexes are superior precatalysts than the supra-molecular cationic 

Pd complexes with flexible coordination cage [239]. Encouraged by these results, the more 

challenging coupling reactions of aryl chloride were attempted. The coupling of less reactive 

chlorobenzene exhibited very low yield. Nevertheless moderate yields were achieved for the 

electron-deficient aryl chloride in the presence of TBAB as a promoter (entries 20-21). 

A general comparative study on the relative activities of the three macrocyclic 

complexes showed the comparable results (entries 1vs 3; 12 vs 13; 14 vs 15) under the same 

reaction conditions. However the critical comparison revealed that the activities of 

[Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4, are slightly higher than  

[Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 (entries 9 vs 10). The similar trend was observed after 

careful consideration of the amount of catalyst used, e.g., 0.04 mol% of Pd of 

[Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4 resulted 90% yield (entries 1,3) 

whereas twice the concentration i.e., 0.08 mol% of Pd of [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8 

reached a corresponding yield of 82% (entry 7), this is reflected in the difference of their 

TONs. These results indicate that the complexes [Pd2(SC6H4S)(dppe)2]2(OTf)4 and 

[Pd2(SC12H8S)(dppe)2]2(OTf)4 produce more catalytically active species after relieving the strain 

associated with the rigid macrocyclic structures in comparison to the more flexible and easily 

accessible larger macrocyclic complex [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8. The tetranuclear 

complexes [Pd2(SC6H4S)(dppe)2]2(OTf)4 and [Pd2(SC12H8S)(dppe)2]2(OTf)4 are less stable relative 

to the octanuclear complex [Pd2(SCH2C6H4CH2S)(dppe)2]4(OTf)8. Although the actual nature of 

the active species is not clearly known, the high activity upon lowering of Pd loading [180, 

240] could possibly be due to the formation of Pd-nanoparticles (PdNPs). The excellent 

activity of the previously reported palladacycles in Suzuki and Heck C–C coupling reaction is 
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now attributed to the formation of PdNPs [241-243]. In the present case the thiolate ligands 

may stabilize the PdNPs which can act as catalysts or precatalyst.  
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Chemistry of palladium and platinum complexes of hybrid nitrogen and 

organoselenium/tellurium donor ligands 

Metal directed self-assemblies possessing cavities that can accommodate various 

guest molecules has received considerable attention. Self-assembly of large discrete supra-

molecules from simple precursors has been extensively studied [244, 245] particularly 

derived from pyridyl based ligands.  4,4′-Dithiodipyridine has been successfully employed as 

nucleophilic tecton in self-assembly reactions with metal centres of varying lability [165]. 

Thus it was considered worthwhile to explore heavier congeners as ligands for constructing 

large self assemblies. First example of conformationally defined palladium and platinum 

molecular rhombhoids making use of 4,4′-dipyridyldichalcogenide as ligand via self-

assembly is described.  

The reaction of inert electrophilic bis(triflate) complex [Pt(PEt3)2(OTf)2] with an 

equimolecular 4,4'-py2E2 (E = Se, Te) at room temperature resulted in the formation of 

[Pt(py2E2)(PEt3)2]2(OTf)2 (E = Se, Te) in high yield. A similar reaction with more reactive 

[Pd(dppe)(OTf)2] with 4,4'-py2Se2 also gave an analogous product [Pd(py2Se2)(dppe)]2(OTf)2 

in nearly quantitative yield (Scheme 17). All the complexes are highly soluble in methanol 

and acetone, moderately soluble in dichloromethane and acetonitrile, sparingly soluble in 

chloroform and insoluble in hexane, diethylether and toluene. 

The 
1
H NMR chemical shift of pyridyl protons of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 and 

[Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 are significantly deshielded with respect to the free ligand, 

whereas there is hardly any change in the case of [Pd(4,4'-py2Se2)(dppe)]2(OTf)4. In the latter 

the phenyl groups of the dppe ligand might have provided shielding over the pyridyl group 

[222]. The 
1
H NMR spectra exhibited two doublets due to each of α and β protons which 

may be due to slow rotation of the pyridyl group which experience two different environment 

inside and outside of the macrocycle of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 and [Pt(4,4'-
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py2Te2)(PEt3)2]2(OTf)4. However a broad singlet and doublet are observed due to the α and β 

protons in the case of [Pd(4,4'-py2Se2)(dppe)]2(OTf)4. A similar pattern has been reported in 

case of palladium and platinum macrocycles with phenanthroline [219] and dipyridyl 

bridging ligands [223].  The single peak at about −80 ppm in 
19

F{
1
H} NMR spectra is 

characteristic of triflate ions.  

 

Scheme 17 

The single sharp 
31

P{
1
H} NMR resonance (Figure 33) with platinum satellites for 

platinum complexes is the signature of the four equivalent phosphorus nuclei and symmetric 

macrocyclic structures of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4, [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 and 

[Pd(4,4'-py2Se2)(dppe)]2(OTf)4. The 
1
J(

195
Pt-

31
P) values of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 

and [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 (Table 36) are well in agreement with the 
1
J(

195
Pt-

31
P) 

values for other Pt-N bonded pyridyl complexes containing trans to Et3P group [222]. In 
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77
Se{

1
H} NMR spectra sharp peaks at δ 427 ppm and 421 ppm for [Pt(4,4'-

py2Se2)(PEt3)2]2(OTf)4  (Figure 34) and [Pd(4,4'-py2Se2)(dppe)]2(OTf)4, respectively with 

little shift from the free ligand (δ 409 ppm) is indicative of non-coordinating Se atom in the 

metal complex. The 
125

Te{
1
H} NMR spectrum of [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 displayed a 

peak at δ 428 ppm (Figure 35). In addition to these major peaks, other small resonances were 

observed in approximately 1.6:10 ratio at δ 445 and 435 ppm, for [Pt(4,4'-

py2Se2)(PEt3)2]2(OTf)4 and [Pd(4,4'-py2Se2)(dppe)]2(OTf)4, respectively in 
77

Se{
1
H} NMR 

spectra and at δ 478 ppm for [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 in 
125

Te{
1
H} NMR spectrum. 

The 
195

Pt{
1
H} NMR spectrum (Figure 36) of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 also displayed 

two close triplets at δ −4385 and −4395 ppm in 1.5:10 ratio with same 
1
J(

195
Pt-

31
P) coupling 

constant of 3102 Hz. The 
31

P{
1
H} NMR could be reproduced after measuring the other 

hetero-nuclear NMR experiments indicating retention of the same molecular species in 

solution even after prolonged acquisition time.  The appearance of the small peak in all the 

three macrocyclic complexes could be due to the existence of two isomeric species resulting 

from the orientation of the E-E linkage.           

The mass spectral data for [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 and [Pd(4,4'-

py2Se2)(dppe)]2(OTf)4  gave convincing evidence for the formation of the complex. The 

MALDI TOF-MS measurements showed the molecular ion peaks minus the counter ions. For 

[Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4, the peaks were observed at m/z (Figure 37): 1494 ([M − 

4OTf)]
+
), 1169 ([M − (3OTf + 3SeC5H4N)]

+
), 1020 ([M − (4OTf + 3SeC5H4N)]

+
), 668 ([M − 

(4OTf + SeC5H4N)]
2+

), 585 ([M − (3OTf + 3SeC5H4N)]
2+

) due to the formation of [Pt(4,4'-

py2Se2)(PEt3)2]2(OTf)4. In the case of [Pd(4,4'-py2Se2)(dppe)]2(OTf)4, the peaks at m/z: 1482 

([M − (4OTf + SeC5H4N)]
+
), 1409 ([M − (4OTf + 3C6H5)]

+
), 1011 ([M − (4OTf + dppe + 

3C6H5)]
+
) and 582 ([M − (4OTf + 2SeC5H4N + 2C5H4N)]

2+
) indicate the analogous structure 

of [Pd(4,4'-py2Se2)(dppe)]2(OTf)4. 
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Figure 33  
31

P{
1
H} NMR spectrum of [Pt(4,4'-py2Te2)(PEt3)2]2(OTf) in acetone-d6 

 

 

 

Figure 34. 
77

Se{
1
H} NMR spectrum of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 in acetone-d6 

 

 

 

Figure 35. 
125

Te{
1
H} NMR spectrum of [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 in acetone-d6 

-80-70-60-50-40-30-20-1080 70 60 50 40 30 20 10 0 ppm

150200250300350400450500550600650700 ppm



 

Figure 36. 
195

Pt{
1
H} NMR spectrum of [Pt(4,4'

Figure 37.   MALDI-TOF spectrum of [Pt(4,4'

The reaction of [Pd(dppe)(OTf)

Te)2(dppe)3)](OTf)2 in 84% yield

[Pd(py2Te2)(dppe)]2(OTf)4. The preliminary characterization by 

showed the absence of pyridyl group while elemental analysis was in conformity with a 

composition of [Pd3(µ-Te)2(dppe)

spectrum is shielded with respect to the resonance for the parent complex [Pd(dppe)(OTf)

(δ 75.7 ppm). The 
125

Te{
1
H} NMR resonance at 

shielded as compared to the free ligand (
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H} NMR spectrum of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 in acetone

 

 
 

TOF spectrum of [Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4 in DHB matrix

 

The reaction of [Pd(dppe)(OTf)2] with 4,4'-py2Te2 surprisingly affored 

in 84% yield rather than the expected complex 

. The preliminary characterization by 
1
H NMR of the product 

showed the absence of pyridyl group while elemental analysis was in conformity with a 

(dppe)3)](OTf)2. A sharp singlet at δ 46.6 ppm in the 

with respect to the resonance for the parent complex [Pd(dppe)(OTf)

H} NMR resonance at δ −432 ppm (Figure 38) is 

shielded as compared to the free ligand (δ 370 ppm). The formula of the complex 

in acetone-d6 

in DHB matrix 

surprisingly affored [Pd3(µ-

rather than the expected complex 

H NMR of the product 

showed the absence of pyridyl group while elemental analysis was in conformity with a 

in the 
31

P NMR 

with respect to the resonance for the parent complex [Pd(dppe)(OTf)2] 

is significantly 

. The formula of the complex [Pd3(µ-
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Te)2(dppe)3)](OTf)2 clearly indicates that the reduction takes place at the Te center from −1 in 

free ligand to −2 in [Pd3(µ-Te)2(dppe)3)](OTf)2. The same and similar ionic clusters of the 

type [M3E2(dppe)3]
2+

 (M = Ni, Pd, Pt; E = S, Se, Te) have been isolated from the reaction of 

[M
II
(dppe)(solvent)]

2+
 with NaEH [246]. The oxidative addition reaction of 

dipyridylditelluride with [M
0
(PPh3)4] or [M

0
(P

∩
P)2] (P

∩
P = dppe, dppp) also yield similar 

trinuclear clusters [63, 64].             

 

Figure 38.   
125

Te{
1
H} NMR spectrum of [Pd3(µ-Te)2(dppe)3)](OTf)2 in acetone-d6 

 

The molecular structures of [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 and [Pd3(µ-

Te)2(dppe)3)](OTf)2 have been unambiguously determined by single crystal X-ray diffraction 

analyses. The ORTEP diagrams are given in Figures 39, 40 and selected inter-atomic 

parameters are summarized in Tables 37, 38. As indicated by spectral and analytical data, the 

structural analysis of [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 confirms the Pt−N bonded binuclear 

molecular unit comprising of 22-membered macrocylcle. The complex crystallizes with four 

molecules of water, two of which were disordered and one of them partially occupied. The 

latter disorder was modelled successfully. The hydrogen atoms could not be located on the 

water molecules. They were placed geometrically only to satisfy the stoichiometry. Absence 

of additional symmetry or voids was verified using PLATON. All the four triflate anions 

show larger thermal ellipsoids indicating possible disorder. 

-100 -150 -200 -250 -300 -350 -400 -450 -500 -550 -600 -650 -700 -750 ppm
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Table 36. NMR data for nitrogen bonded hemilabile organoselenium/ tellurium complexes of palladium and platinum 

Complex 
1
H NMR data in (δ ppm) 

19
F{

1
H} NMR 

data in (δ ppm) 

31
P{

1
H} NMR data 

in (δ ppm) 

77
Se{

1
H}/ 

125Te{1H} NMR 

data in (δ ppm)
 

195
Pt {

1
H} NMR data 

in (δ ppm) 

[Pt(4,4'-py2Se2)(PEt3)2]2(OTf)4  
a 
 1.24 (m, 36H), 1.89 (m, 24H), 8.11-

8.03 (m, 8H), 8.93 (br, 8H)  

- -1.1(s, 1J(195Pt-31P) 

= 3085 Hz)  

445.1 (s),  

427.1 (s) 

–4395 (t, 1J(195Pt-31P) 

= 3106 Hz), δ –4385 

(t, 1J(195Pt-31P) = 3116 

Hz) ( ~ 5%) 

[Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 
b

   1.23 (m, PCH2CH3), 1.92 (m, 

PCH2), 8.07 (d, 5Hz, 2H), 8.31 (d, 5 

Hz, 2H), 8.80 (d, 5 Hz, 4 H)  

-81.4 (s) -2.4(s, 
1
J(

195
Pt-

31
P) 

= 3066 Hz)  

428.8 (major), 

477.7 (minor) 

-4401 (t, 
1
J(

195
Pt-

31
P) 

= 3154 Hz). 

 

[Pd(4,4'-py2Se2)(dppe)]2(OTf)4  
c
 3.0-3.12 (dd, 8H, PCH2), 7.47 (d, 

8H, Ph); 7.54-7.72 (m, 40H, Ph), 

8.23 (s, 8H, py) 

-79.8 (s) 66.7 (s)  

 

421.4 (major); 

435.7 (minor) 

- 

[Pd3(µ-Te)2(dppe)3)](OTf)2 
a 2.66-2.72 (m, PCH2), 7.31-7.35 

(m), 7.49-7.56 (m, Ph) 

-78.8 (s) 46.6 (s)  –432.5 (s) - 

 

a 
Recorded in acetone-d6;   

b 
Recorded in methanol-d1;  

c
 Recorded in methanol-d4.  
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The macrocycle formed by the two cis-Pt(PEt3)2 units and two enantiomers of the 

4,4'-py2Te2 which are typically called as P- and M-form having axial chirality with 90° bent 

structure [247]. The rhomboid shape and chair-like configuration of the molecular unit of 

[Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 closely resemble with the analogous structure of 

[Pt(PEt3)2(4pds)]2(OTf)4 (4pds = 4,4'-dipyridyldisulfide) reported earlier  [165]. The square 

planar geometries around the Pt centres are as usually observed in other pyridyl N 

coordinated platinum complexes [248-250]. The similar metallamacrocycles are formed in 

the complexes of Co, Ni [247], Cu [165], Ru [251] and Pd [252] metals with 4pds. The sizes 

of the macrocyclic cavities in the present case are 11.0 Å (Pt1…Pt2) and 9.7 Å 

(Te1−Te2…Te3−Te4). The key factor for this macrocyclic structure, is the dihedral angle or 

C−Te−Te−C torsion angle which is of about 87° in [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4 indicating 

the approximate rigid nature of the ligand. However similar macrocycles comprising of 

C−S−S−C torsion angle close to 90° [247, 248] and large deviation to 78
o
 are reported [247].   

 

 

Figure 39. Molecular structure of [Pt(PEt3)2(4,4'-py2Te2)]2(OTf)4·3.75H2O (2·3.75H2O) ellipsoids 

drawn at 50% probability. The hydrogen atoms and triflate ions are omitted for clarity. 

 



 

133 

 

Table 37. Selected interatomic parameters [Å / °] of [Pt(4,4'-py2Te2)(PEt3)2]2(OTf)4·3.75H2O 

Pt1−P1 2.283(3) Pt2−P3 2.283(4) 

Pt1−P2 2.271(3) Pt2−P4 2.279(3) 

Pt1−N1 2.113(11) Pt2−N2 2.099(8) 

Pt1−N4 2.094(10) Pt2−N3 2.089(10) 

Te1−Te2 2.6913(15) Te3−Te4 2.6919(15) 

Te1−C3 2.145(12) Te2−C6 2.127(12) 

    

P1−Pt1−P2 96.23(13) P3−Pt2−P4 96.34(13) 

P1−Pt1−N1 173.0(3) P3−Pt2−N2 89.4(3) 

P1−Pt1−N4 89.3(3) P3−Pt2−N3 173.2(3) 

P2−Pt1−N1 89.7(3) P4−Pt2−N2 173.2(3) 

P2−Pt1−N4 173.0(3) P4−Pt2−N3 89.9(3) 

N1−Pt1−N4 84.5(4) N2−Pt2−N3 84.2(4) 

C3−Te1−Te2 98.3(4) C13−Te3−Te4 98.9(3) 

C6−Te2−Te1 98.7(4) C16−Te4−Te3 98.3(4) 

 

 

Table 38. Selected inter-atomic parameters [Å / °] of [Pd3(µ-Te)2(dppe)3)](OTf)2 

Pd1−Te1 2.6068(5) Pd2−Te1 2.6059(5) Pd3−Te1 2.6131(5) 

Pd1−Te2 2.6101(5) Pd2−Te2 2.6071(5) Pd3−Te2 2.6143(5) 

Pd1−P1 2.2697(16) Pd2−P3 2.2740(16) Pd3−P5 2.2767(15) 

Pd1−P2 2.2764(16) Pd2−P4 2.2783(16) Pd3−P6 2.2712(15) 

Pd1−Pd2 3.356 Pd2−Pd3 3.357 Pd3−Pd1 3.306 

      

P1−Pd1−P2 86.99(6) P3−Pd2−P4 86.27(6) P5−Pd3−P6 86.20(6) 

P1−Pd1−Te1 175.47(4) P3−Pd2−Te1 174.85(5) P5−Pd3−Te1 172.67(4) 

P1−Pd1−Te2 93.68(4) P3−Pd2−Te2 93.11(4) P5−Pd3−Te2 97.03(4) 

P2−Pd1−Te1 94.79(4) P4−Pd2−Te1 96.02(4) P6−Pd3−Te1 93.12(4) 

P2−Pd1−Te2 177.09(4) P4−Pd2−Te2 177.05(5) P6−Pd3−Te2 172.39(4) 

Te1−Pd1−Te2 84.755(17) Te1−Pd2−Te2 84.832(17) Te1−Pd3−Te2 84.545(17) 
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The structure of trinuclear complex [Pd3(µ-Te)2(dppe)3)](OTf)2 (Figure 40) is similar 

to other ionic clusters of the type [M3(µ-E2)(P
∩

P)3]
2+

 (M = Pd, Pt; E = S, Se, Te; P
∩

P = dppp 

[64, 253], dppe [246, 254], dppm [255]) with respect to bonding and shape. The structure of 

the complex can be compared with [Pd3(µ-Te)2(dppp)3)]Cl2 [64]. The crystal lattice of 

[Pd3(µ-Te)2(dppe)3)](OTf)2 consists of well-separated but electrostatically interacting 

complex cations and triflate counter anions. The structure comprises of three square planar 

cis-“Pd(dppe)” units bridged by two µ3-Te
2−

 ligands, thus forming a trigonal bipyramidal 

Pd3Te2 core. All the six Pd−Te bond distances are almost equal (2.61 Å) and are comparable 

with the reported structures.  Two of the Pd…Pd distances are same (3.36 Å) as observed in 

analogous complex [Pd3(µ-Te)2(dppp)3)]Cl2 [64] but the other distance (Pd1…Pd3: 3.31 Å) is 

slightly shortened.  An elongation of the Te…Te separation (3.52 Å) is observed than the one 

reported in [Pd3(µ-Te)2(dppp)3)]Cl2 (3.32 Å) and [Pd2(µ-Te)2(dppe)2] (3.319(1) Å) [256]. The 

observed elongation may be due to the shorter Pd−P bond distance (2.27 Å), smaller P−Pd−P 

angle (∼ 86°) and less acute Te−Pd−Te angle (∼ 84°) as compared to the Pd−P bond distance 

(2.29 Å), P−Pd−P angle (∼ 92°, 96°) and Te−Pd−Te angle (∼ 79°) in [Pd3(µ-Te)2(dppp)3)]Cl2.                  

 
Figure 40. Molecular structure of [Pd3(µ-Te)2(dppe)3)](OTf)2 (4) ellipsoids drawn at 50% 

probability. The dppe phenyl groups, hydrogen atoms and triflate ions are omitted for clarity. 
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Chemistry of pyridyltellurolate complexes of palladium and platinum 

 

 The chemistry of organotellurium ligands has attracted considerable attention during 

the last 15 years so. The ligantion and reactivity of these ligands are quite often distinctly 

different from those of the corresponding sulfur and selenium analogs [50, 51]. In this regard 

the N-hetrocyclic (e.g., pyridyl and pyrimidyl) tellurium ligands have shown markedly 

different reactivity resulting in the formation of numerous serendipitous products such as 

[Pt(Te)(TeC5H4N)2(PPh3)] containing a Te(0) as ligand [62]. Thus far metal complexes of 2-

pyridyl and 2-pyrimidyl tellurium ligands have been investigated, whereas the 4-pyridyl 

analog remains almost unexplored [51]. The 4-pyridyl analog not only offers several bonding 

possibilities but also provides an opportunity to study its reactivity pattern. Thus it was 

considered worthwhile to investigate reactivity of 4-pyridyltellurolate group. 

 The reactions of MCl2(dppe) (M = Pd, Pt) with two equivalents of NaTeC5H4N-4, 

prepared by the reductive cleavage of the Te-Te bond in 4,4′-(C5H4N)2Te2 with sodium 

borohydride in methanol, gave cis-[M(TeC5H4N-4)2(dppe)] in more than 76% yield (Scheme 

18). It is worth noting that the reaction of PdCl2(dppe) with 2-pyridyltellurolate yields a 

trinuclear cluster [Pd3(µ-Te)2(dppe)3)]Cl2, but the desired complex [Pd(TeC5H4N-2)2(dppe)] 

could be isolated from the reaction of PdCl2(dppe) with Pb(TeC5H4N-2)2 [64].  

 The 
1
H NMR spectra of these complexes showed the expected integration and peak 

multiplicities. The 
31

P{
1
H} and 

125
Te{

1
H} NMR peaks of palladium complex (δ 51.3 and 238 

ppm) are deshielded with respect to the platinum analogue (δ 47.3 and 142 ppm). In the 

31
P{

1
H} NMR spectrum of [Pt(TeC5H4N-4)2(dppe)], in addition of  

1
J(

195
Pt-

31
P)

 
 coupling 

(2928 Hz), both trans and cis 
2
J(

125
Te-

31
P) couplings are also observed (Figure 41). The 

195
Pt{

1
H} NMR resonance showed a triplet at δ −5349 ppm with 

1
J(

195
Pt-

31
P) coupling of 
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2928 Hz. The 
1
J(

195
Pt-

125
Te) coupling ~ 263 Hz is observed in both the 

125
Te{

1
H} and 

195
Pt{

1
H} NMR spectra of [Pt(TeC5H4N-4)2(dppe)].  
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P
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Scheme 18 

 

 Unlike MCl2(dppe), MCl2(dppm) showed different reactivity. The reaction of  

PdCl2(dppm) with two equivalents of NaTeC5H4N-4 resulted in an unexpected product of 

composition [Pd2(µ-Te)(µ-TeC5H4N-4)(TeC5H4N-4)(dppm)]2 as confirmed by X-ray 

structural anlysis. The presence of ligand Te
2−

 in the palladium complex shows reduction at 

the Te center, as well as the Te–C bond cleavage in the ligand. The dppm ligand is also 

unusually changed from cis-chelating to bridging mode. The analogous reaction with 

PtCl2(dppm) gave only [Pt{PPh2C(TeC5H4N-4)PPh2}2] (Scheme 18) in 57% yield which is 
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also characterized by X-ray structure. In contrast, the reaction of 2-pyridyltellurolate gives a 

mixture of  [Pt{PPh2C(TeC5H4N-2)PPh2}2] and [Pt(2-TeC5H4N)2(dppm)] in 45% and 25% 

yield, respectively [63]. The 
1
H NMR showed the absence of the methylene group of the 

phosphine ligand. The 
31

P NMR spectrum displayed a single sharp resonance indicating 

equivalence of all the phosphorus nuclei. The 
1
J(

195
Pt-

31
P) coupling of about 1909 Hz is 

significantly reduced and can be compared with [Pt{PPh2C(TeC5H4N-2)PPh2}2] [63]. The 

formation of these complexes is rather supervising and appears to take place by the attack of 

tellurolate ligand on methylene carbon as well as its deprotonation. Deprotonation (both 

single and double) of methylene proton in dppm and related ligands, Ph2PCH2L (L = SMe, 

NHR, PR2) is well documented in literature [257-261]. Double deprotonation of dppm 

ligands in the present case seems to be elicited by strong nucleophilicity of pyridyltellurolate 

ligand. During substitution reaction the tellurolate ion attacks the chelating dppm to give 

Ph2PCH(TeC5H4N)PPh2PtCl2 which in the presence of a base generates  

[Pt{PPh2C(TeC5H4N-4)PPh2}2]              

 

 

Figure 41.
 31

P{
1
H} NMR spectrum of [Pt(TeC5H4N-4)2(dppe)] in acetone-d6 

510152025303540455055606570758085 ppm

46.246.446.646.847.047.247.447.647.848.048.248.448.648.8 ppm
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The reaction of NaTeC5H4N-4 with MCl2(PR3)2 and [M2Cl2(µ-Cl)2(PR3)2] (PR3 = 

PEt3, PPh3) did not yield products with satisfaction, instead excessive decomposition was 

observed with black suspension in the reaction mixtures which were not further followed up. 

Thus a different route was conceived to synthesize such complexes. The reaction of Na2PdCl4 

with 4,4'-(C5H4N)2Te2 yielded a brown colored insoluble product of composition [PdCl2(4,4'-

(C5H4N)2Te2)]n (Scheme 19), as previously isolated an analogous product [PdCl2(4,4'-

(C5H4N)2Se2)]n from the similar reaction with 4,4'-(C5H4N)2Se2. Generally such reactions 

give complexes of composition [PdCl(EAr)]n  (E = S, Se, Te; Ar = aryl) [167]. Treatment of 

[PdCl2(4,4'-(C5H4N)2Te2)]n with one and two equivalents of PPh3 was monitored in NMR 

tube by 
31

P{
1
H} NMR spectroscopy in acetone-d6. Initially two peaks were observed at δ 

23.4 and 26.6 ppm, but after 3 days a major peak (> 90%) at δ 23.4 ppm existed. The 

resonance showed a coupling of 103 Hz which could be due to 
2
J(

125
Te-

31
P). This solution 

after recystallization gave crystals of cis-[PdCl(TeC5H4N-4)(PPh3)]2 which was structurally 

characterized. It is noteworthy that the complex [PdCl(SeC5H4N-4)(PPh3)]n exist as a mixture 

of  dimer/trimer in solution. 

 

[PdCl2(py2Te2)]n

Te

Te

Pd Pd

Ph3P PPh3

ClCl

PPh3

N Te

2

Na2PdCl4

N

N  

Scheme 19 
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 The reaction of PtCl2(P
∩

P) (P
∩

P = 2PEt3, dppe) with one equivalent of NaSeC5H4N-4 

in the presence of NaBPh4 afforded cationic binuclear complexes [Pt(SeC5H4N-

4)(P
∩

P)]2(BPh4)2. The 
31

P{
1
H} NMR spectra of [Pt(SeC5H4N-4)(P

∩
P)]2(BPh4)2 showed two 

doublets, a pattern indicative of non-equivalence of the two phosphorus nuclei of two PEt3 or 

dppe ligands. The 
31

P{
1
H} NMR spectrum of [Pt(SeC5H4N-4)(dppe)]2(BPh4)2 (Figure 42) 

showed two doublets at δ 37.5 (
1
J(

195
Pt-

31
P) = 3194 Hz) and 47.8 (

1
J(

195
Pt-

31
P) = 2885 Hz) 

ppm (Table 39) due to the P trans to N and P trans to Se, respectively. Each signal appeared 

as a doublet due to the 
31

P-
31

P coupling of 3.9 Hz. The 
195

Pt{
1
H} (Figure 43) resonance 

showed doublet of doublet due to coupling with two different phosphorus nuclei. Two 

doublets in 
31

P{
1
H} spectrum of [Pt(SeC5H4N-4)(PEt3)2]2(BPh4)2 are shielded at δ 0.1 

(
1
J(

195
Pt-

31
P) = 3013 Hz) and 11.6 (

1
J(

195
Pt-

31
P) = 2885 Hz) ppm with respect to the dppe 

analogue.  The crystal structures of [Pt(SeC5H4N-4)(P
∩

P)]2(BPh4)2 show that both N and Se 

atoms coordinate to the platinum centers. However based on NMR spectra, it was assigned 

that the Se atoms bridged between the two platinum atoms whereas the N atoms are free in 

other reported complexes [Pt2(SeCH2CH2NMe2)2(P
∩

P)2][BPh4]2 [55].  
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Table 39. NMR data for pyridyltellurolate complexes of palladium and platinum 

Complex 1H NMR data in (δ ppm) 31P{1H} NMR data in (δ ppm) 77Se{1H}/ 

125Te{1H} NMR 

data in (δ ppm)
 

195Pt {1H} NMR 

data in (δ ppm) 

[Pd(TeC5H4N-4)2(dppe)] 2.38 (d, 4H, PCH2); 7.22 (d, 6 Hz, 4H, 

py); 7.41-7.46 (td, 8H, m-H, Ph), 7.50-

7.54 (m, 4H, p-H, Ph), 7.63 (d, 6 Hz, 4H, 

py ), 7.66-7.71 (m, 8H, o-H, Ph)  

51.3 (s)  237.7 (d, 
2
J(Te-P) 

= 197 Hz). 

 

- 

[Pt(TeC5H4N-4)2(dppe)] 2.28 (t, 4H, PCH2); 7.22 (d, 5.6 Hz, 4H, 

py); 7.43 (td, 8.2 Hz, 8H, m-H, Ph), 7.51 

(td, 8.2 Hz, 4H, p-H, Ph), 7.62 (d, 5.6 

Hz, 4H, py ), 7.71-7.76 (m, 8H, o-H, Ph)  

47.3 (s, 
1
J(

195
Pt-

31
P) = 2912 Hz, 

2J(125Te-31P) = 168 (trans), 37 

(cis) Hz)   

142 (d, 
2
J(

125
Te-

31P) = 162 Hz; 

1
J(

195
Pt-

125
Te) = 

768 Hz)  

-5349  (t, 
1
J(

195
Pt-

31
P) = 2928 Hz; 

1
J(

195
Pt-

125
Te) = 

763 Hz). 

[Pt{PPh2C(TeC5H4N-4)PPh2}2] 6.17 (d, 5.7 Hz, 4H, py), 7.03 (t, 16H, m-

H, Ph), 7.19 (t, 8H, p-H, Ph), 7.31 (d, 5.7 

Hz, 4H, py), 7.40 (br, 16H, o-H, Ph)   

 -27.5 (s, 1J(195Pt-31P) = 1909 

Hz)  

 486 (s)  

 

- 

[Pd2(µ-Te)(µ-TeC5H4N-

4)(TeC5H4N-4)(dppm)]2 

- -  - - 
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[Pt(SeC5H4N-

4)(dppe)]2(BPh4)2.4CH2Cl2 

2.32 (m, PCH2); 6.80-7.02 (m), 7.29 (br), 

7.38-7.43 (m), 7.53-7.75 (m) (Ph, C5H4) 

37.5 (d, 1.6 Hz, 
2
J(

77
Se-

31
P)cis = 

37 Hz; 1J(195Pt-P) = 3194 Hz) 

(P trans to N); 47.8 (d, 3 Hz; 

2
J(

77
Se-

31
P) = 65 Hz; 

1
J(

195
 Pt-

31P) = 2885 Hz  (P trans to Se)  

- –4592  (dd, 
1
J(

195
Pt-

31P) = 3200, 2903 

Hz). 

[Pt(SeC5H4N-4)(PEt3)2]2(BPh4)2 1.08-1.26 (m, PCH2CH3); 1.74-1.81, 

2.07-2.13 (m, PCH2), 6.77 (t), 6.91 (t), 

7.16 (br, Ph); 7.32 (d), 7.44 (d), 7.94 (d), 

8.13 (d)  

0.1 (d, J = 123 Hz, 1J(195Pt-P) = 

2855Hz); 11.6 (d, 
1
J(

195
Pt-P) = 

2855 Hz)  

- - 

[PdCl(TeC5H4N-4)(PPh3)]2     
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Figure 42. 
31

P{
1
H} NMR spectrum of [Pt(SeC5H4N-4)(dppe)]2(BPh4)2.4CH2Cl2 in CD2Cl2 

 

 

Figure 43. 
195

Pt{
1
H} NMR spectrum of [Pt(SeC5H4N-4)(dppe)]2(BPh4)2.4CH2Cl2 in CD2Cl2 

 

 The structures of cis-[M(TeC5H4N-4)2(dppe)] (M = Pd or Pt) are isomorphous 

(Figures 44, 45). Various bond lengths and angles in the two structures are comparable (Table 

40). The geometry around the metal centers are essentially square planar. Both Pd and Pt 

atoms are slightly above (0.04 Å) the average coordination plane made by the four donor 

atoms, two P and two Te atoms. One of the Te−C bond is almost coplanar (8°) with 

coordination plane whereas the other Te−C bond is tilted at 72° above the coordination plane 

1015202530354045505560657075 ppm

47.548.0 ppm 37.538.038.539.0 ppm

-4500 -4550 -4600 -4650 -4700 ppm
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in both the structures. This might have affected in lengthening one of the M−Te bond by 

about 0.04 Å possibly due to the repulsion exerted by one of the lone pair of Te atom to the 

opposite M−Te bond.    

 

Figure 44. Structure of [Pd(TeC5H4N-4)2(dppe)]. The hydrogen atoms are omitted for clarity.  

 

 

 

Figure 45. Structure of [Pt(TeC5H4N-4)2(dppe)]. The hydrogen atoms are omitted for clarity.  
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Table 40. Selected inter-atomic parameters [Å / °] of [M(TeC5H4N-4)2(dppe)] (M = Pd, Pt) 

 M = Pd M = Pt 

M1–P1 2.267(5) 2.263(7) 

M1–P2 2.267(5) 2.264(7) 

M1–Te1 2.638(2) 2.603(2) 

M1–Te2 2.5953(18) 2.643(2) 

C1–Te1 2.127(19) 2.18(2) 

C6–Te2 2.12(2) 2.10(3) 

   

P1–M1–P2 86.32(19) 85.1(3) 

P1–M1–Te2 171.60(16) 175.7(2) 

P2–M1–Te1 175.75(15) 172.0(2) 

Te1–M1–Te2 82.70(6) 82.34(7) 

M1–Te1–C1 97.0(5) 110.3(7) 

M1–Te2–C6 110.2(5) 96.4(8) 

 

 The mononuclear structure of [Pt{PPh2C(TeC5H4N-4)PPh2}2] (Figure 46, Table 41) is 

very similar to the recently reported complex [Pt{PPh2C(TeC5H4N-2)PPh2}2] [63]. A 

distorted square planar Pt(II) is coordinated by four phosphorus atoms of the ligand in 

chelating mode. The angles around the coordination center (69 and 111°) are largely deviated 

from the ideal right angle. All other structural features closely match with the reported 

complexes except the two Pt−P distances in the present complex are dissimilar (2.40 and 2.27 

Å). Two chelating units “PtPCP” and coordination plane are coplanar and the two pyridyl 

groups adopt an anti conformation. The sum of the angles of three coplanar bonds around C6 

atom is 359.5°, indicating a sp
2
 hybridization of the carbon atom.   
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Figure 46. Molecular structure of [Pt{PPh2C(TeC5H4N-4)PPh2}2]. The hydrogen atoms are 

omitted for clarity.  

 

Table 2. Selected inter-atomic parameters [Å / °] of [Pt{PPh2C(TeC5H4N-4)PPh2}2] 

 

Pt1–P1 2.401(3) Pt1–P2 2.265(3) 

P1–C6 1.695(10) P2–C6 1.793(10) 

Te1–C1 2.194(7) Te1–C6 2.086(10) 

    

P1–Pt1–P2 68.96(10) P1–Pt1–P2
i
 111.04(10) 

P1–Pt1–P1
i
 180.0 P1–C6–P2 98.5(5) 

P1–C6–Te1 128.9(6) P2–C6–Te1 132.1(5) 

Pt1–P1–C6 95.2(4) Pt1–P1–C13 117.5(3) 

C6–Te1–C1 101.3(4)   
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 The tetranuclear molecular unit of [Pd2(µ-Te)(µ-TeC5H4N-4)(TeC5H4N-4)(dppm)]2 

(Figure 47) reveals a number of interesting structural features. The structure comprises of two 

units of [Pd2(µ-Te)(µ-TeC5H4N-4)(TeC5H4N-4)(dppm)] which are bridged by one Te
2−

 and 

one 4-TeC5H4N ligands. In this unit, one of the Pd atom (Pd1) is surrounded by two Te
2−

, one 

P and one bridging Tepy ligands, whereas the other Pd atom (Pd2) is coordinated by one 

Te
2−

, one P, one bridging Tepy and one terminal Tepy (Te5) ligands. The dppm ligand 

unusually bridges two Pd centers rather than in chelating mode, as a result the three Pd−Te 

distances are different (Table 42). The shortest bond length found with Te
2−

 ligand, for 

example Pd1−Te1, Pd3−Te2 distances are of 2.57 Å. The longest distance observed with the 

terminal Tepy ligand (Pd2−Te5, Pd4−Te6: 2.65 Å). All the Pd−P bond lengths are almost 

equal and match with the reported values. The Te1…Te2 and the shortest Pd…Pd 

(Pd2…Pd3) separation are 3.34 and 3.22 Å, respectively. The pyridyl group with Te6 is 

highly disordered.     

 

 

Figure 47. Molecular structure of [Pd4(µ3-Te)2(µ2-Tepy)2(Tepy)2(dppm)2]. The hydrogen 

atoms are omitted for clarity. 
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Table 42. Selected inter-atomic parameters [Å / °] of [Pd4(µ3-Te)2(µ2-Tepy)2(Tepy)2(dppm)2] 

Pd1–Te1 2.569(2) Pd3–Te1 2.605(2) 

Pd1–Te2 2.592(2) Pd3–Te2 2.5707(19) 

Pd1–Te4 2.619(2) Pd3–Te3 2.637(2) 

Pd2–Te1 2.578(2) Pd4–Te2 2.578(2) 

Pd2–Te3 2.617(2) Pd4–Te4 2.617(2) 

Pd2–Te5 2.648(3) Pd4–Te6 2.653(3) 

P1–Pd1 2.274(6) P3–Pd3 2.282(5) 

P2–Pd2 2.271(5) P4–Pd4 2.272(5) 

Pd2···Pd3 3.224(2)   

    

P1–Pd1–Te1 96.14(16) P3–Pd3–Pd2 133.59(17) 

P1–Pd1–Te2 176.71(17) Te1–Pd3–Pd2 51.14(5) 

Te1–Pd1–Te2 80.63(6) Te2–Pd3–Pd2 118.35(6) 

P1–Pd1–Te4 99.59(16) Te3–Pd3–Pd2 51.86(5) 

Te1–Pd1–Te4 164.24(8) P3–Pd3–Te1 175.26(17) 

Te2–Pd1–Te4 83.63(7) Te2–Pd3–Te1 80.34(6) 

P2–Pd2–Pd3 132.32(14) P3–Pd3–Te2 96.25(15) 

Te1–Pd2–Pd3 51.92(5) P3–Pd3–Te3 99.45(15) 

Te3–Pd2–Pd3 52.42(5) Te1–Pd3–Te3 83.69(6) 

Te5–Pd2–Pd3 112.89(9) Te2–Pd3–Te3 163.56(8) 

P2–Pd2–Te1 97.22(14) P4–Pd4–Te2 96.74(17) 

P2–Pd2–Te3 174.77(16) P4–Pd4–Te4 175.96(17) 

Te1–Pd2–Te3 84.64(7) Te2–Pd4–Te4 83.94(7) 

P2–Pd2–Te5 91.52(16) P4–Pd4–Te6 90.36(17) 

Te1–Pd2–Te5 164.27(10) Te2–Pd4–Te6 169.02(10) 

Te3–Pd2–Te5 87.81(8) Te4–Pd4–Te6 89.55(8) 

Pd1–Te1–Pd2 102.49(7) C51–Te3–Pd2 107.2(5) 

Pd1–Te1–Pd3 87.61(7) C51–Te3–Pd3 94.8(5) 

Pd2–Te1–Pd3 76.94(6) Pd2–Te3–Pd3 75.72(6) 

Pd3–Te2–Pd1 87.88(6) C56–Te4–Pd1 101.1(5) 

Pd4–Te2–Pd1 79.82(7) Pd4–Te4–Pd1 78.60(6) 

Pd3–Te2–Pd4 101.96(7) C56–Te4–Pd4 101.5(5) 

C61–Te5–Pd2 104.0(17) C66–Te6–Pd4 86.37 

C61A–Te5–Pd2 108(2) C66A–Te6–Pd4 99.8(12) 

C13–P1–C1 105.6(8) C38–P3–C26 104.6(9) 

C13–P1–C7 102.5(8) C38–P3–C32 104.5(9) 

C1–P1–Pd1 118.2(6) C26–P3–Pd3 121.2(6) 

C13–P1–Pd1 117.8(6) C32–P3–Pd3 104.3(6) 

C7–P1–Pd1 107.2(6) C38–P3–Pd3 116.6(7) 

C13–P2–C14 102.4(8) C38–P4–C39 102.7(9) 

C13–P2–C20 99.4(8) C45–P4–C39 109.3(9) 

C13–P2–Pd2 118.8(6) C38–P4–Pd4 118.0(7) 

C14–P2–Pd2 116.5(6) C39–P4–Pd4 107.5(6) 

C20–P2–Pd2 108.3(6) C45–P4–Pd4 115.7(6) 
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 The dinuclear complex [PdCl(µ-TeC5H4N-4)(PPh3)]2 (Figure 48) adopts a sym-cis 

configuration stabilized by two bridging tellurolate ligands. Interestingly the analogous 

selenolate complex [PdCl(µ-SeC5H4N-4)(PPh3)]2 exist in a sym-trans configuration (Section 

1) whereas complexes [PdCl(SC5H4N-4)(PPh3)]n [160] and [MCl(SeC5H4N-4)(PEt3)]n 

(Section 1) acquire a trinuclear macrocyclic structure in which the N-atoms are coordinated 

to the Pd centers. The four-membered Pd2Te2 ring in the present case is almost coplanar with 

the Pd coordination plane and the two pyridyl groups of bridging selenolate adopt an anti 

conformation. A large number of thiolate bridged binuclear complexes are found mostly with 

hinged M2S2 ring [228], although a few complexes with planar ring have also been reported 

[52]. The Pd−P (2.34 Å) and Pd−Cl (2.37 Å) distances (Table 43) are slightly longer than in 

[PdCl(µ-SeC5H4N-4)(PPh3)]2 due to the stronger trans influence of tellurolate than selenolate 

ligand.    

 

 

Figure 48. Molecular structure of [PdCl(TeC5H4N-4)(PPh3)]2. Hydrogen atoms are omitted 

for clarity.  
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Table 43. Selected inter-atomic parameters [Å / °] of [PdCl(TeC5H4N-4)(PPh3)]2 

Pd1–P1 2.338(3) Pd2–P2 2.333(3) 

Pd1–Te1 2.6118(11) Pd2–Te1 2.6115(11) 

Pd1–Te2 2.5572(11) Pd2–Te2 2.5590(11) 

Pd1–Cl1 2.368(3) Pd2–Cl2 2.377(3) 

Te1–C1 2.140(12) Te2–C6 2.143(12) 

    

Te1–Pd1–Te2 78.88(3) Pd1–Te1–Pd2 99.53(4) 

Te1–Pd1–Cl1 92.34(8) Pd1–Te2–Pd2 102.41(4) 

Te1–Pd1–P1 177.64(9) Pd1–Te2–C6 96.5(3) 

Te2–Pd1–P1 99.03(9) Pd1–Te1–C1 100.4(3) 

 

 

 The structures of [Pt(SeC5H4N-4)(dppe)]2(BPh4)2 (Figure 49) and [Pt(SeC5H4N-

4)(PEt3)2]2(BPh4)2 (Figure 50) comprise of a rectangular shaped macrocyclic unit of “Pt2(4-

SeC5H4N-4)2” with Pt…Pt separation of 7.51 Å and 7.81 Å, respectively. The smaller and 

longer arms of the rectangles are considered as Pt−Se bond (2.48 Å, 2.50 Å) and non-bonded 

Pt…Se separation of 6.74 Å, 6.90 Å, respectively. The π…π stacking between two pyridyl 

rings are 3.24 Å and 3.12 Å, respectively for the two structures. In [Pt(SeC5H4N-

4)(dppe)]2(BPh4)2, the Pt1−P2 bond is slightly longer in length (2.28 Å) (Table 44) as 

compared to Pt1−P1 distance (2.24 Å) due to the stronger trans imfluence of the selenolate 

ligand.  
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Figure 49. Molecular structure of [Pt(SeC5H4N-4)(dppe)]2(BPh4)2.4CH2Cl2. Hydrogen atoms 

are omitted for clarity.  

 

 

Figure 50. Molecular structure of [Pt(SeC5H4N-4)(PEt3)2]2(BPh4)2. Hydrogen atoms are 

omitted for clarity. 

 



 

151 

 

Table 44.  Selected inter-atomic parameters [Å / °] of [Pt(SeC5H4N-4)(P
∩
P)]2(BPh4)2  

  (P
∩
P = dppe or 2PEt3) 

 [Pt(SeC5H4N-4)(dppe)]2(BPh4)2 

.4CH2Cl2 

[Pt(SeC5H4N-4)(PEt3)2]2(BPh4)2 

Pt1–P1 2.2382(10) 2.306(6) 

Pt1–P2 2.2796(11) 2.296(5) 

Pt1–Se1#/Se1 2.4837(5) 2.498(2) 

Pt1–N1/N1# 2.120(3) 2.135(17) 

Se1–C3/C1 1.916(4) 1.94(2) 

Pt· ··Pt 7.509 7.806 

   

P1–Pt1–P2 86.11(4) 96.4(2) 

P1–Pt1–Se1#/Se1 87.94(3) 84.56(14) 

P2–Pt1–Se1#/Se1 171.61(3) 179.01(16) 

P1–Pt1–N1/N1
#
 178.29(9) 172.3(4) 

N1–Pt1–Se1#/Se1 92.71(80 87.7(4) 

N1–Pt1–P2 93.41(8) 91.3(4) 

Pt1–Se1–C3/C1 106.37(11) 108.2(5) 

 

 

 

 

 



Chapter 4 

 

Summary and   

  Conclusions 
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Summary and Conclusions 

 

The present thesis consists of four chapters, viz Introduction, Experimental, Results 

and Discussion and Summary and Conclusion followed by references. 

Chapter 1 deals with the general introduction to the chemistry of palladium and 

platinum complexes with organochalcogenolate ligands with an emphasis on the formation of 

supra-molecular assemblies followed by their applications in catalysis, biology and materials 

science. A brief coverage on various types of organometallic reactions along with the 

complex chemistry of chalcogen ligands (S, Se, Te) are described. Scope of the present work 

is discussed at the end of the chapter 1. 

Chapter 2, “Experimental”, describes the details of materials and methods followed 

by analysis of compounds by various experimental techniques employed during the course of 

present work. Details of synthesis and characterization of various ligands, metal precursors, 

metal chalcogenolates, are included. The complexes were well characterized by elemental 

analyses, IR, NMR, UV/Vis spectroscopy and single crystal X-ray analysis. The structure 

refinement details of the complexes characterized by crystallography are included in this 

chapter. 

 Chapter 3 deals with the results obtained during the present investigation and 

discussion on the present work. This chapter is further divided into five sections. 

 Section 3.1 deals with the chemistry of palladium and platinum complexes of non-

chelating bidentate ligand, 4-pyridylslenolate. The oxidative addition of bis(4-

pyridyl)diselenide to Pt(PPh3)4 yielded exclusively trans-[Pt(SeC5H4N-4)2(PPh3)2]. 

Treatment of two eqv. of Na(SeC5H4N-4), prepared by reductive cleavage of Se–Se bond of 

4,4'-py2Se2 by NaBH4 in methanol, with cis-[PtCl2(PR3)2] (PR3 = PPh3, PEt3) afforded similar 

products, trans-[Pt(SeC5H4N-4)2(PPh3)2] and trans-[Pt(SeC5H4N-4)2(PEt3)2]. The reactions of 
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cis-[MCl2(P
∩

P)] and [M2Cl2(µ-Cl)2(PR3)2] with two eqv. of Na(SeC5H4N-4) yielded cis-

[M(SeC5H4N-4)2(P
∩

P)] (M/P
∩

P = Pd/dppe, Pt/dppm and Pt/dppp) and [MCl(SeC5H4N-

4)(PR3)]n, respectively. The complex trans-[PtCl(SeC5H4N-4)(PEt3)2] can be prepared by 

redistribution reaction between trans-[Pt(SeC5H4N-4)2(PEt3)2] and cis-[PtCl2(PEt3)2]. 

Molecular structures of a number of complexes were established by single crystal X-ray 

diffraction analyses. The catalytic activity of trans-[PdCl(SeC5H4N-4)(PPh3)2] and 

[PdCl(SeC5H4N-4)(PPh3)]n in Suzuki C–C cross coupling reaction was investigated.  

Section 3.2 deals with the preparation and characterization of Pd(II)/Pt(II) complexes 

with 3-/4-mercaptobenzoic acids. Addition of 3-/4-mercaptobenzoic acid to cis-

[Pt(PEt3)2(OTf)2] and cis-[M(P
∩

P)2(OTf)2] gave self-assembled complexes cis-[Pt(µ-

SC6H4COOH-n)(PEt3)2]2(OTf)2 (n = 3, 4) and [M(µ-SC6H4COOH-n)(P
∩

P)2]2(OTf)2 (M /n 

/P
∩

P = Pd/ 3/ dppe, Pd/ 4/ dppe, Pt/ 4/ dppp) respectively. Treatment of cis-[PtCl2(P
∩

P)] with 

3-/4-mercaptobenzoic acids in the presence of triethylamine yielded mononuclear complexes 

[Pt{SC6H4COOH-n}2(P
∩

P)] {P
∩

P = dppm, (PR3)2; R = Et, Ph; n = 3, 4}. One of the above 

mentioned mononuclear complexes can also be obtained from the reaction of cis-

[Pt(PEt3)2(OTf)2] with 4-mercaptobenzoic acid in the presence of sodium methoxide. 

Section 3.3 describes the synthesis of rigid Pd(II) and Pt(II)-based macrocyclic 

tetranuclear rectangles and octanuclear squares derived from 1,4-aryl dithiolates. Addition of 

1,4-benezenedithiol and 4,4′-biphenyldithiol to M(OTf)2 (M = cis-[Pt(PEt3)2]
2+

 or cis-

[Pd(dppe)]
2+

) gave self-assembled tetranuclear complexes [M2{S(C6H4)nS}]2(OTf)4 (n = 1, 

2). The same reaction of 1,4-benezenedimethanethiol yielded octanuclear supra-molecular 

coordination complexes (SCC) [M2{SCH2C6H4CH2S}]4(OTf)8. The palladium complexes 

showed excellent catalytic activity in Suzuki C–C cross coupling reactions with high turnover 

numbers (2 × 10
7
), even with low catalyst loading.  



154 

 

 Section 3.4 covers the synthesis of coordination directed self-assembled Pd(II)/Pt(II) 

metallacycles. The reactions of M(P
∩

P)(OTf)2 (P
∩

P = (PEt3)2, dppe) with 4,4'-py2Se2 in 1:1 

ratio gave highly symmetrical self-assembled binuclear complexes of composition 

[M(P
∩

P)(py2Se2)]2(OTf)4. When 4,4'–py2Te2 was employed as nucleophilic tecton in the 

reaction with cis-Pt(PEt3)2(OTf)2, [Pt(PEt3)2(py2Te2)]2(OTf)4 was isolated whereas the 

reaction with Pd(dppe)(OTf)2 under similar conditions gave a trinuclear tellurido-bridged 

Pd(II) complex, [Pd3(µ-Te)2(dppp)3]
2+

. The molecular structures of the complexes have been 

established by single crystal X-ray diffraction analyses. 

             Section 3.5 describes the reactions of 4-telluropyridine with Pt(II)/Pd(II) precursors. 

Substitution reactions between [MCl2(dppe)] (M = Pd, Pt) and NaTepy, prepared by 

reductive cleavage of Te–Te bond in 4,4'–py2Te2 by NaBH4 in methanol gave expected 

mononuclear complexes, [M((Tepy)2(dppe)]  whereas in the case of  MCl2(dppm) (M = Pt, 

Pd) serendipitous products such as [Pt{PPh2C(TeC5H4N)PPh2}2], [Pd4(µ3-Te)2(µ2-

Tepy)2(Tepy)2(dppm)2] have been isolated, respectively in good yields. On the other hand, 

hemilabile ambidentate ligand moiety 4-pyridyl selenolate was employed in situ reaction with 

M(P
∩

P)Cl2 and NaBPh4, in order to make use of both hard nitrogen atom and soft selenium 

atom in bonding. In this case self-recognition and self-selection lead to the formation of 

essentially a single product [Pt2(dppe)2(Se
∩

N)(N
∩

Se)](BPh4)2 in high yield (84 %). Reaction 

of [PdCl2(py2Te2)]n with one equivalent of PPh3 was monitored by NMR spectroscopy which 

indicated the formation of telluride-bridged binuclear complex cis-

[Pd2Cl2(PPh3)2(TeC5H4N)2] together with an unidentified product in solution. 

 

 From the forgoing results the following conclusions can be drawn: 

� Diverse binding modes of 4-pyridylselenolate ligand has a promising potential in 

constructing multinuclear complexes which may exhibit dynamic behavior in solution 
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depending on the nature of metal atom and also other auxiliary ligands. The palladium 

complexes have been shown to serve as good catalysts in Suzuki C–C coupling 

reactions. 

� Directional intermolecular hydrogen bonding has been exploited to form a supra-

molecular assembly of square-planar building blocks containing two carboxylic acid 

groups in the case of 3-/4-mercaptobenzoic acid as ligand by varying the phosphine as 

co-ligands and reaction conditions. The triflate counter-anions takes part in hydrogen 

bonding which led to the formation of molecular chains and rings, whereas solvent 

methanol interrupts the formation of carboxy dimer synthons, resulting in a stair like 

2D network. 

� Aryldithiol ligands while holding the Pt/Pd metals through bridging mode, facilitate 

stabilizing rigid unique supra-molecular coordination complexes. The rigid donor S 

atom, coupled with flexible CH2 group, control the sizes, shapes and cavities of the Pd 

and Pt macrocycles. The excellent catalytic application of palladium complexes with 

both 4-pyridylselenolate and aryldithiol ligands have been demonstrated in Suzuki 

C−C cross coupling reactions. 

� Depending on the nature of phosphine and the chalcogen atom, variety of complexes 

has been isolated by the reactions of 4,4′-dipyridyldichalcogenides with phosphine 

precursors. The tellurium ligands also undergo Te–C bond cleavage leading to the 

formation of tellurido-bridged derivatives trinuclear product [M3(µ-Te)2(P
∩

P)3]
2+

. 

� The reactivity of tellurium ligands is markedly different from those of sulfur/ 

selenium ligands yielding unexpected and interesting products. The tellurolate 

complexes are highly susceptible to halogenated solvents and undergo facile Te-C 

bond cleavage.  
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