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SUMMARY 

 

Studies of the platinum(II) complexes have shown that they can be promising 

reagents for hydrolytic cleavage of peptides and proteins. These complexes bind to the 

heteroatom in the side chain of methionine or histidine and promote cleavage of the amide 

bond involving the carboxylic group of this anchoring amino acid. The consistent 

regioselectivity in the cleavage of histidine- and methionine-containing peptides promoted 

by platinum(II) complexes and the mechanism of these hydrolytic reactions are not 

completely understood yet. A better knowledge of the coordination chemistry of histidine- 

and methionine-containing peptides with platinum(II) complexes is necessary for 

understanding the regioselectivity of peptide and protein cleavage promoted by such 

complexes.  
1H NMR spectroscopy was applied to the study the reactions of [Pt(en)(Me-mal-

)] and [Pt(en)(Me2-mal- )] complexes (en is ethylenediamine, Me-mal and Me2-

mal are bidentate coordinated anions of 2-methylmalonic and 2,2-dimethylmalonic acids, 

respectively) with N-acetylated Ac-L-Met-Gly and Ac-L-Met-L-His-type peptides (Ac-L-

Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 and Ac-L-Met-Gly-Gly-L-His-Gly). All 

reactions were realized at 37 ºC with equimolar amounts of the Pt(II) complex and the 

dipeptide at pH 7.40 in 50 mM phosphate buffer in D2O. In all these reactions the ring-

opened Me-mal and Me2-mal Pt(II) adducts as an intermediate products were detected in 

solution for more than 48 h. We found that during this time in the reaction with Ac-L-Met-

Gly these monodentate bound malonate ligands have been replaced by water molecule 

leading to the formation of the corresponding aqua Pt(II)-peptide complex which further 
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promotes the regioselective cleavage of the peptide. However, in the reaction with Ac-L-

Met-L-His-type peptides a selective intramolecular replacement of these malonate anions 

by the N3 imidazole nitrogen atom from histidine residue was occurred. This replacement 

reaction leads to the formation of the S,N3-macrochelate Pt(II)-peptide complex which was 

shown as very stable and hydrolytically inactive for more than two weeks. 

In the second part of this work, five dinuclear {[Pt(L)Cl]2(µ-X)}Cl2-type 

complexes (L is ethylenediamine, en; (±)-1,2-propylenediamine, 1,2-pn; 

isobutylenediamine, ibn; trans-(±)-1,2-diaminocyclohexane, dach and X is bridging 

pyrazine (pz) or pyridazine (pydz) ligand) have been synthesized and characterized by 

elemental microanalyses, NMR (1H and 13C) spectroscopy and single-crystal 

{[Pt(en)Cl]2( -pz)}Cl2 and {[Pt(en)Cl]2( -pydz)}Cl2 complexes X-ray diffraction. The 

chlorido complexes were converted into the corresponding aqua species, {[Pt(L)(H2O)]2(µ-

pz)}4+ and  {[Pt(en)(H2O)]2(µ-pydz)}4+. 1H NMR spectroscopy was applied to study the 

reactions of dinuclear {[Pt(en)(H2O)]2( -pz)}4 and mononuclear [Pt(en)(H2O)2]
2+ complex  

with the N-acetylated L-methionylglycine (Ac-L-Met-Gly). The peptide and the 

corresponding platinum(II) complex were reacted in different molar ratios and all reactions 

were performed at 2.0 < pH < 2.5 in D2O as a solvent at 37 ºC. The better catalytic ability 

of the dinuclear {[Pt(en)(H2O)]2( -pz)}4+complex than the corresponding mononuclear 

Pt(II) complex can be attributed to the presence of different hydrolytically active Pt(II)-

peptide complexes formed during the reaction with the Ac-L-Met-Gly dipeptide. 

Also, the 1H NMR spectroscopy was applied to study the reactions of dinuclear 

{[Pt(en)(H2O)]2( -pz)}4+ and {[Pt(en)(H2O)]2( -pydz)}4+ complexes in the hydrolysis of 

the N-acetylated L-histidylglycine (Ac-L-His-Gly) and L-methionyl-glycyl-L-histidyl-

glycineamide (Ac-L-Met-Gly-L-His-GlyNH2). All reactions were performed in the pH 

range 2.0  2.5 and at 37 oC in D2O. It was found that the pyridazine Pt(II) dimer is 

significantly less active than its pyrazine Pt(II) analog, which is probably due to an 

increased steric effect exerted in the former complex by the ortho-position of the two 

nitrogen atoms. Consequently, {[Pt(en)(H2O)]2( -pydz)}4+ only binds to the methionine 

sulfur atom of the Ac-L-Met-Gly-L-His-GlyNH2 peptide and promotes cleavage of amide 

bond that involves the carboxylic group of methionine. In contrast, the analogous pyrazine 

Pt(II) dimer reacts with both methionine and histidine residues of this tetrapeptide, 

promoting cleavage of amide bonds involving carboxylic groups of both of these anchoring 

amino acids. Considering these results it can be assumed that in the polypeptide containing 
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both methionine and histidine residues the regioselective cleavage of the amide bond 

involving only the carboxylic group of methionine can be achieved successfully by using 

the presently investigated pyridazine-bridged Pt(II) complex.  

Finally, the hydrolytic reactions between {[Pt(L)(H2O)]2(µ-pz)}4+-type complexes 

(L is ethylenediamine, en; (±)-1,2-propylenediamine, 1,2-pn; isobutylenediamine, ibn; (±)-

trans-1,2-diaminocyclohexane, dach and pz is bridging pyrazine ligand) and the N-

acetylated L-methionylglycine dipeptide (Ac-L-Met Gly) were studied by 1H NMR 

spectroscopy. All reactions were performed in the pH range 2.0 - 2.5 and at 37 oC. In all 

investigated reactions Pt(II) aqua complexes bind to the methionine side chain of Ac-L-

Met-Gly dipeptide and promote the cleavage of the amide bond involving the carboxylic 

group of methionine. It was found that the amount of hydrolyzed dipeptide strongly 

depends from the steric bulk of bidentate coordinated diamine ligand L in 

{[Pt(L)(H2O)]2( -pz)}4+ complex (en > 1,2-pn > ibn > dach). However, in the reaction 

with an excess of dipeptide the influence of the nature of diamine ligand L on this 

hydrolytic process could not be observed due to the fact that slow decomposition of 

{[Pt(L)(H2O)]2(µ-pz)}4+ complex was occurred. 

 

Keywords: mononuclear platinum(II) complex, dinuclear  platinum(II) complex, L-

methionyl-glycine,  L-histidyl-glycine,  L-methionine- and L-histidine-containing peptides, 

hydrolysis, anion  interactions, 1H NMR spectroscopy, X-ray crystallography. 
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16   16 

-388 

-  

3Cl(OH)2L(GS)]2+ 3(OH)2L(GS)2]
2+ [80

16  - -  

17 18  

 

(HT29)  17 18.  

 



 
 

16 

 

 

 

 

 

19-21 

1

19 20 

  

  19-21 

p

[81-83]. 



 
 

17 

 

 

  

  

 

(II)  

[84

  (II) 

  [85

22 

2(CH2)6NH2  22 

  [86  

 

 

 

  



 
 

18 

 

 . 

 [87,88].  
 

 

 

  

 

 

 HeLa, Hep -83 

  23 24  

23 

, 87]. 

25 6)  

 

 

 26  -

, HCT- -  ), BGC-823 



 
 

19 

 

 50 

50 

-

 ]. 

 

 

 

 

 {[Pt(Cx-NH2)I]2(µ-I)2  

 

1.3. (II) 

II)  

 

 

 

  ), 

-

, 

 

89



 
 

20 

 

pH 90]. 

[90

- - -3- -2- - - -

N-

 

 

 

- -

-

 -95

 

.  
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18.  

(II) 

 

          

 (II),        

(II).       (II)  

(II)  ,   ,      

(       ,       

    ).  ,    

 a a,     ,        

  .     -

(II) (II)    ,  

        .   

    ,      

 .  

  19    (II)     

.  Pd(II)-      

    Cl-   Ag+  [96].    

  [Pd(H2O)4]
2+        ,  

 pH  2,0    (II)     
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19. II  

 

 

  Pd(II)    19    

 pH       Pd(II)     19 
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 . [PdCl4]
2-      

    [Pd(H2O)4]
2+ . 

 1

13 195

195

97].    

      Pd(II)  Pt(II)        

           

N-   . 

      

         -  

       [98].  

   Pt(II), Pd(II)       pH 

 [99].   ,     pKa  

  Gly-Gly-Gly    Pd(II)   2    

4     [99]. 

      L- , L-   L-  

     Pd(II)  Pt(II)        N-  

 .              

,            

. , 

Pd(II)   ,  pH  2,0     

      .      

   .  , Pd(II)   

        

          [99]. 

 -  ,     

Pd(II)             

       N-   ,  
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      Pd(II)      

   ,      .  

 

1.3.1. L- L-

(II) (II) 

- - S- -L-

-

S,N-

) [98,100,101]. 

Pt(II a

S- -

   

  

Ac-L-Met-Gly, Leu-Gly, Ac-L-

S- -

-

- er

S-
195Pt, 13 1  

-



 
 

25 

 

-

 Pt(II).  

Pt(II

er

 

- Pt

Pt(II  

[Pt(H2O)4]
2+ 

 

 

2O)4]
2+  [PdCl4]

2- ) 

Pd Ac-L-Met-
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]. 

Ac-L-Met- -

 

[Pd(H2O)4]
2+, [Pd(en)(H2O)2]

2+ 2O)2]
2+ dtco 1,5-

o oC 

 pH  

 Ac-L-Met-Ala-

-

C-

C-

- -

-

- ]. 

-

 

- Ac-L-Met-Gly 

 

2O)2]
2+ -

- - N-

- 4en), S- -L-

-L-Cys), L- -M - ]. 
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S- -L- L- -  

 

1.3.2.  L- L-

 

       (II)  

(II)   

 . 

-

- S- -L- -

  

20

 (II) 

 

 

 

 [104].  

S- -

 

 [104]
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-L-Met-

 

 

20.   

Pt(II)  Pd(II)  [104] 

 

4]
2- II)-

2O)4]
2+  

 ). 

trans-

(trans- cis-

    

          

       .   
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[Pd(en)(H2O)2]
2+, [Pd(Me4en)(H2O)2]

2+  trans-[Pd(py)2(H2O)2]
2+ -    

   ,     (II)-  

        [Pd(H2O)4]
2+ (  21) [105,106]. 

 

 

 

Pd(II)-

[Pd(H2O)4]
2+   [104-106] 

 

    [Pd(dtco)(H2O)2]
2+      

        NMR    

         1,5-

 (dtco)  (  22).     

,     .    (II)-

          

.          22, 

   NMR .       

              

 (  22). 
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22. 

 L- S- -L-

[Pd(dtco)(H2O)2]
2+ [104] 

 

         .  

  ,         

       [107]. 

 

1.3.3. L-

(II (II)   

       

    Pd(II)  Pt(II) .      

  N3            

,            . 

             

 N3       .  ,  

-      ,      

      .      
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Pd(II)        ,    

      [99,109-114].      

 N-      Pd(II)-    

  Pd(II)   N3       

  [115].       Pd(II)    

 Pd(II)         

,       .  N-    

   N-       

  ,        Pd(II)-

      .  1H NMR 

    Pd(II)   Ac-L-His-Gly  

[95,116].       [Pd(en)(H2O)2]
2+    

 1:1  pH  2,0    1H NMR      

(II)-  ,  A, B, C, D  E (  23). 

     Pd(II)     Ac-L-His-Gly 

       trans- ,     

  ,    trans-     

   [Pd(en)(H2O)2]
2+ .  (II)-  

     [Pd(en)(H2O)2]
2+  Ac-L-His-Gly    

      C2H  C5H   .  

         

   [Pd(en)(H2O)2]
2+   Ac-L-His-Gly    

 [102,118,119].   A  B (II)     

N3,  N1     .   C    

     Pd(II),       

  (II) .  
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 23. (II)-   

  1H NMR     Ac-L-His-

Gly   N-    [Pd(en)(H2O)2]
2+  [117]  
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 D          

   Pd(II).     pKa   

   2,     Pd(II)      

 [98].    Pd(II)   N1   

      C-  

.          

Pd(II)   . Ac-L-His-Gly 

pD C 

2O)2]
2+ 

 

Pd(II

-Pd(II

Ac-Gly-

Pd(II

 

Ac-Gly-His- -

Ac- -  

,46 < pH < 2,61 [95]. 

 B 

C, D E 

23  

(II)-

II)-

 

         

  Ac-L-His-X ,   C-   X je Gly, Ala, 

Ser, Thr, Leu, Phe  Tyr.         
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,          C-  

.          

       C-  . 

      His-X     

        Pd(II)   

   .       

 Ac-L-His-Ser  Ac-L-His-Thr    .      

    (Ser  Thr)       

   .        NMR   

 .      Ser  Thr   

. 

   (II)   [Pd(L)(H2O)2]
2+    L 

    ( , en; 1,2- , 1,2-pn; 

N- , Meen; , ibn;  -

, Me4en)  S,N-   (S- -L-

, MeS-L-HCys  L- , L-HMet)  Ac-L-His-Gly   pH  2,0 

 2,5  60 oC     His-Gly   [120].  

          (en > 1,2-pn > 

Meen > MeS-L-HCys > ibn > L-HMet > Me4en)         

. 

Pd(L-Ala-N,O)Cl2]
- Pd(L-Ala-N,O)(H2O)2]

+ Ac-L-His-Gly 

pH His-Gly 

II) 

Ac-Gly- Ac-Gly-Gly-

Ac- -

Ac-Gly-His- Ac- -

L-Ala 

II N3 

121]. 
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(II)    ,   His-X   (X   

 ),            

    . ,    Ac-Gly-Gly-His-

Gly   (II)         His-

Gly  Gly-Gly  .      II 

(Asp-Arg-Val-Tyr-Ile-His-Pro-Phe)  [Pd(en)(H2O)2]
2+    [122]. 

     His-Pro       ,   

 Tyr-Ile         

  Pd(II) .    S-    

  (II)       B   ,  

            . 

,             

        .     

        (II)   

    .  

Sheldrick) 

cis-[PtCl2(NH3)2]  [Pt(en)(H2O)2]
2+ 

 pH 2,5 - 40 oC, 

 (HPLC), (MS)  1H  195Pt NMR 

  [Pt(en)(H2O)2]
2+  -  -

L- N- (Met-Gly, Met-Gly-Gly, 

Gly-Met, Gly-Gly-Met  Gly-Met-Gly), pH 

[Pt(en)(peptid-N,S)]2+  [Pt(en)(peptid-N, )]+  [123].  

N- Gly-Met, Gly-Gly-

Met  Gly-Met-Gly)  [Pt(en)(H2O)2]
2+  

[Pt(en)(peptid-N,S)]+  pH   

  [Pt(en)(peptid-N, )]+ 

 [Pt(en)]2+-  

cis-[PtCl2(NH3)2]  

Gly-Met  Gly-Gly-Met,  N- Ac-L-Ser-Met, Ac-L-Met-
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Gly, Ac-L-Met-Pro, Ac-Gly-Met-Gly, Ac-L-Met-Pro-Gly-Gly  Ac-Gly-Met-Pro-Gly-Gly [124-

126]. 

 

-

 

,  

cis-[PtCl2(NH3)2] Gly-Met pH - 

 Pt(II) 

[Pt(Gly-Met-N,N ,S)(NH3)]
+ [124]. 

cis-[PtCl2(NH3)2] 

N-

e e Met-Z 

Ac-L-Met-Z-). M  -X-Y-Met-Z 

X-Y X, Y  Z  

 Pt(II) pH < 6,0 

[124,127].  

cis-[PtCl2(NH3)2] Ac-Gly  Ac-Gly-

Met-Gly pH < 6,0. Pt(II) 

 [Pt(Ac-Gly-Met-Gly-S,N,N )(NH3)] 10 , 

 HPLC 1H NMR [Pt(Gly-Met-Gly-

S,N,N )(NH3)]  

  (pH > 6,0)  [Pt(Ac-

Gly-Met-Gly-S,N,N )(NH3)] Ac-Gly-Met-Gly, :2 

 [Pt(Ac-

Gly-Met-Gly-S,N,N )( Ac-Gly-Met-Gly-S)]  [125]. 

pH > 4,0  cis-[PtCl2(NH3)2] Ac-L-Ser 

Ac-L-Ser-Met pH = 4,4 

 pH 

pH  

 [125].  pH cis-[PtCl2(NH3)2] 
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L-

 Ac-L-Met-Gly  Ac-L-Met-Pro  [126].  Ac-L-Met-Pro, 

, Met-Pro Ac-L-Met-Pro-Gly-Gly 

 [126,127].  

    Pt(  

[Pt(L)Cl2]  [Pt(L)(CBDCA- ]  , en; (±) - -1,2-

(±)-1,2-  1,2-pn,  CBDCA  1,1-

 Ac-L-Met-Gly    ºC  

 Pt(   pH = 7,4  .  

    Met-Gly  . 

[Pt(L)(H2O)(Ac-L-Met-

Gly-S)]+  Ac-L-Met-Gly Pt(II) 

Pt(II) 

CBDCA 

Pt(II en > 1,2-pn > dach [128].  

 

1.3.4. L-  

(II) 

II). 

- ]. 

- -

 [Pd2( -SPh)2(sol)4]
2+ 19) 

- -L-Met-X (X je Gly, Val, Phe ili Ala) [108
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Pd(II) trans-

[Pd2( -

SPh)2(sol)4]
2+  Met-Ala  Ac-L-Met-Ala 

[PtCl4]
2-  

Ac-L-Met- C-  

-L-Met-
o [Pd2( -SPh)2(sol)4]

2+ 

 

 

1.3.5. L-

(II) (II) 

        

     . ,    Ac-L-

Trp-X (   X = Ala, Val  ValOMe)  Pd(II)  Pt(II) ,   

 ,      -C  (C3)     

 [93].           

  C3         .  

C-         . 

   C3           

,          .   

Ac-L-Trp-X   Pd(II)         

  (  24).      

  Trp-X  .     HClO4    

1,0.10-3 M          24   50 oC. 
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4.  Pd(II)  Pt(II)  Ac-L-Trp-X  [93] 

,      C3    

   (II)  (II),      

  .       , 

       .  (II)   

           ,  

       .  

          , 

        ,     

 Pd(II)  Pt(II)       ,    

      .  ,   

        .  

       (II)  (II)  

    . 

 

1.4.    

 

       (II)   

    .      
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 .      , 

      (II)     

      .     , 

 Pd(II)        

 ,    .       

    5,5 %,         

    .  (II)  

           

.        (   ), 

             

   . 

         

    [130].     Ac-L-

E-V-V-P-H-K-K-Nle-H-K-D-F-L-E-K-I-G-G-L-NH2. 

pH oC, 2 oC  50% 

(TFE) -

- Pd(en)(H2O)2]
2+ 

His His

Pd(II His His -

- 131

V3-P His

-  

           

  (II)   c    .   

   12,4 kDa   104 ,      

.             

(II) ,      ,    

 .     c       
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 40 C  Pd(II)  [132].  

II

Pd(dtco-OH)(H2O)2]
2+ 

C pH 

His18-Thr19 

Pd(II His18  

Cys17.  

Pd(II c 

Ac-L-MeCys-His-

Pd(II

c Ac-L-MeCys-Ala-

 Pd(II c 

 [133]. 

Met His 

 

[Pt(en)(H2O)2]
2+ 40 C pH 2,5 HPLC 

Met-

Met65- -Ile81 

c Met-Pro 

[Pt(en)(H2O)2]
2+ 

2O)2]
2+ 



 
 

42 

 

- ]. 

 

2O)2]
2+ 

nm Met-X (X 

 

- C C

Pt(II Pd(II

Pt(II

]. 

-

c

-OH)(H2O)2]
2+ 

C pH 

II  

    [Pt(en)(H2O)2]
2+    1:5  ,  

60 C  pH 2,5,     ,     Met55 

 Met131 [137]. 

 (II), trans-[Pd(py)2(H2O)2]
2+, [Pd(en)(H2O)2]

2+, 

[Pd(dach)(H2O)2]
2+ Pd(dtco-3-OH)(H2O)2]

2+ py = en = , dach 

= 1,4- dtco-3-OH = 1,5- -3- )  

   ,   ,    

        

pH = 4,6, 

C  C Pd(dtco-3-OH)(H2O)2]
2+ 
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Pd(II

X-Ser X-Thr His 

Met Glu57-Ser58, Gly85-Asp86, Leu103-

Ser Lys285-Ser

Lys285-Ser

Ala6-Ser7, Ala220-Ser221, Gly237-Thr Met239-Ser240) 

[138]. 
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2.  

 

(II), 

. 

L- L-  

(II).  

 1H NMR  pH 

 2  ºC,  [Pt(en)(Me-

mal-  [Pt(en)(Me2-mal- )] -  2-

  - -  ) N-

 L- -  (Ac-L-Met-

  L- L- Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-

Gly-NH2  Ac-L-Met-Gly-Gly-L-His-Gly.  

 

(II).   

, 

   {[Pt(L)Cl]2(µ-X)}Cl2 
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, en; (±)-1,2- -

ibn; trans-(±)-1,2-   

1H NMR  13C NMR  

(II)   
1   

Met- -L-Met-

2O)2]
2+ 2O)]2(µ-pz)}4+

 

  2  ºC. -L-

Met-Gly 2O)2]
2+

 

Met- Ac-L-Met-Gly 

II)   
1H NMR  

II), {[Pt(en)(H2O)]2( -pz)}4+, {[Pt(1,2-

pn)(H2O)]2( -pz)}4+, {[Pt(ibn)(H2O)]2( -pz)}4+  {[Pt(dach)(H2O)]2( -pz)}4+, 

 Ac-L-Met-Gly. 

 [Pt(en)(H2O)2]
2+   

 2  ºC 

 2,0 2,5.   

{[Pt(en)Cl]2(µ-pz)}Cl2 2(µ-pydz)}Cl2
  

  {[Pt(en)(H2O)]2(µ-pz)}4+, 

{[Pt(en)(H2O)]2(µ-pydz)}4+. 1

2O)]2(µ-pz)}4+
 {[Pt(en)(H2O)]2(µ-pydz)}4+ -L-His-

-L-Met-Gly-L-His-GlyNH2  

2,0  ºC.   

2O)]2(µ-pz)}4+ 2O)]2(µ-pydz)}4+,  

L- L-
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2O, DNO3, NaOD, DMSO-d6 )-1,2-

- )-trans-1,2-

- -

(H2mal), 2- -H2mal), 2,2- 2-

H2mal), K2[PtCl4 - - -Met-Gly), L- -L- -

Met-L-His), L- - -His-Gl -Aldrich Chemical Co. 

- - - -L- - -Met-Gly-Gly-L-His-

 , N- - - -L- -

-L-Met-Gly-L-His-GlyNH2), -

[139,140 -HPLC 
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3.2.   

- - - -

-L- - - - - - -L- -

 ]. 
.10-4 mola 

.10-4 

- , 

1  

 

2  

 2 -

 

-143]. 
3  0,2076 g (5,0.10-4 mola)  K2[PtCl4

3 C 

 1 13

1H 13
2] 

DMSO-d6.  
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[Pt(en)Cl2] = C2H8N2Cl2Pt (Mr = 326,08): C, 7.37; H, 2,47; N, 8,59. 

C, 7,48; H, 2,43; N, 8,59 %. 1H NMR (DMSO-d6, 250 MHz);  (ppm) 2,24 (s, 4H, 

2CH2), 5,30 (s, 4H, 2NH2); 
13C NMR (DMSO-d6, 250 MHz);  (ppm) 48,76 (CH2).  

[Pt(1,2-pn)Cl2]  = C3H10N2Cl2Pt  (Mr = 340,11): C, 10,59; H, 2,96; N, 

: C, 11,15; H, 3,17; N, 8,05 %. 1H NMR (DMSO-d6, 250 MHz);  (ppm): 1,11 (d, 

3H, CH3), 2,10  2,58 (m, 3H, CH  CH2), 5,12-5,39 (m, 4H, 2NH2); 
13C NMR (DMSO-d6, 250 

MHz);  (ppm): 15,71 (CH3), 52,49 (CH2), 55,42 (CH). 

[Pt(ibn)Cl2]  = C4H12N2Cl2Pt  (Mr = 354,14): C, 13,57; H, 3,42; N, 7,91. 

3,15; H, 3,47; N, 7,88 %. 1H NMR (DMSO-d6, 250 MHz);  (ppm): 1,24-1,29 (m, 

6H, 2CH3), 2,30 (s, 2H, CH2), 5,14-5,36 (m, 4H, 2NH2); 
13C NMR (DMSO-d6, 250 MHz);  

(ppm): 15,85 (2CH3), 58,10 (CH2), 60,28 (C).  

[Pt(dach)Cl2] = C6H14N2Cl2Pt  (Mr = 380,17): C, 18,96; H, 3,71; N, 7,37. 
1H NMR (DMSO-d6, 250 MHz);  (ppm) 1,06 (m, 4H, 

2CH2  C4  C5), 1,63 (m, 4H, 2CH2  C3  C6), 2,07 (m, 2H, 2CH  C1  C2), 4,98-5,71 

(m, 4H, 2NH2); 
13C NMR (DMSO-d6, 250 MHz);  (ppm) 24,08 (2CH2, C4  C5), 31,27 (2CH2, 

C3  C6), 62,66 (2CH, C1  C2). 

 

 [Pt(en)(L- )]  

Pt(en)(L- )], -  

2- -

 ]. 

II)- 2O)2]
2+ 

[Pt(en)Cl2]  3 

2  ]. 

AgCl 

 2 -H2mal Me2-H2mal 

CO3   

60 oC . 
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 1 13C NMR  50

60%.  

[Pt(en)(Me-mal- ] = C6H12N2O4Pt (Mr = 371,25): C, 19,41; H, 3,26; 

N, 7,5 19,50; H, 3,22; N, 7,48 %. 1H NMR (D2O, 200 MHz);  (ppm) 2,57 (s, 4H, 

2CH2), 4,16 (q, H, CH), 1,37 (d, 3H, CH3); 
13C NMR (D2O, 200 MHz);  (ppm) 16,54 (CH3), 

50,79 (2CH2), 53,68 (CH), 183,30 (C=O).  

[Pt(en)(Me2-mal- ] = C7H14N2O4Pt (Mr = 385,28): C, 21,82; H, 

3,66; N, 7,27 21,54; H, 3,42; N, 7,43 %. 1H NMR (D2O, 200 MHz);  (ppm) 2,59 (s, 

4H, 2CH2), 1,77 (d, 6H, 2CH3); 
13C NMR (D2O, 200 MHz);  (ppm) 27,87 (2CH3), 50,68 

(2CH2), 55,32 (C), 185,63 (C=O).  

 

[145,146].   

 

3.5.   {[Pt(L)Cl]2(X)}Cl2
 
  

2(µ-pz)}Cl2 ( L  

en, 1,2-pn, ibn dach,    (pz)  (pydz) 

2] 

]. 

[Pt(L)(dmf)Cl]NO3 dmf , 

- L)Cl2 3 

 

5 cm3 .10-4 mola) AgNO3

[Pt(L)Cl2 3,32.10-4 3 

+ 

  {[Pt(L)Cl]2(µ-X)}Cl2
    

+ 
.10-4  (pz),  (pydz)  5 cm3 

. 



 

 

50 
 

12 h

  

 3 LiCl. 

 2( -X)}Cl2 

. 0

40%
 1 13C NMR   

{[Pt( n)Cl]2(µ-pz)}Cl2 = C8H20N6Cl4Pt2 (Mr = 732,25): C, 13,12; H, 

2,75; N, 11,48.  C, 13,16; H, 2,98; N, 11,19%. 1H NMR (D2O, 200 MHz);  (ppm) 2,68-

2,79 (m, 8H, 4CH2), 9,03 (s, 4H, 4CH); 13C NMR  (D2O, 200 MHz); (ppm) 52,34 (4CH2), 

153.46 (4CH). 

{[Pt(1,2-pn)Cl]2(µ-pz)}Cl2 = C10H24N6Cl4Pt2 (Mr = 760,31): C, 15,80; H, 

3,18; N, 11,05.  C, 15,45; H, 3,19; N, 10,82%. 1H NMR (D2O, 200 MHz);  (ppm) 1,34 

(d, 6H, 2CH3), 1,45-2,98 (m, 4H, 2CH2), 3,11-3,32 (m, 2H, 2CH), 9,01 (s, 4H, 4CH); 13C NMR 

(D2O, 200 MHz);  (ppm) 17,83 (2CH3), 54,52 (2CH2), 59,86 (2CH), 153.44 (4CH). 

{[Pt(ibn)Cl]2(µ-pz)}Cl2 = C12H28N6Cl4Pt2 (Mr = 788,36): C, 18,28; H, 

3,58; N, 10,66.  C, 17,84; H, 3,63; N, 10,47%. 1H NMR (D2O, 200 MHz);  (ppm) 1,42-

1,48 (m, 12H, 4CH3), 2,66 (s, 4H, 2CH2), 9,13 (s, 4H, 4CH); 13C NMR (D2O, 200 MHz);  

(ppm): 25,96 (4CH3), 60,09 (2CH2), 63,61 (2C), 153.36 (4CH). 

{[Pt(dach)Cl]2(µ-pz)}Cl2 = C16H32N6Cl4Pt2 (Mr = 840,43): C, 22,87; H, 

3,84; N, 10,00.  C, 22,56; H, 3,94; N, 9,56%. 1H NMR (D2O, 200 MHz);  (ppm) 1,27-

1,62 (m, 8H, 4CH2, C4,C5), 1,76-2,08 (m, 8H, 4CH2, C3,C6), 2,45-2,61 (m, 4H, 4CH, C1,C2), 

9,00 (s, 4H, 4CH); 13C NMR (D2O, 200 MHz);  (ppm): 26,55 (4CH2, C4,C5), 34,56 (4CH2 

C3,C6), (4CH, C1,C2), 153.31 (4CH). 

{[Pt(en)Cl]2(µ-pydz)}Cl2 = C8H20N6Cl4Pt2 (Mr = 732,25): C, 13,12; H, 

2,75; N, 11,48%. : C, 13,16; H, 2,98; N, 11,19%. 1H NMR (D2O, 200 MHz);  (ppm):  

2,78 2,82 (m, 8H, 4CH2), 8,14 (m, 2H, C4H  C5H), 9,58 (m, 2H, C3H  C6H); 13C NMR 

(D2O, 200 MHz);  (ppm): 51,10 (4CH2), 137,33 (2CH, C4  C5), 164,36 (2CH, C3  C6). 
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3.6.   [Pt(L)(H2O)2]
2+

 {[Pt(L)(H2O)]2(µ-X)}
4+

  

[Pt( n)(H2O)2]
2+ [Pt( n)Cl2] 

3 [96].     

2)             

.   AgCl  , 

 

 {[Pt(L)(H2O)]2(µ-X)}4+ : en, 1,2-pn, ibn  

dach, X je pz  pydz  {[Pt(L)Cl]2(µ-X)}Cl2 

3 2

[96].       

          . 

  AgCl  , 

 1H NMR        

        , 

   2O)]2( -X)}4+ .  

 

 

oC. -

 

 

3.8.   

M

 

 

3.9.  NMR (
1
H  

13
C)  

1H 13C NMR 2 3)2 (DMSO-d6) 

-3- - -2,2,3,3-d4
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0, Bru

mm.  

 Me-mal- Me2-mal- ) N-

-L-Met-Gly,  Ac-L- -L-His, Ac-L-Met-Gly-L-His-GlyNH2 

Ac-L-Met-Gly-Gly-L-His- 1 (II) 

 50 mM 

 

 oC, a  

 7,4.  

 [Pt(en)(Me-mal- Pt(en)(Me2-mal- )] 

Ac-L-Met-Gly Ac-L-Met-L-His 1H NMR 

 

NMR   

  0,6 cm3. oC, 

a    1a 1b 

 . k2) 

 

)xa(a

x
tk

00

2
 

x/a0(a0-x) (t) a0 

x Pt(II)-  (1a  1b, 

27) t [147]. 

 2   

4 1b 

k) 

  

at

a
lnkt 0  

ln(ao/at) (t). a0 Pt(II)-

 (1a  1b) at   t [147]. 
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[Pt( n)(H2O)2]
2+ {[Pt( n)(H2O)]2(µ-

pz)}4+  N- -L-Met- 1H 

,  1:2 

1:1 

 a . 

37 o  

 2,0-2,5. 

 N-  Ac-L-Met-Gly 

(II) {[Pt(L)H2O]2(µ-pz)}4+ L  en, 

1,2-pn, ibn dach  1H NMR . 

II  

NMR a 

37 o  

 2,0-2,5. 

{[Pt(en)(H2O)]2(µ-pydz)}4+ 2O)]2(µ-pz)}4+ 

N- (Ac-L-His- -L-Met-Gly) N-

Ac-L-Met-Gly-L-His-GlyNH2 
1H NMR 

37 o   2,0-2,5. 

II -L-His- -L-Met-Gly  

II) -L-Met-Gly-L-His-GlyNH2 

1:1  

 

3.10.  

{[Pt(en)Cl]2(µ-pz)}Cl2 

{[Pt(en)Cl]2(µ-pydz)}Cl2 

kappa-geometry  

CrysAlisPro 148]    . 

2.   



 

 

54 
 

 SHELXS-86 

149],  SHELXL-97 [149]. 

 [148].  

 

(  C-H = 0,97,  C-H = 0,93 

N-H = 0,90 Å)  

 

SIEMENS [150]  MERCURY [151]. 

"Cambridge Crystallographic  CCD C895153 

{[Pt(en)Cl]2(µ-pz)}Cl2 CCDC 946083 2(µ-pydz)}Cl2 . 

 

2.      {[Pt(en)Cl]2(µ-pz)}Cl2 

{[Pt(en)Cl]2(µ-pydz)}Cl2  

 
 

 
{[Pt(en)Cl]2(µ-pz)}Cl2 

 
{[Pt(en)Cl]2(µ-pydz)}Cl2 

 C8H20Cl4N6Pt2 C8H20Cl4N6Pt2 
  732,28 732,28 

 
 

 
 P21/n 

 
 C2/c 

 (K) 295 295 
 

      a (Å) 5,07703(9) 12,1865 (2) 
      b (Å) 12,6594(2) 10,4368 (2) 
      c (Å) 14,1839(2) 14,3753 (3) 
       (o) 97,7545(16) 103,721 (2) 
      V 

3) 903,29(2) 1776,19 (6) 
      Z 2 4 

 Mo  Mo  
 

µ (mm-1) 
16,06 16,34 

  0,20 x 0,20 x 0,10 0,25 x 0,20 x 0,15 
Tmin, Tmax 0,405; 1,000 0,082; 0,185 
   

 20103 17632 
 1588 1570 
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1545 [I > 2 (I)] 1428 [I > 2 (I)] 

 F2 F2 
R[F

2 2
)] 0,014 0,019 

wR(F
2
) 0,035 0,048 

S 1,2 1,21 

 

1588 1570 

 91 91 

max (e Å-3) 0,65 0,49 
(e Å-3) -0,35 -1,10 
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4.   

 

4.1.  

(II) 

 

 II), 

 

[10,20,21]  II

II), 

 [75-77].  

-16].  

II)    

  

 .), 
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II) 

  L- L- L-

  

 ]. 

II

 

108].  

 

(II) 

  L- L-

(II).  

 

4.1.1. (II) 

 L-  L-  

 [Pt(en)(Me-mal- [Pt(en)(Me2-mal- )] 

-  2-   -

-  ) N-  L- -  (Ac-L-Met-

L- L- N-

 L- -L-  (Ac-L-Met-L-His), L- - -L-

-   (Ac-L-Met-Gly-L-His-GlyNH2)  L- - - -L-

-  (Ac-L-Met-Gly-Gly-L-His-Gly),   1H NMR 

    

 mM   

37 ºC. (II)  

25

26. 
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  II)   

 

 

 

6.   
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Pt(II) 

[152] Me- 2-mal  (II) 

 [Pt(en)(Me-mal- 2-mal- )]  -L-Met-Gly 

Met-Gly 

-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2  Ac-L-Met-Gly-Gly-L-

His-  

-   

 

 -L-Met-Gly 

 [Pt(en)(Me-mal- [Pt(en)(Me2-

mal- )] Ac-L-Met-Gly 27. 

Pt(II)  Ac-L-Met-Gly 

Pt(II)-  ( 27). 

 

Me-mal  Me2-mal 1H NMR 

 ppm S-CH3 

 Ac-L-Met-Gly  2,38 ppm 

S-CH3 Pt(II) 

 .  

 [Pt(en)(Me-mal-O)(Ac-L-Met-Gly-S)]- 

( ) -L-Met- -mal-

)] 1H NMR 

6,92 Hz), -   1,37 ppm (d, J = 6,96 Hz), 

CH3 Me-mal [Pt(en)(Me-mal-

)]  

3,29 (q, J =7, - , 3

Me-mal  7 

3). 
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Pt

H2
N

N
H2

O

O

[Pt(en)(Me-mal-O,O`)]

O

O

H

CH3

H3C
H
N

N
H

O-

O

O

O

S

H3C

Pt

OH2

NH2

H2N

H3C
H
N

O-

O

O

S

H3C

Pt

OH2

NH2

H2N

H2N
O-

O
+

Pt

H2
N

N
H2

O-

O

O O

S

H3C

1a

H CH3

-O

-O
O

O

H

CH3

3

2

HN

N
H

O
O-

O

H3C

O

[Pt(en)(Me-mal-O)(Ac-L-Met-Gly-S)]-

[Pt(en)(H2O)(Ac-L-Met-Gly-S)]+

[Pt(en)(H2O)(Ac-L-Met-S)]+

pH = 7,4; t = 37 oC

Pt

H2
N

N
H2

O-

O

O O

S

H3C

H CH3

HN

N
H

O
O-

O

H3C

O

N NH

S

H
N

N

NH

NH

Pt

H3C

O-

O

O

H3C

O

H2N

NH2

-O

-O
O

O

H

CH3

Ac-L-Met-Gly Ac-L-Met-L-His

1b
[Pt(en)(Me-mal-O)(Ac-L-Met-L-His-S)]-

4
[Pt(en)(Ac-L-Met-L-His-S,N3)]+

Pt

H2
N

N
H2

O

O

[Pt(en)(Me2-mal-O,O`)]

O

O

CH3

CH3

ili

Gly

3

3 1

1

 

7. -L-Met-Gly, Ac-L-Met-L-His, Ac-L-Met-Gly-L-

His-GlyNH2 -L-Met-Gly-Gly-L-His-Gly -mal-

[Pt(en)(Me2-mal- )] 

 



 

 

61 
 

. 1H NMR 

[Pt(en)(Me-mal- 2-mal- -L-Met-

pH = 7,4  37 ºC)  D2O  

 

1  
( , ppm; J,Hz)* 

-CH- 
mal 

CH3- 
mal 

(CH3)2- 
mal 

CH3- 
Met 

Gly- 
CH2 

Ac-L-Met-Gly     2,11(s) 3,78 (s) 

[Pt(en)(Me-mal- )] 4,16(q) 
 J = 6,92 

1,37(d) 

 J = 6,96 
   

[Pt(en)(Me2-mal- )]   1,77 (s)   

[Pt(en)(Me-mal-O)(Ac-L-Met-Gly-S]¯  (1a) 
3,29(q) 

 J = 7,02 
1,24(d) 

 J = 7,14 
 2,38 (s) 3,78 (s) 

[Pt(en)(Me2-mal-O)(Ac-L-Met-Gly-S]¯
(1a)   1,27 (s) 2,38 (s) 3,78 (s) 

[Pt(en)(H2O)(Ac-L-Met-Gly-S]+ (2)    2,38 (s) 3,78 (s) 

-mal   1,31(d)    

2-mal   1,34 (s)   

 Gly     3,56 (s) 

,70 ppm. 

 

  

Me-mal 

[Pt(en)(Me-mal-  -L- -Gly [153].  

  2-mal- -L-Met-Gly 
1H NMR 1,77 ppm 

 Me2-mal  [Pt(en)(Me2-mal-

)]   ,

Me2-mal  Pt(II)  ( 1a, 

27 3 1H NMR 

mal-  -

-  -

L-Met-Gly,  -CH2 

D2O). H/D-   

2O [154,155].  
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[Pt(en)(Me-mal- )] 

-L-Met-Gly (k2 = (26,20 ± 0,62).10-3 M-1s-1

[Pt(en)(Me2-mal-  k2 = (4,05 ± 0,04) x10-

3M-1s-1)  

 

. [Pt(en)(Me-mal- )] [Pt(en)(Me2-mal- )]  

Ac-L-Met-Gly Ac-L-Met-L-His  

pH = 7,4  37 ºC) D2O  

 

-
1a (Ac-L-Met-Gly)  1b  

(Ac-L-Met-L-His) 
10

3
k2/M

-1
s

-1 

1a 2  
(Ac-L-Met- 1b 4 (Ac-

L-Met-L-His) 
10

6
k/s

-1 

[Pt(en)(Me-mal- )]   
+ 

Ac-L-Met-Gly 
(26,20 ± 0,62) (3,02 ± 0,02) 

[Pt(en)(Me2-mal- )]  
+ 

Ac-L-Met-Gly 
(4,05 ± 0,04) (1,45 ± 0,02) 

[Pt(en)(Me-mal- )]   
+ 

Ac-L-Met-L-His 
(11,95 ± 0,31) (5,22 ± 0,03) 

[Pt(en)(Me2-mal- )]  
+ 

Ac-L-Met-L-His 
(6,19 ± 0,02) (5,98 ± 0,03) 

 

 

 2 27). Me-

Me2-mal 1H NMR 

  1,27 ppm 

-mal, Me2-

, ,34 ppm  Me-

2-   28 1H NMR 

 [Pt(en)(Me2-mal-  Ac-L-Met-Gly   
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0.5 h

1 

5 

10

15 

 

 1H NMR 2-mal-

-L-Met- 37 oC 50 

mM (pH 7,40 D2O 

2- 2-mal-O)(Ac-L-Met-Gly-S)] 

2- 2-

2-mal-  

 

 [%] Me- 2-mal, 

[Pt(en)(Me-mal- )] [Pt(en)(Me2-mal- )] 

29.  

   h -

2-mal     48h 

25%  . 

Me-mal Me2-mal  

2 ,  

1H NMR   

 k = (3,02 ± 0,02).10-6 s-1 -mal, ,45 ± 0,02) .10-6 s-1 2-mal 

4). 
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9. [%] Me-mal, [Pt(en)(Me-mal-

-mal-O)(Ac-L-Met-Gly-S)]- -mal- -

L-Met-Gly (a 2-mal, [Pt(en)(Me2-mal- 2-mal-O)(Ac-L-Met-Gly-S)]- 

2-mal- -L-Met-Gly (b) 

 

 Pd(II)  Pt(II) 

 L- L-

[95,116,117,120,121,156

Me- 2-      

2, Met-Gly  Ac-L-Met-Gly 

 27).  1H NMR 

3,78 ppm 

 3,56 ppm 

-CH2- ). 

 3,56 ppm, 

[Pt(en)(Me-mal-O)(Ac-L-Met-Gly-S)]
-
 (1a) 

 Me-mal 

 [Pt(en)(Me-mal- )] 

[Pt(en)(Me2-mal-O)(Ac-L-Met-Gly-S)]
-
 (1a) 

 Me2-mal 

 [Pt(en)(Me2-mal- )] 
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Ac-L-Met-Gly 

Met-Gly  

 [Pt(en)(Me-mal- 2-mal- )] 

 Ac-L-Met-Gly 

    

Met-Gly Ac-L-Met-Gly [Pt(en)(Me-

mal- 2-mal- )] 30. 

   [Pt(en)(mal- )], 

[Pt(en)(Me-mal- 2-mal- )] Met-Gly 

Ac-L-Met-Gly  [Pt(en)Cl2  

[Pt(en)(cbdca- )] 30) [128].    30 

: [Pt(en)(cbdca-

)] < [Pt(en)(Me2-mal- )] < [Pt(en)(Me-mal- )] < [Pt(en)(mal- )] < 

[Pt(en)Cl2]. 

Cl-, mal, cbdca

30  -  

- , 

 

: mal > Me-mal > Me2- 30)

 

4 2-mal 

 

 Me- 2 

Met-Gly 
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30. - -L-Met-

 

- -

   

 

 L- L-

  

[Pt(en)(Me-mal- 2-mal-

- -  (Ac-L-Met-L-His, 

Ac-L-Met-Gly-L-His-GlyNH2 -L-Met-Gly-Gly-L-His-Gly
1 .  

Pt(II)  mM  

 2  ºC  h 

Pt(II)- 4 27

27,  4 Pt(II)  

N3 L-  

L-
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4  

 

Met-His-

1b  
1  2,10  

2,11 ppm -  Ac-L-Met-L-His,  Ac-L-Met-

Gly-L-His-GlyNH2 -L-Met-Gly-Gly-L-His-Gly  

,57  2,60 ppm, -

 Pt(II) ). 

1b     

L- [126,152]. 

1b   Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-

GlyNH2 -L-Met-Gly-Gly-L-His-Gly -mal- 2-

mal- )]   

 1H NMR 

 Me- 2-  

Pt(II) .    

 -mal- 2-mal- )] 

-L-Met-  3

1b  1H NMR . 

,37 ppm ( -mal  [Pt(en)(Me-

mal- )]) ,77 ppm ( 2-mal 

[Pt(en)(Me2-mal- )  

1,24 ppm ppm 

1b ([Pt(en)(Me-mal-O)(Ac-L-Met-L-His-

S)]-, [Pt(en)(Me2-mal-O)(Ac-L-Met-L-His-S)-]

1b 

Pt(II) 

 [Pt(en)(Me-mal- 2-mal- )] 

 -L-Met-L-His
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(k2 = (11,95 ± 0,31).10-3 M-1s-1 - 2 = (6,19 ± 0,02).10-3 M-1s-1 2-mal 

 Pt(II) -L-Met- , 

1b  

). 

  Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-

GlyNH2 -L-Met-Gly-Gly-L-His-Gly    

Pt(II)-  4 ( 27). 1b 4  

  -mal, Me2-

1b, N3 

 4   1H NMR  

 - 2-mal 

 

Me- 2-  .  

Me- 2-mal 

 1b  

2  ( 7, 

3 Pt(II) 4  
1H NMR  

 

4.  

5, 

C2H ,22 - 0,31 ppm)  

= 0,12  0,17 ppm),   C2H 

, N3 [119,157,158].  

4 1b 

Me-mal k = (5,22 ± 0,03).10-6s-1  Me2-mal k = (5,98 ± 0,03).10-6s-

1

2  4 N3 

  -Met-His-    

 Ac-L-Met-Gly   
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-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 -L-Met-Gly-

Gly-L-His-Gly    S,N3-

  

4. 

 

. 1 , ppm)  -Met-His-  

 Pt(II)- 4 

[Pt(en)(Me-mal- 2-mal- ,

37 o 2O.  

 

 [Pt(en)(Me-mal-

[Pt(en)(Me2-mal- )]  N-  Ac-L-Met-Gly,  Ac-L-Met-

L-His, Ac-L-Met-Gly-L-His-GlyNH2 -L-Met-Gly-Gly-L-His-Gly  

(pH = 7,4  37 ºC Pt(II)-

Ac-L-Met-Gly

N3 

Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 -L-Met-Gly-

Gly-L-His-Gly Me-mal Me2-mal 

Pt(II)-  

-  
 4 

 S-CH3 
Gly1 
CH2 

Gly2 
CH2 

Gly3 
CH2 C2H C5H 

Ac-L-Met-L-His 8,44 7,20 2,10    

[Pt(en)(Ac-L-Met-L-His-S,N3)]+ 8,13 7,08 2,58; 2,60    

Ac-L-Met-Gly1-L-His-Gly2-NH2 8,31 7,19 2,11 3,93 3,93  

[Pt(en)(Ac-L-Met-Gly-L-His-Gly-NH2-S,N3)]+ 8,09 7,02; 6,97 2,57 3,98 3,93  

Ac-L-Met-Gly1-Gly2-L-His-Gly3 8,61 7,34 2,11 4,04 3,96 3,80 

[Pt(en)(Ac-L-Met-Gly-Gly-L-His-Gly-S,N3)]+   8,07 7,09 2,59 4,00 3,94 3,81 
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Met-Gly Ac-L-Met-Gly 

N3 

Ac-L-Met-L-His-

Pt(II)-  

  Pt(II) 

-  pH 

 

 Pt(II) , -Met-

His-  Pt(II)   

 Pt(II)  

 

 

4.1.2.   (II) 

  

2(µ-X)}Cl2 

, en; (±)-1,2- -pn; 

trans-(±)-1,2-

 1H 
13  

{[Pt(en)Cl]2(µ-pz)}Cl2 2(µ-pydz)}Cl2  

(II) 

1 2. 

[Pt(L)Cl2]-

2PtCl4 

[Pt(L)Cl2] 3 

[Pt(L)Cl(DMF)]+ 

{[Pt(L)Cl]2(µ-X)}Cl2 

 



 

 

71 
 

NMR 

 , 

 

 

 

 

1.  

 

{[Pt(L)(H2O)]2(µ-pz)}4+ 2O)]2(µ-pydz)}4+  1  

 

- - N- - -

(Ac-L-Met-Gly), L- - -L-His - - -L- -

-L-Met-Gly-L-His-GlyNH2 . 

Pt

2  
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32. l]2(µ-X)}Cl2  

 

-

-L-Met-Gly, Ac-L-His -L-Met-Gly-L-His-

GlyNH2   

 

2(µ-pz)}Cl2  2(µ-pydz)}Cl2 

 

2(µ-pz)}Cl2  . 

2(µ-pz)}Cl2  2(µ-pydz)}Cl2  

3

 

{[Pt(en)Cl]2(µ-pz)}Cl2  6.  

{[Pt(en)Cl]2(µ-pz)}Cl2  1

i  

- - -N 

- . 
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---  Å  

Pt(II) 

  

[185] (CSD = Cambrige Structural Database).   

 

                        

 {[Pt(en)Cl]2( -pz)}2+  {[Pt(en)Cl]2(µ-pydz)}2+  

 

 

. o {[Pt(en)Cl]2( -pz)}Cl2  

Pt1 N1 2,032 (3) Pt1 N3 2,018 (3) 

Pt1 N2 2,040 (3) Pt1 Cl1 2,2980 (10) 

N1 Pt1 N2 83,24 (12) N1 Pt1 Cl1 92,82 (10) 
N1 Pt1 N3 175,61 (12) N2 Pt1 Cl1 175,67 (9) 

N2 Pt1 N3 93,51 (11) N3 Pt1 Cl1 90,52 (8) 

Pt1 N1 C1 C2 -41,0 (4) C2 N2 Pt1 N1 13,2 (2) 
N1 C1 C2 N2 52,1 (4) N2 Pt1 N1 C1 15,7 (3) 

C1 C2 N2 Pt1 -38,5 (4)   
 

trans 

{[Pt(en)Cl]2( -pz)}2+ i 

) 
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,045  

,010(1) Å,  ,

-N(

(2, ,040(3) - ,

- , N1-Pt-Cl(1), 

Cl1-Pt- -Pt- ,  93, -Pt-

,

-Pt-

 

185

-  

 

- Pt(II) -Pt-

N3- - -Pt-N3- ,

twist) 

 -C2 

Cremer-Pople -

 , -92,

[186].  

2(µ-pz)}Cl2  . 

{[Pt(en)Cl]2( -pz)}2+,   - ,077(1)Å 

34

  

[164,169,171,187

---Cg (Cg 

 Cl2---Cg--- ,9º. 
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- ,2 Å [166 3

 7

 

 

34. 

a {[Pt(en)Cl]2( -pz)}Cl2 
... · · ·
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7. {[Pt(en)Cl]2( -pz)}Cl2 

 

D H···A D H (Å) H···A (Å) D· · ·A (Å) D H···A (°) 
N1 H1B···Cl2 0,90 2,44 3,291 (3) 156,9 
N1 H1A···Cl2i 0,90 2,41 3,230 (3) 150,9 
N2 H2A···Cl2ii 0,90 2,46 3,313 (3) 157,4 
N2 H2B···Cl2iii 0,90 2,34 3,211 (3) 161,9 

 

2(µ-pydz)}Cl2 . 

{[Pt(en)Cl]2(µ-pydz)}Cl2  3  C2/c 

2(µ-pydz)}Cl2  

8. 2(µ-pz)}2+ 

2(µ-pydz)}2+ C2 

 

 

 

 8. o {[Pt(en)Cl]2( -pydz)}Cl2  

Pt1 N2 2,011 (4) N3 C3 1,325 (7) 
Pt1 N3 2,027 (4) N3 N3i 1,342 (9) 
Pt1 N1 2,048 (4) C2 C1 1,497 (8) 
Pt1 Cl1 2,3036 (15) C3 C4 1,368 (9) 
N1 C1 1,471 (7) C4 C4i 1,340 (14) 
N2 C2 1,482 (7)   
N2 Pt1 N3 179,55 (18) C3 N3 N3i 118,9 (3) 
N2 Pt1 N1 82,77 (17) C3 N3 Pt1 123,0 (4) 
N3 Pt1 N1 97,67 (18) N3i N3 Pt1 117,82 (13) 
N2 Pt1 Cl1 90,68 (13) N2 C2 C1 107,8 (4) 
N3 Pt1 Cl1 88,88 (13) N1 C1 C2 108,1 (4) 
N1 Pt1 Cl1 173,34 (13) N3 C3 C4 123,0 (6) 
C1 N1 Pt1 107,7 (3) C4i C4 C3 118,0 (4) 
C2 N2 Pt1 111,9 (3)   

(i) -x+2, y, -z+1/2 
 

- -

3Cl] 
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-

 

-

3Cl]+ 

 

3 -

2(µ-pz)}2+ 

  

 

{[Pt(en)Cl]2( -pydz)}Cl2 
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2(µ-

pydz)}Cl2 
-

2(µ-

pydz)}Cl2  

{[Pt(en)Cl]2(µ-pz)}Cl2  

· · ·

 

188

(PILMUS [189 0 1

{[Pt(en)Cl]2( -pydz)}Cl2 

  

2(µ-pydz)}Cl2  . 

36). 

c-

 

2(µ-pz)}Cl2
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36. {[Pt(en)Cl]2( -pydz)}Cl2 b-

 

 

9.  

{[Pt(en)Cl]2( -pydz)}Cl2  

 

 

D H···A D H (Å) H···A (Å) D· · ·A (Å) D H···A (°) 

 

N1 H1B···Cl1i 0,90 3,02 3,645 (5) 128 

 

N1 H1A···Cl2 0,90 2,28 3,154 (5) 166 

N1 H1B···Cl2ii 0,90 2,67 3,425 (5) 142 

N2 H2A···Cl2iii 0,90 2,34 3,215 (5) 162 

N2 H2B···Cl2iv 0,90 2,32 3,191 (5) 162 

(i) -x+2, y, -
z+1/2; (ii) -x+3/2, y+1/2, -z+1/2; (iii) x+1/2, y+1/2, z; (iv) -x+3/2, -y+1/2, -z. 
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N-  Ac-L-Met-

2O)]2(µ-pz)}
4+

 2O)2]
2+

  

- -L-Met-

2O)2]
2+ 

{[Pt(en)(H2O)]2(µ-pz)}4+
 

-   
1 . 

 

2  º

Ac-L-Met- 2O)2]
2+

 

 

 

-L-Met-  

2O)]2(µ-pz)}4+ 2O)2]
2+ 

-L-Met- , 

, 

  

 )-  [Pt(en)(Ac-L-Met-Gly-S)(H2O)]2+ (1) 

{[Pt(en)(Ac-L-Met-Gly-S)](µ-pz)[Pt(en)(H2O)]}4+ (2). 

Met- -L-Met-G

37. 
1H NMR 

S-

Ac-L-Met-

S-  

-

0

  

[94,152,192,193].  
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 {[Pt(en)(H2O)]2( -pz)}4+

Ac-L-Met-Gly

 [Pt(en)(H2O)2]2+

[Pt(en)(Ac-L-Met-Gly-S)(H2O)]2+

S

NH

NH

O

Pt

NH2

H2N OH2

OH

O

H3C

Ac

{[Pt(en)(Ac-L-Met-Gly-S)]( -pz)[Pt(en)(H2O)]}4+

S

NH

NH

O

Pt

NH2

H2N N Pt NH2

H2N

OH2

N

OH

O

H3C

Ac

1

2

S

NH

NH

O

Pt

NH2

H2N OH2

OH

O

H3C

Ac
H2O

internalni mehanizameksternalni mehanizam

S

NH

O

Pt

NH2

H2N OH2

H3C

Ac

OH
+

[Pt(en)(Ac-L-Met-S)(H2O)]2+

Gly
S

NH

O

Pt

NH2

H2N N N

H3C

Ac

OH

+   [Pt(en)(H2O)2]2+  +  Gly

[Pt(en)(Ac-L-Met-S)(pz)]2+

2.0 < pH < 2.5

t = 37 oC

3 4

C

O

(Ac =                )CH3

 

37. -L-Met-

[Pt(en)(H2O)2]
2+ 2O)]2(µ-pz)}4+ ) 

 

 

1

1 2  

-CH2- 

 

-CH2- 1 2 
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1 2 -L-Met-

-

-L-Met-Gly-

S)(H2O)]2+ (3) -L-Met-Gly-S)(pz)]2+ (4) 

3-

 

 

 1H NMR 

[Pt(en)(H2O)2]
2+  {[Pt(en)(H2O)]2( -pz)}4+ -L-Met- pH 

5 37 ºC  D2O  

 

-L-Met-Gly-S)](µ-pz)[Pt(en)(H2O)]}4+ 

2 -L-Met- {[Pt(en)(H2O)]2( -pz)}4+, 

-

-

/Pt(II) / 

 

 
1
H NMR  

( , ppm) 

Ac-L-Met-Gly 2,11 (s, MetCH3); 3,99 (s, GlyCH2) 

{[Pt(en)(H2O)]2( -pz)}4+ 2,64 (s, enCH2); 9,03 (s, pzCH) 
[Pt(en)(H2O)2]

2+ 2,64 (s, enCH2) 
[Pt(en)(Ac-L-Met Gly-S)(H2O)]2+ (1  7) 2,54 (s, MetCH3); 2,84 (s, enCH2) 

{[Pt(en)(Ac-L-Met Gly-S)](µ-pz)[Pt(en)(H2O)]}4+ (2) 
2,54 (s, MetCH3); 2,70; 2,84 (2s, enCH2); 
9,03 (s, pzCH) 

[Pt(en)(Ac-L-Met-S)(H2O)]2+ (3) 2,54 (s, MetCH3); 2,84 (s, enCH2) 

[Pt(en)(Ac-L-Met-S)(pz)]2+ (4) 
2.53 (s, MetCH3); 2.89 (s, enCH2); 8.75  
9.00 (m, pzCH) 

[Pt(en)(Ac-L-Met Gly-S)2]
2+ (5) 2,54 (s, MetCH3); 2,89 (s, enCH2) 

{[Pt(en)(Ac-L-Met Gly-S)]2( -pz)}4+ (6) 
2,53 (s, MetCH3); 2,89 (s, enCH2); 9,03 (s, 
pzCH) 

 (Gly) 3,77 (s, GlyCH2) 
 (pz) 8,66 (s, pzCH) 
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2

- 

[Pt(en)(Ac-L-Met-Gly-S)(pz)]2+ 
4 37).  

1

Pt(II)- 2

 cis- trans-[Pt(NH3)2(pz)2](NO3)2  [Pt(tmda)(pz)2](NO3)2 -

[159 4 -
1  

[159]  

- -L-Met- {[Pt(en)(H2O)]2( -pz)}4+  

[Pt(en)(H2O)2]
2+   38. 

[Pt(en)(H2O)2]
2+    Met-

{[Pt(en)(H2O)]2( -pz)}4+ 

 -

  -  

{[Pt(en)(H2O)]2( -pz)}4+  

-

[Pt(en)(H2O)2]
2+ 

 [Pt(en)(H2O)2]
2+ 

-L-Met-  2:1 

  38 -

 

2O)2]
2+ 

{[Pt(en)(H2O)]2( -pz)}4+ 

-L-Met-
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-

1 2  

 

 

8. et- -L-Met-

[Pt(en)(H2O)2]
2+ 

 

 

 Met-

[Pt(en)(H2O)2]
2+ 7) [44-46]. 

 

( ).  

-

  1, [Pt(en)(Ac-L-Met-Gly-S)(H2O)]2+, 

 

2
 

4
 

6
 

8
 

 

2 

 
6 24 h 

 

M
e
t-

 

 

{[Pt(en)(H2O)]2( -pz)}
4+ 

: Ac-L-Met-Gly =1:1 
 [Pt(en)(H2O)2]

2+ 
: Ac-L-Met-Gly =2:1 

[Pt(en)(H2O)2]
2+

 : Ac-L-Met-Gly =1:1 

{[Pt(en)(H2O)]2( -pz)}
4+ 

: Ac-L-Met-Gly =1:2  
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2  

 

- - 116,117,120, 

121,156, 183,184,194 2 ({[Pt(en)(Ac-L-Met Gly-

S)](µ-pz)[Pt(en)(H2O)]}4+, 37), Pt

 

 

Pt 

2 

2O)2]
2+  

 2 

 

2O)2]
2+ 

(II)  [176-178]. 

 

-L-Met-  

- -L-Met-  

2O)2]
2+ 2O)]2(µ-pz)}4+ 

 :

2  

[Pt(en)(Ac-LMet-Gly-S)2]
2+ (5 -L-Met-Gly-S)]2(µ-pz)}4+ (6  

 1  2,11 ppm 

S- -L-Met-

54 ppm, S-

 5 6, 

39 10).  
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39. [Pt(en)(H2O)2]
2+  {[Pt(en)(H2O)]2( -pz)}4+ 

  Ac-L-Met Gly 1:2   

 

 1H NMR 

Pt(II) 

 -L-Met- -

5 6 2O)2]
2+ -L-Met-
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1H NMR 

5 

6

{[Pt(en)(H2O)]2(µ-pz)}4+ -L-Met-

- -L-

Met-Gly-S)(H2O)]2+ 7

1 2O)2]
2+ -

L-Met- 1H NMR 

7 

6 

 

7  1H NMR  

-CH2- 

-L-Met-

-  

)(H2O)]2(µ-pz)}4+ -L-Met- :2 

- 38  

  

Pt(II)    

Ac-L-Met-  Pt (II)  

 

-L-His- -L-Met-Gly-L-His-GlyNH2 

 {[Pt(en)(H2O)]2(µ-pz)}
4+

  2O)]2(µ-pydz)}
4+ 

  

2(µ-pz)}Cl2 2(µ-pydz)}Cl2
  

31 

)

, 
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{[Pt(en)(H2O)]2(µ-pz)}4+, 2O)]2(µ-pydz)}4+,  

.6 1

2O)]2(µ-pz)}4+
 2O)2]2(µ-

pydz)}4+ -L-His- -L-Met-Gly-L-His-GlyNH2 6). 

 ºC D2O . 

 - (

95,116,117,152, 183,184]. 

-L-His-Gly 

-L-Met-Gly-L-His-GlyNH2  

 

-L-His-  

2O)]2(µ-pz)}4+
  -

L-His-   ,  

{[Pt(en)(Ac-L-His Gly-N3)]( -pz)[Pt(en)(H2O)]}4+ -L-His Gly-

N1)]( -pz)[Pt(en)(H2O)]}4+ 40 11). 

-L-His-

N3 N1 

L-

-L-His- 2O)2]
2+ 

+ 

-L-His- 2O)]2(µ-pz)}4+ 

H2O)2]
2+ + 
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40. (a)  

2O)]2(µ-pz)}4+ -L-His- Ac-L-Met-

Gly-L-His-GlyNH2  2O)]2(µ-pz)}4+ 

 (b) -

2O)]2(µ-pz)}4+ 2O)]2(µ-pydz)}4+ 

-L-Met-Gly-L-His-GlyNH2   

 

2O)2]
2+ 

N3 
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[95,116,117,120,152,156,192,195].  

 

11. 1

{[Pt(en)(H2O)]2( -pz)}4+    Ac-L-His- -L-Met-Gly-L-His-GlyNH2 

 

 

2O)]2(µ-pz)}4+ 

-L-His-

1

-L-His-

-CH2- 

 

-  pH = 7.0) ( , ppm) 
C2H C5H 

Ac-L-His Gly 8,61 7,33 

{[Pt(en)(Ac-L-His-Gly-N3)](µ-pz)[Pt(en)(H2O)]}4+ 8,09 7,10 

{[Pt(en)(Ac-L-His-Gly-N1)](µ-pz)[Pt(en)(H2O)]}4+ 7,96 6,95 

[Pd(en)(H2O)(Ac-L-His-Gly-N3)]2+ 8,03 7,11 

[Pd(en)(H2O)(Ac-L-His-Gly-N1)]2+ 7,87 6,89 

[Pt(dien)(Ac-L-His-Gly-N3)]2+,a 8,00 7,12 

[Pt(dien)(Ac-L-His-Gly-N1)]2+,a 7,88 6,85 

Ac-L-Met-Gly-L-His-GlyNH2 8,63 7,31 

{[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-N3)](µ-pz)[Pt(en)(H2O)]}4+ 8,07 7,09 

{[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-N1)](µ-pz) [Pt(en)(H2O)]}4+ 7,92 6,92 

{[Pt(dien)(µ-Ac-L-Met-Gly-L-His-GlyNH2-N3)[Pt(en)(H2O)]}4+ 8,14 7,10 

{[Pt(dien)(µ-Ac-L-Met-Gly-L-His-GlyNH2-N1)[Pt(en)(H2O)]}4+ 7,88 6,89 
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-CH2- 

Ac-L-His- -

- 1H NMR 

2O)]2(µ-pydz)}4+ -L-His-Gly, 

 

(II), 

{[Pt(en)(H2O)]2(µ-pz)}4+ 2O)]2(µ-pydz)}4+ -

L-His- , , 

-L-His-

{[Pt(en)(H2O)]2(µ-pydz)}4+  

 

-L-Met-Gly-L-His-GlyNH2 

 

2O)]2(µ-pz)}4+ 2O)]2(µ-pydz)}4+ 

-L-Met-Gly-L-His-GlyNH2 , 

, 

-L-Met-Gly-L-His-GlyNH2 

L-
1  S-

-L-Met-Gly-L-His-GlyNH2 

S-

L-

2O)]2(µ-pz)}4+ 

{[Pt(en)(H2O)]2(µ-pydz)}4+  

 

L-
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[94,152,192,193]
1

L-

-L-Met-Gly-L-His-GlyNH2 2O)]2(µ-pz)}4+ 

{[Pt(en)(H2O)]2(µ-pydz)}4+ 

- -L-Met-Gly-L-His-GlyNH2-S)](µ-

pz)[Pt(en)(H2O)]}4+ -L-Met-Gly-L-His-GlyNH2-S)](µ-pydz)[Pt(en)(H2O)]}4+ 

40 - -L-

Met-Gly-L-His-GlyNH2 
1H 

L- -

({[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-S)](µ-pz)[Pt(en)(H2O)]}4+ -L-Met-Gly-

L-His-GlyNH2-S)](µ-pydz) [Pt(en)(H2O)]}4+, b 

 N-

-L-His-GlyNH2 -L-His-GlyNH2 

N-

Gly-L-His-GlyNH2 

-CH2- Pt(II)-

 3,85 ppm, -

-Gly 

2O)]2(µ-pz)}4+ 

{[Pt(en)(H2O)]2(µ-pydz)}4+ . 

-L-Met-Gly-L-His-GlyNH2  {[Pt(en)(H2O)]2(µ-pz)}4+ 

{[Pt(en)(H2O)]2(µ-pydz)}4+  

2 2O)]2(µ-pz)}4+ -L-Met-Gly-

L-His-GlyNH2 -L-Met-Gly-L-His-GlyNH2-S)](µ-pz)[Pt(en)(H2O)]}4+ 

  

N1 N3) L-
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 {[Pt(en)(H2O)]2(µ-pz)}4+ 

-L-His-Gly ( 40 11 2O)]2(µ-pz)}4+ 

-L-Met-Gly-L-His-GlyNH2 

-

-L-Met-Gly-L-His-GlyNH2-S)](µ-pz)[Pt(en)(H2O)]}4+) 

-GlyNH2   L-

-GlyNH2 

N3 
1

 N-  Ac-L-Met-Gly-L-His-

GlyNH2 

2 2 

2

94 ppm 

His-GlyNH2 {[Pt(en)(H2O)]2(µ-pz)}4+ 

- -GlyNH2 

-L-Met-Gly-L-His-GlyNH2 a 2O)]2(µ-pydz)}4+ 

-

-GlyNH2 

   

2O)]2(µ-pydz)}4+  

 

{[Pt(en)(H2O)]2(µ-pz)}4+ 2O)]2(µ-pydz)}4+

L- L-

 

2O)]2(µ-

pydz)}4+ 

-  
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Met- -GlyNH2 

2O)]2(µ-pydz)}4+ 

orto-  {[Pt(en)(H2O)]2(µ-pz)}4+ 

para- 2(µ-pydz)}Cl2 

 

{[Pt(en)(H2O)]2(µ-pydz)}4+

-

 

   L-

 

41).  

 

 

 

41.   

  

{[Pt(en)(H2O)]2( -pydz)}4+  
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-L-Met-

{[Pt(L)Cl]2(µ-pz)}Cl2  

   

{[Pt(L)Cl]2(µ-pz)}Cl2 -1,2- -

trans-(±)-1,2- h; pz -   

31  

C, H  N  1 13  

12 2(µ-pz)}Cl2 

 

[57,120,128]

31  

 L. 
1

N- - - -L-

Met-Gly, 26

Pt  

 

-L-Met-

2(µ-pz)}Cl2 

2O)]2(µ-pz)}4+ Pt(II)- -L-Met-
o

2

Pt -L-Met-

-

2O)]2(µ-pz)}4+ 

-L-Met-Gly. 
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12. 1 13 (L)Cl]2( -pz)}Cl2 

. 

57,120,128] 

 

2O)]2(µ-pz)}
4+

 -L-Met-Gly 

 

 

{[Pt(en)(H2O)]2( -pz)}4+ L-

 

L-   

Met- -L-Met-

{[Pt(L)(H2O)]2( -pz)}4+   

  L.  

 

1
H NMR 

, ppm) 

13
C 

NMR , ppm) 

{[Pt(en)Cl]2( -pz)}Cl2 
2,64 

(s, enCH2) 
9,03 

(s, pzCH) 
52,34 

(enCH2) 
153,46 

(pz) 

{[Pt(1,2-pn)Cl]2( -pz)}Cl2 

 

1,34 
(d, 1,2-pnCH3), 

2,45-2,98 
(m, 1,2-pnCH2), 

3,11-3,32 
(m, 1,2-pnCH), 

9,01 
(s, pzCH) 

 

17,83 
(1,2-pnCH3), 

54,52 
(1,2-pnCH2), 

59,86 
(1,2-pnCH), 

153,44 
(pz) 

 

{[Pt(ibn)Cl]2( -pz)}Cl2 

 

1,42-1,48 
(m, ibnCH3), 

2,66 
(s, ibnCH2), 

 

9,13 
(s, pzCH) 

 

25,96 
(ibnCH3), 

60,09 
(ibnCH2), 

63,61 
(ibnCH), 

153,36 
(pz) 

 

{[Pt(dach)Cl]2( -pz)}Cl2 

 

1,27-1,62 
(m, dachCH2, C4,C5), 

1,76-2,08 
(m, dachCH2,C3,C6), 

2,45-2,61 
(m, dachCH,C1,C2), 

9,00 
(s, pzCH) 

 

26,55 
(dach, C4,C5), 

34,56 
(dach, C3,C6), 
65,  65,30 
(dach, C1,C2) 

153,31 
(pz) 



 

 

97 
 

H
N C

O

S

H3C

N
H

OH

O

H3C

O + {[Pt(L)(H2O)]2( -pz)}4+

2.0 < pH < 2.5

Ac-L-Met-Gly

intermedijerni hidroliticki aktivan platina(II)-peptid kompleks

t = 37 oC

{[Pt(L)(Ac-L-Met-Gly-S)]( -pz)[Pt(L)(H2O)]}4+

S

NH

HN

O

Pt

NH2

H2N N Pt NH2

H2N

OH2

N

OH

O

H3C

{[Pt(L)(Ac-L-Met-S)]( -pz)[Pt(L)(H2O)]}4+

+  Gly

(L = en, 1,2-pn, ibn ili dach)

C O

H3C

L L

S

OH

HN

O

Pt

NH2

H2N N Pt NH2

H2N

OH2

N

H3C

C O

H3C

L L

S

NH

HN

O

Pt

NH2

H2N N Pt NH2

H2N

OH2

N

OH

O

H3C

C O

H3C

L L

H2O

internalni mehanizameksternalni mehanizam

. 

42.  Ac-L-Met-

 {[Pt(L)(H2O)]2(µ-pz)}4+  
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{[Pt(L)(H2O)]2( -pz)}4+ -L-Met-Gly 

37 oC. -

-L-Met- {[Pt(L)(H2O)]2( -pz)}4+  

42.  Pt(II) 

-L-Met-

L-

-  {[Pt(L)(Ac-L-Met-

Gly-S)](µ-pz)[Pt(L)(H2O)]}4+.  

  

{[Pt(L)(Ac-L-Met-Gly-S)](µ-pz)[Pt(L)(H2O)]}4+ 

   L-
1  , 

  Pt -L-Met-

Gly-S)](µ-pz)[Pt(L)(H2O)]}4+ , 

-CH2-  

43.  

-CH2-  

-L-Met-Gly-S)](µ-

pz)[Pt(L)(H2O)]}4+ -Gl  

, 

, -L-Met-S)](µ-pz)[Pt(L)(H2O)]}4+ 

 
1

12 -L-Met-Gly-S)](µ-

pz)[Pt(L)(H2O)]}4+ 

-L-Met-  -
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-L-Met-

, {[Pt(L)(H2O)]2( -pz)}4+

44. 4  

Ac-L-Met-Gly   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

43.   1

{[Pt(en)(H2O)]2( -pz)}4+ (a) Pt(dach)(H2O)]2( -pz)}4+ (b)  

-L-Met-

 oC 2  

-L-Met-

 

  

 

 

-pn > ibn > dach. 

4 -

Ac-L-Met- Pt(en)(H2O)]2( -pz)}4+ 



 

 

100 
 

  Pt(ibn)(H2O)]2( -pz)}4+ 

Pt(1,2-pn)(H2O)]2( -pz)}4+ 

{[Pt(dach)(H2O)]2( -pz)}4+  {[Pt(en)(H2O)]2( -

pz)}4+ .  {[Pt(dach)(H2O)]2( -pz)}4+
  

-

{[Pt(en)(H2O)]2( -pz)}4+ - -

L-Met- c-L-Met-

 

{[Pt(L)(H2O)]2( -pz)}4+  

 

 

4. - -L-Met-

{[Pt(L)(H2O)]2( -pz)}4+  

 

M
e

t-
 

en 

 

1,2-pn 

 

ibn 
 

dach 
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(en, 1,2-pn, ibn  dach) 

{[Pt(L)(H2O)]2( -pz)}4+  

-  Ac-L-Met-  

 

L-

  

  

L-

{[Pt(L)(H2O)]2( -pz)}4+ 

L-

[Pd(L)(H2O)2]
2+ 

 

 

45.   Ac-L-Met-

  {[Pt(L)(H2O)]2( -pz)}4+  

  

 

-  

M
e
t-

G
ly

, 
[%

] 
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[116,117,194],  

{[Pt(L)(Ac-L-Met-Gly-S)](µ-pz)[Pt(L)(H2O)]}4+ (  42

 ( ). 

(

, 

{[Pt(L)(H2O)]2( -pz)}4+  

 

2O)]2(µ-pz)}
4+

 -L-Met-  

 {[Pt(L)(H2O)]2( -pz)}4+   Ac-L-Met-Gly 

     1:2   pH  2,0  2,5  37 oC.  
1

 46.  

- -L-Met-Gly-S)]2(µ-pz)}4+

-L-Met- {[Pt(L)(H2O)]2( -pz)}4+ 

- -N(pz)  

 

[Pt(L)(H2O)]2( -pz)}4+  

 

- 

pz [Pt(L)(Ac-L-Met-Gly-S)(pz)]2+ 

- -L-Met-Gly-
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S)]2(µ-pz)}4+ 
1   

 

6. {[Pt(L)(H2O)]2( -pz)}4+ 

-L-Met- .  pH 

 2,0  2,5  37 oC 

 

 

 cis-  trans-[Pt(NH3)2(pz)2](NO3)2 

[Pt(tmda)(pz)2](NO3)2 (tmda je - 159]. 

-  

Pt(II) 

pz [Pt(L)(Ac-L-Met-Gly-S)(pz)]2+  
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1

- -L-Met-

[Pt(L)(Ac-L-Met-Gly-S)(pz)]2+ 

 {[Pt(L)(H2O)]2( -pz)}4+ -L-Met-

-

{[Pt(L)(H2O)]2( -pz)}4+ 

 

2O)]2(µ-pz)}4+  

   L-  Ac-L-Met-Gly . 

(II) 

  

 L-  . 



 

 105 

 

 

 

 

 

 

 

 

 

 

5.  

 

 Ac-L-Met-Gly [Pt(en)(Me-mal- )]    

Pt(en)(Me2-mal- )]  pH 

Met Gly , 

Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 -L-Met-Gly-

Gly-L-His-   

-  

Met-Gly Ac-L-Met-Gly -

 -

   

: mal > Me-mal > Me2-mal 

 

[Pt(en)(H2O)2]
2+ Pt(en)(H2O)]2( -pz)}4+ 

  Met-Gly 

Ac-L-Met-Gly  

II

Ac-L-Met-Gly  e

II)-  

2O)]2(µ-pz)}4+
  2O)]2(µ-

pydz)}4+ Ac-L-His Gly  Ac-L-Met-Gly-L-His-GlyNH2, 

{[Pt(en)(H2O)]2( -pz)}4+, 
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Pt(en)(H2O)]2( -pydz)}4+ . {[Pt(en)(H2O)]2(µ-

pz)}4+
  His-Gly Ac-L-His Gly 

 Ac-L-Met-Gly-L-His-GlyNH2 

{[Pt(en)(H2O)]2( -pydz)}4+  

Pt(en)(H2O)]2( -pz)}4+  

  Ac-L-Met-Gly-L-His-GlyNH2 

, 

L- L- L-

L-

 L- ,  

{[Pt(en)(H2O)]2(µ-pydz)}4+  

{[Pt(L)(H2O)]2( -pz)}4+ (L 

en, 1,2-pn, ibn, dach, pz  N-  L-

Ac-L-Met-Gly), Met-Gly 

 Pt(II)  (en > 

1,2-pn > ibn> dach).  

e L- L-

Pt(II). 

 

 

 

,  
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a b s t r a c t

1H NMR spectroscopy was applied to the study the reactions of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-

mal-O,O0)] complexes (en is ethylenediamine, Me-mal and Me2-mal are bidentate coordinated anions of

2-methylmalonic and 2,2-dimethylmalonic acids, respectively) with N-acetylated Ac-L-Met-Gly and Ac-L-

Met-L-His-type peptides (Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 and Ac-L-Met-Gly-Gly-L-His-Gly).

The use of Me-mal and Me2-mal Pt(II) complexes in the above reactions allows convenient monitoring

of their biscarboxylate group via methyl peaks by 1H NMR measurements. All reactions were realized

at 37 °C with equimolar amounts of the Pt(II) complex and the dipeptide at pH 7.40 in 50 mM phosphate

buffer in D2O. In all these reactions the ring-opened Me-mal and Me2-mal Pt(II) adducts as an interme-

diate products were detected in solution for more than 48 h. We found that during this time in the reac-

tion with Ac-L-Met-Gly these monodentate bound malonate ligands have been replaced by water

molecule leading to the formation of the corresponding aqua Pt(II)–peptide complex which further pro-

motes the regioselective cleavage of the peptide. However, in the reaction with Ac-L-Met-L-His-type pep-

tides a selective intramolecular replacement of these malonate anions by the N3 imidazole nitrogen atom

from histidine residue was occurred. This replacement reaction leads to the formation of the S,N3-macr-

ochelate Pt(II)–peptide complex which was shown as very stable and hydrolytically inactive for more

than two weeks.

Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recent years have witnessed an increasing interest in the study

of the interactions of platinum(II) and palladium(II) complexes

with sulfur- and histidine-containing peptides and proteins [1–

4]. This interest was induced through the facts that interactions

of platinum(II) complexes with methionine or cysteine residues

in peptides and proteins are thought to be responsible for a variety

of biological effects, such as deactivation of platinum(II) antitumor

complexes, development of cellular resistance to platinum drugs

and to toxic side effects, such as nephrotoxicity [5]. The presence

of histidine has also been established in a large number of enzyme

active centers [6] and the histidyl residue is probably the most

important metal-binding site in biological systems [7,8]. Moreover,

interest in the study of the interactions of platinum(II) [9–11] and

palladium(II) [10–24] complexes with methionine- and histidine-

containing peptides and proteins also become of cardinal impor-

tance after the discovery that their aqua complexes can be promis-

ing reagents for the hydrolytic cleavage of the above-mentioned

peptides. In general, it was shown that these complexes bind to

the heteroatom in the side chain of methionine [9–16] or histidine

[10,11,17–25] and promote cleavage of the amide bond involving

the carboxylic group of the anchoring amino acid. The influence

of different factors, such as pH, temperature, solvent and steric ef-

fects of the substrate or catalyst, on this hydrolytic reaction has

been extensively investigated in the past two decades. Up to

now, most of these investigations were performed in strong acidic

media, whereas only a few reports concerning this hydrolytic reac-

tion between methionine- and histidine-containing peptides and

platinum(II) antitumor complexes under physiologically relevant

conditions have been reported [26–30]. The findings that Pt(II)

complexes can cleave peptides and proteins under physiologically

relevant conditions of the pH and temperature can have impor-

tance for a better understanding of the toxic side effects of Pt(II)

antitumor drugs. Our recent studies of the reactions between var-

ious Pt(II) complexes of the type [Pt(L)Cl2] and [Pt(L)(cbdca-O,O0] (L

is ethylenediamine, en; (±)-trans-1,2-diaminocyclohexane, dach;

(±)-1,2-propylenediamine, 1,2-pn and cbdca is cyclobutane-1,1-

dicarboxylate) and Ac-L-Met-Gly dipeptide showed that hydrolysis

of the Met-Gly amide bond in this peptide occurred under physio-

logical conditions of pH and temperature (pH 7.40 and 37 °C) [31].
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The cleavage of this peptide was much slower in the reaction with

[Pt(L)(cbdca-O,O0] than with [Pt(L)Cl2] complexes. Difference in the

catalytic abilities between these two type of Pt(II) complexes was

attributed to the different stability of their intermediate

[Pt(L)(cbdca-O)(Ac-L-Met-Gly-S)]ÿ and [Pt(L)Cl(Ac-L-Met-Gly-S)]

complexes, respectively. The higher stability of the initially formed

[Pt(L)(cbdca-O)(Ac-L-Met-Gly-S)]ÿ complex with respect to the

analogue [Pt(L)Cl(Ac-L-Met-Gly-S)] intermediate product is in

accordance with the slow replacement of its cbdca ligand by a

water molecule, finally resulting in the formation of the hydrolyt-

ically active [Pt(L)(H2O)(Ac-L-Met-Gly-S)]+ complex. These findings

are in accordance with those previously reported that very stable

ring-opened [Pt(NH3)2(cbdca-O)(L-HMet-S)] complex was detected

during the reaction of carboplatin with L-HMet and that similar

ring-opened species was also found in the urine of animals treated

with carboplatin (carboplatin, [Pt(NH3)2(cbdca-O,O
0)], is a widely

used second generation anticancer drug) [32]. Malonate complexes

of Pt(II)-am(m)ine exhibited antitumor activity without the neph-

rotoxic effects of cisplatin, cis-[Pt(NH3)2Cl2] [33,34].

We report here reactions of peptides with methionine (Ac-L-

Met-Gly) and both methionine and histidine in the side chains

(Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 and Ac-L-Met-Gly-

Gly-L-His-Gly) with carboplatin analogues, [Pt(en)(Me-mal-O,O0)]

and [Pt(en)(Me2-mal-O,O0)]. Our use of 2-methylmalonate (Me-

mal) and 2,2-dimethylmalonate (Me2-mal) in the place of cyclobu-

tane-1,1-dicarboxylate (cbdca) allows convenient monitoring the

biscarboxylate group via methyl peaks by 1H NMR measurements.

Also, [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes

showed better solubility in comparison with analogue [Pt(L)

(cbdca-O,O0)] (L is en, dach and 1,2-pn).

2. Experimental

2.1. Materials

Distilled water was demineralized and purified to a resistance

greater than 10 MX cmÿ1. The compounds D2O, ethylenediamine

(en), malonic acid (H2mal), 2-methylmalonic acid (Me-H2mal),

2,2-dimethylmalonic acid (Me2-H2mal) and K2[PtCl4] were ob-

tained from the Aldrich Chemical Co. All common chemicals were

of reagent grade. The dipeptide L-methionylglycine (L-Met-Gly)

was obtained from the Sigma Chemical Co. The dipeptide L-methio-

nyl-L-histidine (L-Met-L-His) and pentapeptide L-methionylglycyl-

glycyl-L-histidylglycine (L-Met-Gly-Gly-L-His-Gly) were obtained

from the Bachem A.G. The tetrapeptide N-acetylated-L-methionyl-

glycyl-L-histidylglycineamide (Ac-L-Met-Gly-L-His-GlyNH2) was

synthesized by manual solid phase peptide synthesis using

Fmoc-chemistry [35,36]. The peptide was purified using semi-pre-

parative RP-HPLC, and analyzed by analytical HPLC and electro-

spray ionization mass spectrometry. The terminal amino group in

this peptide was acetylated by a standard method [12]. The

[Pt(en)Cl2] complex was synthesized according to a procedure pub-

lished in the literature [37–39]. The purity of the complex was

checked by elemental microanalyses. Anal. Calc. for [Pt(en)Cl2] =

C2H8N2Cl2Pt (FW = 326.08): C, 7.37; H, 2.47; N, 8.59. Found: C,

7.32; H, 2.50; N, 8.52%.

2.2. Syntheses of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal)]

complexes

The [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] com-

plexes were synthesized by modification of the procedure pub-

lished in the literature [40].

The chlorido complex [Pt(en)Cl2] was converted into the corre-

sponding diaqua complex by treatment with 1.95 equivalents of

AgNO3 at pH 2.00, according to a published method [41]. The solid

AgCl was removed by filtration in the dark. To the clear solution of

the [Pt(en)(H2O)2]
2+ complex, equimolar amounts of the solid Me-

H2mal (or Me2-H2mal) acid and two equivalents of NaHCO3 were

added. The mixture was stirred at 60 °C for 3 h. All the complexes

were crystallized from water by cooling in a refrigerator. The pure

complexes were obtained by recrystallization from small amount

of water. The yield was between 50% and 60%. Anal. Calc. for

[Pt(en)(Me-mal-O,O0)] = C6H12N2O4Pt (FW = 371.25): C, 19.41; H,

3.26; N, 7.55. Found: C, 19.50; H, 3.22; N, 7.48%. Anal. Calc. for

[Pt(en)(Me2-mal-O,O0)] = C7H14N2O4Pt (FW = 385.28): C, 21.82; H,

3.66; N, 7.27. Found: C, 21.54; H, 3.42; N, 7.43%.

2.3. NMR (1H and 13C) characterization (D2O, 200 MHz)

[Pt(en)(Me-mal-O,O0)]: 1H NMR, d (ppm) 2.57 (s, 4H, 2CH2 from

en), 4.16 (q, H, a-CH fromMe-mal), 1.37 (d, 3H, CH3 fromMe-mal);
13C NMR, d (ppm) 16.54 (CH3 from Me-mal), 50.79 (CH2 from en),

53.68 (CH from Me-mal), 183.30 (C@O from Me-mal).

[Pt(en)(Me2-mal-O,O0)]: 1H NMR, d (ppm) 2.59 (s, 4H, 2CH2 from

en), 1.77 (s, 6H, 2CH3 from Me2-mal); 13C NMR, d (ppm) 27.87 (CH3

from Me2-mal), 50.68 (CH2 from en), 55.32 (C from Me2-mal),

185.63 (C@O from Me2-mal).

These data are in accordance with those reported previously for

the corresponding Pt(II) complexes [39,42].

2.4. Measurements

All pH measurements were realized at ambient temperature

using an Iskra MA 5704 pH meter calibrated with Fischer certified

buffer solutions of pH 4.00 and 7.00. The results were not corrected

for the deuterium isotope effect.

The reactions of Ac-L-Met-Gly, Ac-L-Met-L-His, Ac-L-Met-Gly-L-

His-GlyNH2 and Ac-L-Met-Gly-Gly-L-His-Gly with the platinum(II)

complexes in 50 mM phosphate buffer at pH 7.40 in D2O were fol-

lowed by 1H NMR spectroscopy using a Varian Gemini 2000 spec-

trometer (200 MHz). Sodium trimethylsilylpropane-3-sulfonate

(TSP) was used as an internal reference. The final solution was

10 mM in each reactant. All reactions were performed at 37 °C.

Equimolar amounts of the platinum(II) complex and the peptide

were mixed in an 5 mm NMR tube and the rate constants were

determined from the proton NMR data recorded at appropriate

time intervals. The formation of the ring-opened complexes 1a

and 1b (Fig. 1) in the reactions of [Pt(en)(Me-mal-O,O0)] and

[Pt(en)(Me2-mal-O,O0)] complexes with Ac-L-Met-Gly and Ac-L-

Met-L-His dipeptides, respectively, was fitted to a second-order

process [43] by plotting x/ao(ao ÿ x) against t (ao is the initial con-

centration of the Pt(II) complex and x is the concentration of the

corresponding ring-opened complex at time t). The concentrations

of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes

were determined by integration of the resonances for the CH3 pro-

tons of bidentatly coordinated Me-mal at 1.37 and Me2-mal at

1.77 ppm and those for these protons at 1.24 for Me-mal and

1.27 ppm for Me2-mal both coordinated in monotopic fashion of

the corresponding ring-opened Pt(II)–peptide complex.

The deatachment of Me-mal and Me2-mal ligands from the

ring-opened Pt(II)–peptide complexes 1a and 1b leading to the for-

mation of the aqua Pt(II)–peptide complex 2 and macrochelate

complex 4 (Fig. 1), respectively, was fitted to a first-order process

[43] by plotting ln(ao/at) against t (ao is the concentration of the

corresponding ring-opened Pt(II)–peptide complex and at is the

concentration of this complex at time t). The concentrations of

the ring-opened complexes 1a and 1bwere determined by integra-

tion of the resonances for the CH3 protons of the Me-mal at 1.24

and Me2-mal at 1.27 ppm coordinated in monotopic fashion to
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the platinum(II) and those for these protons of the free Me-mal and

Me2-mal ligands at 1.31 and 1.34 ppm, respectively.

3. Results and discussion

The reactions of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-

O,O0)] complexes (en is ethylenediamine, Me-mal and Me2-mal

are bidentate coordinated anions of 2-methylmalonic and 2,2-dim-

ethylmalonic acids, respectively, with N-acetylated Ac-L-Met-Gly

and Ac-L-Met-L-His-type peptides (Ac-L-Met-L-His, Ac-L-Met-Gly-

L-His-GlyNH2 and Ac-L-Met-Gly-Gly-L-His-Gly) were studied by
1H NMR spectroscopy. All reactions were performed with equimo-

lar amounts of the platinum(II) complex and peptide at the pH 7.40

in 50 mM phosphate buffer in D2O and at 37 °C. Under these exper-

imental conditions ethylenediamine ligand remains bound to the

Pt(II) [33], while bidentate coordinated Me-mal and Me2-mal li-

gands in the platinum(II) complexes undergo substitution during

their reactions with peptides. In the reactions of [Pt(en)(Me-mal-

O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes with Ac-L-Met-Gly

very slow hydrolytic cleavage of the Met-Gly amide bond was ob-

served, while in the reactions between these Pt(II) complexes and

peptides containing both L-methionine and L-histidine amino acids

in the side chains no hydrolysis of these peptides was observed and

only macrochelate platinum(II)–peptide complexes formed as a fi-

nal products. In all these reactions an intermediate Pt(II)–peptide
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Fig. 1. Different pathways of the reaction of the Ac-L-Met-Gly and Ac-L-Met-His-type peptides with [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes. The

corresponding Pt(II) complex and peptide were mixed in a 1:1 M ratio and all reactions performed at pH 7.40 and at 37 °C in 50 mM phosphate buffer in D2O.
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products containing ring-opened Me-mal and Me2-mal rings were

detected in solution.

3.1. Reactions of Pt(II) complexes with Ac-L-Met-Gly

The schematic presentation of the reactions of Ac-L-Met-Gly

dipeptide with two platinum(II) complexes, [Pt(en)(Me-mal-O,O0)]

and [Pt(en)(Me2-mal-O,O0)], is given in Fig. 1. When an equimolar

amount of the Pt(II) complex was incubated with Ac-L-Met-Gly dipep-

tide under the above-mentioned experimental conditions, the first

product observed in solution after 15 min of the reaction was an

intermediate complex 1a (Fig. 1). The formation of this intermedi-

ate product containing monodentate coordinated Me-mal (or

Me2-mal) ligand was evidenced in the 1H NMR spectrum by the

simultaneous decline of the resonances at 2.11 ppm, arising from

the S-methyl protons of free Ac-L-Met-Gly, and growth of the

resonance at 2.38 ppm, corresponding to these protons for the

dipeptide coordinated to Pt(II) through the sulfur atom (Table 1).

Additionally, formation of the intermediate complex 1a for the

reaction of Ac-L-Met-Gly dipeptide with [Pt(en)(Me-mal-O,O0)]

was followed from difference in the chemical shifts of the reso-

nances for a-CH at 4.16 (q, J = 6.92) and CH3 malonate protons at

1.37 ppm (d, J = 6.96 Hz) for [Pt(en)(Me-mal-O,O0)] and those for

these protons of 1a at 3.29 (q, J = 7.02) and 1.24 ppm (d, J =

7.14 Hz), respectively (Fig. 1 and Table 1). These chemical shifts

are in accordance with those previously reported for the ring-

opened Me-mal-O adducts containing monodentate coordinated

thioethers in the reactions of the [Pt(en)(Me-mal-O,O0)] complex

with Ac-L-Met and Met-Gly [33]. Formation of 1a in the reaction

of Ac-L-Met-Gly with [Pt(en)(Me2-mal-O,O0)] was observed in 1H

NMR spectrum from difference in the chemical shifts of the singlet

for the methyl Me2-mal protons at 1.77 ppm for [Pt(en)(Me2-mal-

O,O0)] and that for these protons at 1.27 ppm due to the complex 1a

(Fig. 1 and Table 1). However, in the present study the formation of

the ring-opened complex in the reaction of [Pt(en)(mal-O,O0)] (mal

is bidentate coordinated anion of malonic acid) with Ac-L-Met-Gly

could not be followed by 1H NMR spectroscopy based on the a-CH2

protons of malonate anion because of the rapid exchange of its

methylene protons with deuterium from D2O solvent. Also, this ex-

change occurred when pure malonic acid was dissolved in D2O. The

coordination of malonic acid to Pt(II) complex additionally acti-

vates H/D exchange [44,45].

The formation of the ring-opened adducts 1a in the above

investigated reactions was followed during time and second-order

rate constant for the reaction of [Pt(en)(Me-mal-O,O0)] with Ac-L-

Met-Gly, k2 = (26.20 ± 0.62) � 10ÿ3 Mÿ1 sÿ1, was six times lager

from that for the reaction of this peptide with analogue

[Pt(en)(Me2-mal-O,O0)] complex, k2 = (4.05 ± 0.04) � 10ÿ3 Mÿ1 sÿ1

(Table 2).

It was found that complex 1a under the above mentioned

experimental conditions was converted into the hydrolytically ac-

tive complex 2 (Fig. 1). This conversion proceeds through the

Table 1

Characteristic proton NMR chemical shifts for the reactions of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] with Ac-L-Met-Gly dipeptide at pH 7.40 in 50 mM phosphate

buffer in D2O and at 37 °C.

Reactants/products Characteristic 1H NMR chemical shifts (d, ppm; J, Hz)a

a-CH-mal CH3-mal (CH3)2-mal CH3-Met Gly-CH2

Ac-L-Met-Gly 2.11(s) 3.78 (s)

[Pt(en)(Me-mal-O,O0)] 4.16 (q, J = 6.92) 1.37 (d, J = 6.96)

[Pt(en)(Me2-mal-O,O0)] 1.77 (s)

[Pt(en)(Me-mal-O)(Ac-L-Met-Gly-S)]ÿ (1a) 3.29 (q, J = 7.02) 1.24 (d, J = 7.14) 2.38 (s) 3.78 (s)

[Pt(en)(Me2-mal-O)(Ac-L-Met-Gly-S)]ÿ (1a) 1.27 (s) 2.38 (s) 3.78 (s)

[Pt(en)(H2O)(Ac-L-Met-Gly-S)]+ (2) 2.38 (s) 3.78 (s)

Free Me-mal 1.31(d)

Free Me2-mal 1.34 (s)

Free Gly 3.56 (s)

a In all complexes the multiplet for methylene protons of en is centered at 2.70 ppm.

Table 2

Observed rate constants for the reactions of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-

mal-O,O0)] complexes with Ac-L-Met-Gly and Ac-L-Met-L-His dipeptides. All rate

constants were obtained from 1H NMR measurements at pH 7.40 in 50 mM

phospahate buffer in D2O and at 37 °C.

Reactions Second-order rate

constants for

formation of the ring-

opened complexes 1a

(Ac-L-Met-Gly) and

1b (Ac-L-Met-L-

His)103k2/M
ÿ1 sÿ1

First-order rate

constants for

conversion of 1a into

2 (Ac-L-Met-Gly) and

1b into 4 (Ac-L-Met-L-

His)106 k/sÿ1

[Pt(en)(Me-mal-O,O0)]

+ Ac-L-Met-Gly

(26.20 ± 0.62) (3.02 ± 0.02)

[Pt(en)(Me2-mal-O,O0)]

+ Ac-L-Met-Gly

(4.05 ± 0.04) (1.45 ± 0.02)

[Pt(en)(Me-mal-O,O0)]

+ Ac-L-Met-L-His

(11.95 ± 0.31) (5.22 ± 0.03)

[Pt(en)(Me2-mal-O,O0)] +

Ac-L-Met-L-His

(6.19 ± 0.02) (5.98 ± 0.03)

Fig. 2. Parts of the 1H NMR spectra recorded during the reaction of [Pt(en)(Me2-

mal-O,O0)] with an equimolar amount of Ac-L-Met-Gly dipeptide as a function of

time at pH 7.40 and at 37 °C in 50 mM phosphate buffer in D2O with TSP as the

internal standard. The resonances assigned as (j), (N) and (d) correspond to the

methyl malonate protons of the [Pt(en)(Me2-mal-O)(Ac-L-Met-Gly-S)]ÿ, free Me2-

mal and [Pt(en)(Me2-mal-O,O0)], respectively.
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detachment of the monodentate coordinated Me-mal and Me2-mal

ligands from Pt(II) and their replacement by water molecules. The

conversion of 1a into 2 is evident in the 1H NMR spectrum by the

simultaneous decline of the doublet at 1.24 and singlet at 1.27 ppm

due to the methyl protons of monodentate coordinated Me-mal

and Me2-mal ligands, respectively, and the growth of these reso-

nances at 1.31 and 1.34 ppm for the free Me-mal and Me2-mal li-

gands, respectively (Table 1). The parts of 1H NMR spectra

measured during time for the reaction between [Pt(en)(Me2-mal-

O,O0)] and Ac-L-Met-Gly are presented in Fig. 2. The plots illustrat-

ing the changes in concentration [%] of 1a and free Me-mal and

Me2-mal ligands during 48 h are presented in Fig. 3. From this fig-

ure it can be seen that concentration of 1a was increased in the

first 5 h for the Me-mal and 15 h for the Me2-mal ring opened com-

plex. After this time the concentrations of these ring-opened ad-

ducts were decreased finally being about 25% after 48 h. The

first-order rate constants for the conversion of 1a into 2 were

determined by 1H NMR measurements, k = (3.02 ± 0.02) � 10ÿ6 sÿ1

for Me-mal and k = (1.45 ± 0.02) � 10ÿ6 sÿ1 for Me2-mal (see Sec-

tion 2 and Table 2).

We found that complex 2, obtained after displacement of mono-

dentate coordinated Me-mal and Me2-mal ligands from complex

1a by water molecule, promote the regioselective cleavage of the

Met-Gly amide bond in the Ac-L-Met-Gly dipeptide (Fig. 1). This

hydrolytic reaction is very slow and it could be followed success-

fully by 1H NMR spectroscopy. The resonance at 3.78 ppm corre-

sponding to the glycine protons of the non-hydrolyzed peptide

decreased while that at 3.56 ppm for free glycine increased (Ta-

ble 1). Upon addition of glycine to the reaction mixture, its reso-

nance was enhanced. The amount of hydrolyzed Met-Gly amide

bond in the complex 2 was determined by integration of the reso-

nance for the glycine protons in the non-hydrolyzed peptide and

that for the free glycine. In this study we compared the catalytic

abilities in the cleavage of the Ac-L-Met-Gly dipeptide for Pt(II)

complexes with malonate-type ligands, [Pt(en)(mal-O,O0)],

[Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)], with those for

previously investigated [Pt(en)Cl2] and [Pt(en)(cbdca-O,O0)]

complexes [31] (Fig. 4). From this figure in can be concluded that

the catalytic abilities of these Pt(II) complexes increase in the

following order: [Pt(en)(cbdca-O,O0)] < [Pt(en)(Me2-mal-O,O0)] <

[Pt(en)(Me-mal-O,O0)] < [Pt(en)(mal-O,O0)] < [Pt(en)Cl2]. This find-

ing can be attributed to the steric influence of the leaving ligands

on the catalytic properties of the Pt(II) complexes indicating that

cbdca ligand is more sterically demanding in comparison with

bidentate malonate-type or monodentate chlorido ligands. This is

clearly demonstrated in the reaction of Ac-L-Met-Gly dipeptide

with three malonate Pt(II) complexes which differ in the number

of the methyl groups attached on the a-malonate carbon atom.

The rate of the cleavage of this dipeptide was decreased in the fol-

lowing order: mal > Me-mal > Me2-mal (see inserted chart in

Fig. 4). This undoubtedly confirms that inhibition of the hydrolytic

[Pt(en)(Me-mal-O)(Ac-L-Met-Gly-S)]
-
 (1a)

free Me-mal 

 [Pt(en)(Me-mal-O,O’)] 

[Pt(en)(Me2-mal-O)(Ac-L-Met-Gly-S)]
-
 (1a)

free Me2-mal 

 [Pt(en)(Me2-mal-O,O’)] 

(a) (b)

Fig. 3. Time dependence of relative percentages of Me-mal and Me2-mal species (based on the CH3 malonate protons) for the reactions of [Pt(en)(Me-mal-O,O0)] (a) and

[Pt(en)(Me2-mal-O,O0)] (b) complexes with an equimolar amount of Ac-L-Met-Gly dipeptide at pH 7.40 in 50 mM phosphate buffer in D2O and at 37 °C.

[Pt(en)Cl2] 

[Pt(en)( mal-O,O’)] 

[Pt(en)(Me-mal-O,O’)] 

[Pt(en)(Me2-mal-O,O’)] 

[Pt(en)(cbdca-O,O’)]

mal 

Me-mal 

Me2-mal 

Fig. 4. The time dependence of the hydrolytic cleavage of the Met-Gly amide bond

in the Ac-L-Met-Gly dipeptide with different Pt(II) complexes. All reactions were

realized at 37 °C with equimolar amounts of the Pt(II) complex and the dipeptide at

pH 7.40 in 50 mM phosphate buffer. The inserted figure shows the hydrolysis of the

Met-Gly bond in the presence of three malonato–Pt(II)-type complexes during

2 days.
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reaction was effected by the methyl group in the leaving malonate

ligand. The same conclusion can be drawn from our kinetic data

presented in Table 2. From this table we can see that replacement

of monodentate coordinated Me2-mal ligand by water molecule in

the ring-opened complex 1a (Fig. 1) was two times slower in re-

spect to the corresponding Me-mal complex, both resulting in

the formation of the hydrolytically active complex 2. Difference

in the replacement of these two ligands can be correlated with dif-

ferent stability of their ring-opened complexes.

3.2. Reactions of Pt(II) complexes with Ac-L-Met-L-His-type peptides

In the second part of this study we used 1H NMR spectroscopy

to investigate the reactions of [Pt(en)(Me-mal-O,O0)] and

[Pt(en)(Me2-mal-O,O0)] complexes with peptides containing both

L-methionine and L-histidine amino acids in the side chains,

namely Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 and Ac-L-Met-

Gly-Gly-L-His-Gly (Ac-L-Met-L-His-type peptides). When an equi-

molar amount of Pt(II) complex was incubated with the corre-

sponding Ac-L-Met-L-His-type peptide under the above

mentioned experimental conditions only one Pt(II)–peptide com-

plex in these reactions was observed in solution as a final product

after 48 h (see Fig. 1, complex 4). As it was shown in Fig. 1 complex

4 has bidentate coordinated peptide via the N3 atom of the imid-

azole ring and methionine sulfur atom. The complex 4was showed

as very stable product during time and no hydrolysis of amide

bonds in the above investigated peptides had been observed dur-

ing two weeks. The formation of this macrochelate complex pro-

ceeds in two steps. The first step of this reaction is monodentate

coordination of Ac-L-Met-L-His-type peptide to the Pt(II) through

the methionine sulfur atom. This reaction yields to the formation

of the ring-opened complex 1b which was evidenced in the 1H

NMR spectrum from difference in the chemical shifts of the methyl

protons for the free at 2.10–2.11 and these protons for the Pt(II)–

sulfur bound peptide at 2.57–2.60 ppm after 15 min (Table 3).

These chemical shifts are in accordance with those previously re-

ported for the reactions of Pt(II) complexes with different methio-

nine-containing peptides [10,30]. The monodentate coordination

of Ac-L-Met-L-His-type peptides to the [Pt(en)(Me-mal-O,O0)] and

[Pt(en)(Me2-mal-O,O0)] caused the opening of the malonate rings

in these complexes. This ring-opening process can be followed in

the 1H NMR spectrum from difference in the chemical shifts of

the methyl malonate protons for bidentate and those for these pro-

tons of monodentate bound Me-mal and Me2-mal ligands. These

chemical shifts are almost identical with those for the reactions

of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes

with Ac-L-Met-Gly dipeptide (see previous section and Table 1).

The second-order rate constants for the formation of 1b were

determined from 1H NMR measurements (Table 2). The doublet

at 1.37 and singlet at 1.77 ppm due to the methyl malonate pro-

tons of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] com-

plexes, respectively, were decreased during time and new

resonances at 1.24 and at 1.27 ppm for these protons in the

ring-opened [Pt(en)(Me-mal-O)(Ac-L-Met-L-His-S)] and [Pt(en)(Me2-

mal-O)(Ac-L-Met-L-His-S)] complexes, respectively, had been

appeared. The concentrations of the starting Pt(II) complex and

corresponding ring-opened species were determined during time

by integration of the above-mentioned resonances. The second-order

rate constants for the reactions of [Pt(en)(Me-mal-O,O0)] and

[Pt(en)(Me2-mal-O,O0)] complexes with Ac-L-Met-L-His are similar

with those for the reactions between these Pt(II) complexes and

Ac-L-Met-Gly dipetide, k2 = (11.95 ± 0.31)� 10ÿ3 Mÿ1sÿ1 for Me-mal

and k2 = (6.19 ± 0.02) � 10ÿ3 Mÿ1 sÿ1 for Me2-mal (Table 2).

The second step of the reaction between Pt(II) complexes and

Ac-L-Met-His-type peptides is conversion of 1b into 4 (Fig. 1). This

conversion proceeds through the intramolecular replacement of

monodentate coordinated Me-mal and Me2-mal ligands from 1b

with the N3 imidazole nitrogen atom of the histidine residue.

The conversion of 1b into 4 is evident in the 1H NMR spectrum

by the simultaneous decline of the resonances due to the methyl

protons of the Me-mal and Me2-mal coordinated in monotopic

fashion to the Pt(II) and growth of those for these protons of free

Me-mal and Me2-mal ligands. The chemical shifts for these reso-

nances are almost identical with those observed for the conversion

of 1a into 2 in the reaction of [Pt(en)(Me-mal-O,O0)] and

[Pt(en)(Me2-mal-O,O0)] complexes with Ac-L-Met-Gly dipeptide

(Table 1). Additionally, the conversion of 1b into 4 can be followed

in the 1H NMR spectrum from difference in the chemical shifts of

the C2H and C5H imidazole protons for the free and N3-bound his-

tidine side chain to Pt(II) (Table 3). From Table 3 it can be seen that

the C2H and C5H resonances are upfield shifted after peptide coor-

dination through the N3 nitrogen atom of the imidazole to Pt(II).

The higher field chemical shifts for the C2H (Dd = 0.22–0.31 ppm)

with respect to the C5H proton (Dd = 0.12–0.17 ppm) can be attrib-

uted to the fact that this proton is closer to the N3 binding center

[46–48]. The first-order rate constants for conversion of 1b into 4,

k = (5.22 ± 0.03) � 10ÿ6 sÿ1 for Me-mal and k = (5.98 ± 0.03) �

10ÿ6 sÿ1 for Me2-mal, are lager from those for the conversion of

1a into 2, k = (3.02 ± 0.02) � 10ÿ6 sÿ1 for Me-mal and k =

(1.45 ± 0.02) � 10ÿ6 sÿ1 for Me2-mal (Table 2). This can be attrib-

uted to the fact that N3 nitrogen atom of imidazole ring from

Ac-L-Met-L-His dipeptide is better nuclephile than water molecule

in the reaction with Ac-L-Met-Gly dipeptide. We found that the

same S,N3-coordination mode of the Pt(II) occurred in the reactions

with Ac-L-Met-L-His, Ac-L-Met-Gly-L-His-GlyNH2 and Ac-L-Met-

Gly-Gly-L-His-Gly peptides. Also, no influence of Gly residue (one

or two) inserted between Met and His anchoring amino acids on

the formation rate of complex 4 was observed.

4. Conclusions

From the present investigation, it can be stated that the reaction

of [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes

with N-acetylated Ac-L-Met-Gly and Ac-L-Met-L-His-type peptides

Table 3

Characteristic 1H NMR chemical shifts (d, ppm) for the Ac-L-Met-L-His-type peptides and corresponding macrochelate Pt(II)-peptide complexes 4 formed in the reaction with

[Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-mal-O,O0)] complexes at pH 7.40 and at 37 °C in D2O. The chemical shifts of monodentate coordinated Me-mal and Me2-mal ligands of the

ring-opened complexes 1b are identical with those for complex 1a shown in Table 1.

Peptide/macrochelate Pt(II)-peptide complex 4 Imidazole protons S-CH3 Gly1CH2 Gly2CH2 Gly3CH2

C2H C5H

Ac-L-Met-L-His 8.44 7.20 2.10

[Pt(en)(Ac-L-Met-L-His-S,N3)]+ 8.13 7.08 2.58,2.60

Ac-L-Met-Gly1-L-His-Gly2-NH2 8.31 7.19 2.11 3.93 3.93

[Pt(en)(Ac-L-Met-Gly-L-His-Gly-NH2-S,N3)]
+ 8.09 7.02, 6.97 2.57 3.98 3.93

Ac-L-Met-Gly1-Gly2-L-His-Gly3 8.61 7.34 2.11 4.04 3.96 3.80

[Pt(en)(Ac-L-Met-Gly-Gly-L-His-Gly-S,N3)]+ 8.07 7.09 7.09 2.59 4.00 3.94 3.81
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under physiological conditions (pH 7.40 and 37 °C) primarily pro-

ceeds with the formation of the ring-opened malonate adducts

containing monodentate methionine bound peptide to the Pt(II).

These ring-opened species are present in solution for more than

48 h and during that time the monodentate coordinated malonate

ligand (Me-mal or Me2-mal) has been slowly replaced intermolec-

ularly by water for Ac-L-Met-Gly or intramolecularly by the N3

nitrogen atom from the histidine residue for Ac-L-Met-L-His-type

peptides. Replacement of the Me-mal and Me2-mal ligands by

water molecules leads to the formation of the hydrolytically active

aqua Pt(II)–peptide complex which further promotes slow hydro-

lysis of the Met-Gly amide bond in the Ac-L-Met-Gly dipeptde.

However, intramolecular replacement of these malonate anions

by the histidine residue of Ac-L-Met-L-His-type peptides leads to

the formation of very stable and hydrolytically inactive macroche-

late Pt(II)–peptide complex. The previous results confirming that

the ring-opened carboplatin adducts containing monodentate thio-

ethers were also observed in the reactions of the anticancer drug

carboplatin with a variety of sulfur-containing amino acids

[49,50] together with those for the presently investigated reactions

of carboplatin analogues [Pt(en)(Me-mal-O,O0)] and [Pt(en)(Me2-

mal-O,O0)] with methionine-containing peptides contribute to the

current hypothesis that the ring-opened adducts of chelated dicar-

boxylate platinum anticancer complexes with methionine deriva-

tives could play important role in their mechanism of action.
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[17] T.N. Parac, N.M. Kostić, J. Am. Chem. Soc. 118 (1996) 51.
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[21] M.I. Djuran, S.U. Milinković, Monatsh. Chem. 130 (1999) 613.
[22] M.I. Djuran, S.U. Milinković, Polyhedron 18 (1999) 3611.
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a b s t r a c t

This paper reports on the synthesis and the X-ray characteristics of the binuclear {[Pt(en)Cl]2(l-pz)}Cl2
complex (en is ethylenediamine, acting as a bidentate ligand; pz is a bridging pyrazine ligand). This
complex was converted into the corresponding aqua complex, {[Pt(en)(H2O)]2(l-pz)}

4+, and 1H NMR
spectroscopy was applied for a comparison of its catalytic activities in the hydrolysis of N-acetylated
L-methionylglycine (Ac-L-Met-Gly) dipeptide with those for the mononuclear [Pt(en)(H2O)2]

2+ complex.
The peptide and the corresponding platinum(II) complex were reacted in different molar ratios and all
reactions were performed at 2.0 < pH < 2.5 in D2O solvent at 37 °C. The course of these hydrolytic reac-
tions is discussed and the difference in the catalytic ability between the mononuclear and binuclear Pt(II)
complexes was correlated with the presence of the different hydrolytically active platinum(II)–peptide
complexes formed during their reactions with the Ac-L-Met-Gly dipeptide.

Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Pyrazine, a weak base, acts as a monodentate or bridging
bidentate ligand in transition metal chemistry. As a bridging
bidentate ligand it commonly exhibits a simple and controllable
coordination mode and possesses small steric hindrance, there-
fore it has been recently utilized as a building unit for molecular
architectures with transition metals [1–3]. Another interesting
property of this ligand is modification of its basicity as a
consequence of coordination to transition-metal fragments [4].
Combined together, the two properties make the pyrazine ligand
a good alternative to triazine in studies on anion� � �p interactions
in metal complexes and their utilization for building new molec-
ular architectures. The involvement of pyrazine and oxo anions in
anion� � �p interactions has already been reported [5,6]. In this pa-
per we demonstrate the presence of such interactions between
chloride and pyrazine units.

The term anion� � �p interaction to describe an attractive and
non-covalent contact geometry, derived from quantum chemistry

calculations, in which an anion is placed above the center of an
aromatic ring appeared in the literature ten years ago and initiated
a continuous discussion concerning its presence and structure
determining role [7,8]. On the basis of the results derived from
theoretical calculations and searches of the Cambridge Crystallo-
graphic Database (CSD), the authors have demonstrated the
existence of anion� � �p interactions involving mainly electron
deficient aromatic systems, although the involvement of non-
electron-deficient aromatic rings was also considered as possible
whenever the aromatic ring was simultaneously interacting with
a cation [9]. The existence of anion� � �p interactions in metal com-
plexes stemming from encapsulation of a chloride anion by four
pyridine rings has been noted in 2004 [10]. Notably, the authors
pointed out that the observed chloride� � �pyridine anion� � �p inter-
actions were favored because the pyridine rings are coordinated
to copper ions, which enhances their electron-poor character. Fol-
lowing this report, other papers demonstrating the enhancing role
of metal coordination in anion� � �p interactions have appeared
[6,11,12]. To date, there are many reports on this subject due to
the various possible applications of these interactions in supramo-
lecular chemistry, including design of anion receptors and trans-
porters across bilayer membranes [13,14]. The most recent
perspective on the subject has been published by Reedijk and co-
workers [15]. Notably, anion� � �p interactions have been reported
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as being persistent in solution and in the gas phase [16], and a re-
view on the studies of these interactions in solution has appeared
only very recently [17].

From the other side, recent studies showed that the thiolate-
bridged (Me4N)2[Pd2(l-SPh)2Cl4] complex in the reactions with
different methionine-containing peptides of the type Ac-L-Met–X
(X is Gly, Val, Phe or Ala) was a very effective hydrolytic reagent
in the cleavage of these dipeptides in non-aqueous solvents [18].
An important advantage of dimerization is the possibility of coop-
eration between the metals, as was shown for hydrolysis of DNA,
RNA and their models catalyzed by polynuclear metal complexes
and metalloenzymes [19–24]. The above mentioned findings sug-
gested that polynuclear platinum(II) complexes could also be good
reagents for amide bond hydrolysis in reactions with methionine-
containing peptides.

In the present study we have synthesized and structurally char-
acterized the new pz-bridged binuclear {[Pt(en)Cl]2(l-pz)}Cl2 com-
plex. This complex was converted into the corresponding aqua
complex, {[Pt(en)(H2O)]2(l-pz)}

4+, and 1H NMR spectroscopy was
applied for comparison of its catalytic activity in the hydrolysis of
N-acetylated L-methionylglycine (Ac-L-Met-Gly)dipeptidewith that
of themononuclear [Pt(en)(H2O)2]

2+ complex. All the reactionswere
investigated at 2.0 < pH < 2.5 and at 37 °C in D2O solution.

2. Experimental

2.1. Materials

Distilled water was demineralized and purified to a resistance
greater than 10 MX cmÿ1. The compounds D2O, DNO3, NaOD, eth-
ylenediamine (en), pyrazine (or 1,4-diazine), pz and K2[PtCl4] were
obtained from Aldrich Chemical Co. All common chemicals were of
reagent grade. The dipeptide L-methionylglycine (L-Met-Gly) was
obtained from Sigma Chemical Co. The terminal amino group in
this peptide was acetylated by a standard method [25]. The
[Pt(en)Cl2] complex was synthesized according to a procedure pub-
lished in the literature [26]. The purity of the complex was checked
by elemental microanalyses and NMR (1H and 13C) spectroscopy.

2.2. Preparation of [Pt(en)(dmf)Cl]NO3

The [Pt(en)Cl2] complex was converted into the corresponding
monodimethylformamide (dmf) complex [Pt(en)(dmf)Cl]NO3 by
treatment with 0.98 equivalents of AgNO3, according to a
previously published method [27]. To a solution of 55.3 mg
(0.325 mmol) of AgNO3 in 5 cm3 of dmf was added a suspension
of 108.3 mg (0.332 mmol) of [Pt(en)Cl2] in 10 cm3 of dmf. The mix-
ture was stirred overnight at room temperature in the dark. The
precipitated AgCl was removed by filtration and the resulting pale
yellow dmf solution of [Pt(en)(dmf)Cl]NO3 was used as the starting
material for the preparation of the required pyrazine-bridged binu-
clear platinum(II) complex, {[Pt(en)Cl]2(l-pz)}Cl2.

2.3. Preparation of the {[Pt(en)Cl]2(l-pz)}Cl2 complex

A dmf solution of the pyrazine ligand (pz) (13.29 mg,
0.166 mmol) was added dropwise to a solution of [Pt(en)(dmf)-
Cl]NO3. The mixture was stirred at room temperature in the dark
for 3 h. The solvent was then rotary evaporated and the residue
was washed with ether. The crude product was dissolved in a mini-
mal amount of 0.5 mol/dm3 LiCl aqueous solution. The obtained
solution was left overnight in the dark. The pale-yellow precipitate
of {[Pt(en)Cl]2(l-pz)}Cl2 was removed by filtration, washed with
methanol and then ether, and air-dried. Yield 48.61 mg (40%). Anal.
Calc. for {[Pt(en)Cl]2(l-pz)}Cl2 = C8H20N6Cl4Pt2 (FW = 732.25): C,

13.12; H, 2.75; N, 11.48. Found: C, 13.16; H, 2.98; N, 11.19%. NMR
(1H and 13C) characterization (D2O, 200 MHz). 1H NMR (d, ppm):
2.68–2.79 (m, 4CH2, en), 9.03 (s, 4CH, pz); 13C NMR (d, ppm): 52.34
(4CH2, en), 153.46 (C2, C3, C4 and C5, pz).

2.4. Preparation of [Pt(en)(H2O)2]
2+ and {[Pt(en)(H2O)]2(l -pz)}4+

The [Pt(en)Cl2] and {[Pt(en)Cl]2(l-pz)}Cl2 complexes were con-
verted into the corresponding aqua complexes by treatment with
1.98 and 3.98 equivalents of AgNO3, respectively, according to a
previously published method [28]. In each case, the formed solid
AgCl was removed by filtration in the dark, and the fresh solutions
of the aqua complexes were kept in a refrigerator and used in sub-
sequent experiments.

2.5. Analyses

Elemental microanalyses for carbon, hydrogen and nitrogen
were performed by the Microanalytical Laboratory, Faculty of
Chemistry, University of Belgrade.

2.6. pH Measurements

All pH measurements were realized at ambient temperature
using an Iskra MA 5704 pH meter calibrated with Fischer certified
buffer solutions of pH 4.00 and 7.00. The results were not corrected
for the deuterium isotope effect.

2.7. 1H NMR measurements

The 1H NMR spectra of D2O solutions containing TSP (sodium
trimethylsilylpropane-3-sulfonate) as the internal reference were
recorded with a Varian Gemini 2000 spectrometer (200 MHz).
Fresh solutions of the [Pt(en)(H2O)2]

2+ and {[Pt(en)(H2O)]2(l-
pz)}4+ complexes and Ac-L-Met-Gly were prepared separately
(the initial concentration of each reactant was 40 mM) and then
mixed in an 5 mm NMR tube, and spectra were recorded at appro-
priate time intervals. All reactions were performed at 2.0 < pH < 2.5
and at 37 °C. The reactions between the platinum(II) complexes
and Ac-L-Met-Gly dipeptide were investigated in the following mo-
lar ratios: [Pt(en)(H2O)2]

2+:Ac-L-Met-Gly = 1:1, 2:1 and 1:2 and
{[Pt(en)(H2O)]2(l-pz)}

4+:Ac-L-Met-Gly = 1:1 and 1:2. The 1H NMR
spectra were acquired using the WATERGATE sequence for water
suppression. Typical acquisition conditions were as follows: 90°
pulses, 24000 data number points, 4 s acquisition time, 1 s relaxa-
tion delay, collection of 16–128 transients and final digital resolu-
tion of 0.18 Hz per point. All proton NMR spectra were processed
using the Varian V NMR software (version 6.1, revision C). The
chemical shifts are reported in ppm.

2.8. X-ray analysis of the {[Pt(en)Cl]2(l-pz)}Cl2 complex

Diffraction data for the {[Pt(en)Cl]2(l-pz)}Cl2 complex were
measured with a Xcalibur kappa-geometry diffractometer using
CrysAlisPro software [29] and monochromated Mo Ka radiation
(k = 0.7173 Å). Crystal data and experimental details are summa-
rized in Table 1. The structure was solved by direct methods using
SHELXS-86 [30] and refined by full-matrix least-squares calculations
on F2 with SHELXL-97 [30]. The intensity data were corrected for
absorption effects [29]. Anisotropic displacement parameters were
refined for all non-hydrogen atomic positions. Hydrogen atoms at-
tached to the carbon and nitrogen atoms were placed in calculated
positions (methylene C–H = 0.97, aromatic C–H = 0.93 and amine
N–H = 0.90 Å). During the refinement isotropic displacement
parameters for H-atoms were assigned 20% higher than the isotro-
pic equivalent for the atom to which the H-atom was bonded. All
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H-atoms were refined as riding. SIEMENS [31] and MERCURY [32] com-
puter graphics programs were used to prepare the drawings. Se-
lected bond distances and angles are reported in Table 2.
Hydrogen-bond parameters are listed in Table 3. Atomic coordi-
nates, anisotropic displacement parameters and tables of all bond
distances and angles have been deposited at the Cambridge Crys-
tallographic Data Centre (Deposition No. CCDC 895153).

3. Results and discussion

3.1. X-ray structure of the {[Pt(en)Cl]2(l-pz)}Cl2 complex

The molecular structure and labeling scheme are shown in Fig. 1
and selected bond distances and angles are listed in Table 2. X-ray
analysis has unequivocally confirmed that the {[Pt(en)Cl]2(l-
pz)}Cl2 complex is a binuclear complex of Pt(II) bridged by the pyr-
azine ligand. In the crystal the complex is positioned on an inver-
sion center and thus possesses Ci symmetry. Each platinum(II)
atom exhibits an approximately square planar coordination, with
one Pt–Cl bond, one Pt–N bond of pyrazine (pz), and two Pt–N
bonds of the same chelating diamine (en) ligand. The Pt� � �Pt dis-
tance is 6.7890(3) Å, comparable with the mean value of
6.815(8) Å obtained from 17 observations for crystal structures

containing a discrete pyrazine-bridged Pt(II) dimer, deposited in
the CSD [33]. The Ci molecular symmetry ensures the mutually
trans orientation of the two Cl and (en) ligands. The atoms involved
in the Pt(II) square coordination deviate less than 0.045 Å from the
mean plane through the three nitrogens and Cl1. The Pt atom devi-
ates from this plane by only 0.010(1) Å and from the pyrazine best
plane by 0.084(6) Å. The Pt–N distances are in the expected range,
with the Pt–N(diamine) distances only slightly longer (2.032(3)
and 2.040(3) Å) than the Pt–N(pyrazine) distance of 2.018(3) Å,
probably a consequence of the more negative charge on the pyra-
zine nitrogen as compared with the diamine nitrogens, and the Pt–
Cl bond measures 2.298(3) Å. The N1–Pt–Cl(1), Cl1–Pt–N3 and N3–
Pt–N2 angles are 92.8(1)°, 90.5(1)° and 93.5(1)°, respectively, while
the N1–Pt–N2 angle in the five-membered chelate ring is only
83.2(1)°, a value similar to the mean N–Pt–N angle in other plati-
num complexes with ethylene diamine (mean value of 83.33(6)°
for 207 observations in structures with R < 5% [33]). The coordi-
nated pyrazine ring is oriented out of the Pt(II) square plane. The
dihedral angle between the pyrazine-ring plane and the square
plane around Pt(II) amounts to 58.4(1)°, and the Cl1–Pt–N3–C3
and Cl1–Pt–N3–C4 torsion angles are ÿ60.6(3)° and 122.9(3)°,
respectively. The diamine rings adopt the usual twist conformation
(one k and the other d), with an approximate twofold axis passing
throuch the C1–C2 bond (Cremer and Pople parameters calculated
with PARST included in the WinGX package [34] are 0.439(4) Å and
ÿ92.0(4)°).

3.2. Crystal packing of the {[Pt(en)Cl]2(l-pz)}Cl2 complex

The complex cations form columns extending along the a-direc-
tion, with distances of 5.077(1) Å between Pt(II) ions and the pz
rings (Fig. 2). The uncoordinated chloride anions (Cl2) are located
above and below the pyrazine rings and are involved in anion–p
interactions with these aromatic rings. Pyrazine rings are typically
less electron poor than triazines, where the majority of anion–p
interactions have been observed, but it has been demonstrated,
both experimentally and theoretically, that coordination to the
metal dramatically enhances the disposition of aromatic rings to-
ward anion� � �p binding [6,11,12,35]. Accordingly, in the investi-
gated complex the pyrazine ring is activated by coordination to

Table 1
Crystal data for {[Pt(en)Cl]2(l-pz)}Cl2.

Crystal data

Chemical formula C8H20Cl2N6Pt2�2(Cl)
Mr 732.28
Crystal system, space group monoclinic, P21/n
T (K) 295
a (Å) 5.07703(9)
b (Å) 12.6594(2)
c (Å) 14.1839(2)
b (°) 97.7545(16)
V (Å3) 903.29(2)
Z 2
Radiation type Mo Ka
l (mmÿ1) 16.06
Crystal size (mm) 0.20 � 0.20 � 0.10

Data collection

Diffractometer Xcalibur
Absorption correction Multi-scan
Tmin, Tmax 0.405, 1.000
No. of measured, independent and observed

[I > 2r(I)] reflections
20103, 1588, 1545

Rint 0.026
(sin h/k)max (Åÿ1) 0.595

Refinement

R[F2 > 2r(F2)], wR(F2), S 0.014, 0.035, 1.20
No. of reflections 1588
No. of parameters 91
No. of restraints 0
H-atom treatment H-atom parameters

constrained
Dqmax, Dqmin (e Åÿ3) 0.65, ÿ0.35

Table 2
Selected geometrical parameters [Å] for {[Pt(en)Cl]2(l-pz)}Cl2.

Pt1–N1 2.032(3) Pt1–N3 2.018(3)
Pt1–N2 2.040(3) Pt1–Cl1 2.2980(10)

N1–Pt1–N2 83.24(12) N1–Pt1–Cl1 92.82(10)
N1–Pt1–N3 175.61(12) N2–Pt1–Cl1 175.67(9)
N2–Pt1–N3 93.51(11) N3–Pt1–Cl1 90.52(8)

Pt1–N1–C1–C2 ÿ41.0(4) C2–N2–Pt1–N1 13.2(2)
N1–C1–C2–N2 52.1(4) N2–Pt1–N1–C1 15.7(3)
C1–C2–N2–Pt1 ÿ38.5(4)

Table 3
Hydrogen bond parameters for {[Pt(en)Cl]2(l-pz)}Cl2.

D–H� � � D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (°)

N1–H1B� � �Cl2 0.90 2.44 3.291 (3) 156.9
N1–H1A� � �Cl2i 0.90 2.41 3.230 (3) 150.9
N2–H2A� � �Cl2ii 0.90 2.46 3.313 (3) 157.4
N2–H2B� � �Cl2iii 0.90 2.34 3.211 (3) 161.9

Fig. 1. Perspective view of the dinuclear complex cation {[Pt(en)Cl]2(l-pz)}
2+.

Atomic displacement ellipsoids are drawn at the 40% probability level. The
molecule possesses a center of symmetry, so only the asymmetric part of it has
been labeled. The other half of the molecule is generated from the original
coordinates by symmetry transformation 1 ÿ x, 1ÿy, ÿz.
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two Pt(II) metal centers. The Cl2� � �Cg distance (Cg stands for the
center of gravity of the pyrazine ring) amounts to 3.410 Å, while
the angle between the normal to the pz ring and the Cl2� � �Cg� � �Cl2
line is 12.9°. For comparison, Mascal et al. have calculated an equi-
librium distance of 3.2 Å between chloride and the aryl centroid in
the Clÿ� � �1,3,5-triazine complex, with the anion positioned on the
C3-axis above the triazine ring [8]. Moreover, the Cl2 anion acts as
a hydrogen bond acceptor from N–H groups belonging to four dif-
ferent complex cations situated in its neighborhood. The hydrogen
bond parameters are listed in Table 3. Notably, the coordinated
chloride anion (Cl1) is not involved in hydrogen bonding or any
other specific intermolecular interactions.

3.3. 1H NMR investigation of the hydrolytic reactions of the N-

acetylated dipeptide Ac-L-Met-Gly in the presence of

{[Pt(en)(H2O)]2(l-pz)}
4+ and [Pt(en)(H2O)2]

2+ complexes

The hydrolytic cleavage of the Met-Gly amide bond in the Ac-L-
Met-Gly dipeptide in the presence of two platinum(II) complexes,
binuclear {[Pt(en)(H2O)]2(l-pz)}

4+ (en = bidentate coordinated eth-
ylenediamine and pz = bridging pyrazine (or 1,4-diazine) ligand)
and the mononuclear [Pt(en)(H2O)2]

2+ was investigated by 1H
NMR spectroscopy. The corresponding peptide and platinum(II)
complexes were reacted in 1:1 and 2:1 M ratios and all reactions
were performed at 2.0 < pH < 2.5 in D2O as the solvent and at
37 °C. Additionally, the reaction between [Pt(en)(H2O)2]

2+ and the
Ac-L-Met-Gly dipeptide was realized with an excess of the plati-
num(II) complex (2:1 M ratio, respectively). As was shown in pre-
vious studies [36–39], acidic solutions are needed to suppress the

formation of hydroxo-bridged oligomeric Pt(II) complexes, which
are catalytically inactive.

3.3.1. Reactions of platinum(II) complexes with an equimolar amount

of Ac-L-Met-Gly

The mixing of [Pt(en)(H2O)2]
2+ and {[Pt(en)(H2O)]2(l-pz)}

4+

complexes with an equimolar amount of Ac-L-Met-Gly dipeptide
under the above-mentioned conditions resulted in the spontane-
ous coordination of these two platinum(II) complexes to the
methionine sulfur atom of the dipeptide. Different reaction path-
ways for the hydrolytic cleavage of this dipeptide in the reactions
with the two Pt(II) complexes are presented in Fig. 3. The coordina-
tion of Ac-L-Met-Gly through the sulfur atom of methionine shifted
the resonance for the methyl protons of free methionine at
2.11 ppm downfield to 2.54 ppm after its coordination to Pt(II)
and this reaction was almost completed after 10 min (Table 4).
These chemical shifts are in accordance with those previously re-
ported for the reaction of platinum(II) complexes with different
methionine-containing molecules [40–43]. The monodentate
coordination of Ac-L-Met-Gly to the [Pt(en)(H2O)2]

2+ and
{[Pt(en)(H2O)]2(l-pz)}

4+ complexes resulted in the formation of
two platinum(II)–peptide complexes [Pt(en)(Ac-L-Met-Gly-S)
(H2O)]

2+ (1) and {[Pt(en)(Ac-L-Met-Gly-S)](l-pz)[Pt(en)(H2O)]}
4+

(2) (Fig. 3). Complexes 1 and 2 are intermediate products and they
promote the regioselective cleavage of the Met-Gly amide bond in
the Ac-L-Met-Gly dipeptide. This hydrolytic reaction can be fol-
lowed successfully using 1H NMR spectroscopy by observing the
glycine protons in complexes 1 and 2 and these protons for free
glycine. The resonance at 3.99 ppm, corresponding to the glycine
protons of the dipeptide attached to platinum(II) in complexes 1
and 2, decreased while that at 3.77 ppm for free glycine increased.
Upon addition of glycine to the reaction mixture, the resonance at
3.77 ppm was enhanced. Due to the fact that after 10 min all the
Ac-L-Met-Gly was bound to platinum(II) (no resonance at
2.11 ppm was observed in the 1H NMR spectrum), it can be as-
sumed that the concentrations of complexes 1 and 2 were equal
to the initial concentration of the dipeptide. According to this,
the hydrolytic cleavage of the Met-Gly amide bond in complexes
1 and 2 was determined by integration of the resonances for the
glycine protons of the dipeptide attached to the platinum(II)
(3.99 ppm) and for the protons of the free glycine (3.77 ppm) (Ta-
ble 4). The changes in concentrations of free glycine and non-
hydrolyzed complexes 1 and 2 were followed over time and the
sum of their concentrations was always equal to the initial concen-
tration of Ac-L-Met-Gly. The hydrolysis of the Met-Gly amide bond
was followed over 24 h and no change in the chemical shifts of the
resonances at 2.54 and 2.64 ppm for the methyl protons of the
methionine and methylene protons of ethylenediamine, respec-
tively, were observed, indicating that the ligands were bound to
platinum(II) all the time (complexes 3 and 4; Fig. 3 and Table 4).
However, when the reaction between {[Pt(en)(H2O)]2(l-pz)}

4+

and the Ac-L-Met-Gly dipeptide was followed for more than 24 h,
some changes in the aromatic region of the 1H NMR spectrum oc-
curred. These changes were manifested through the fact that the
singlet at 9.03 ppm for the bridging pyrazine ligand decreased
while two symmetric multiplets in the range 8.75–9.00 ppm
slowly increased (Table 4). The appearance of these two new mul-
tiplets indicates that one Pt(II)–N(pyrazine) bond in complex 2was
broken and that the four pyrazine protons of this ligand coordi-
nated in a monotopic fashion to Pt(II) (complex 4, Fig. 3) were split
into two multiplets because of vicinal and long-range coupling.
Symmetric multiplets for monodentate coordinated pyrazine were
also observed for cis- and trans-[Pt(NH3)2(pz)2](NO3)2 and for the
[Pt(tmda)(pz)2](NO3)2 (tmda is N,N,N0,N0-tetramethylenediamine)
complex [1]. The platinum(II) complex 4 (Fig. 3), with a monoden-
tate bound pyrazine ligand, was very stable and no resonance at

Fig. 2. Specific intermolecular interactions in the crystal structure of {[Pt(en)Cl]2(l-
pz)}Cl2 involving complex cations and uncoordinated chloride anions. NH� � �Cl
hydrogen bonds are marked by dotted lines while anion� � �p interactions are shown
by broken lines joining the chloride anion (green ball) with the centre of gravity of
the pyrazine ring (gray ball). For clarity, only H-atoms involved in hydrogen bonds
are displayed. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

258 D.P. Ašanin et al. / Polyhedron 51 (2013) 255–262



8.66 ppm for free pyrazine [1] was detected in the 1H NMR spec-
trum, even after this reaction was prolonged to 10 days. The time
dependences of the hydrolytic cleavage of the Met-Gly amide bond
in the reactions between different molar ratios of the platinum(II)
complex and Ac-L-Met-Gly dipeptide are given in Fig. 4. When an
equimolar amount of [Pt(en)(H2O)2]

2+ was mixed with this dipep-
tide, only 35% of the Met-Gly amide bond was cleaved after 2 h.
However, in the reaction with the binuclear {[Pt(en)(H2O)]2(l-
pz)}4+ complex, this cleavage was two times faster and about 70%
of the Met-Gly amide bonds were cleaved in the same time. Finally,
after 24 h in the presence of the binuclear Pt(II) complex, more
than 83% of the Met-Gly amide bond hydrolyzed, while with the
mononuclear [Pt(en)(H2O)2]

2+ complex, about 56% of this bond
had cleaved. However, when the reaction of the mononuclear
[Pt(en)(H2O)2]

2+ complex with Ac-L-Met-Gly dipeptide was per-

formed under the above-mentioned experimental conditions in
an excess of the Pt(II) complex (2:1 M ratio), the cleavage of the
peptide was faster than with equimolar amounts of these reac-
tants. The hydrolysis of the dipeptide in the presence of two equiv-
alents of the mononuclear [Pt(en)(H2O)2]

2+ complex was still
slower than that with an equimolar amount of the binuclear
{[Pt(en)(H2O)]2(l-pz)}

4+ complex (see Fig. 4). The better catalytic
ability of the binuclear {[Pt(en)(H2O)]2(l -pz)}4+ complex in com-
parison with the mononuclear [Pt(en)(H2O)2]

2+ complex can be
attributed to the structural differences of their hydrolytically ac-
tive platinum(II)–dipeptide complexes (complexes 1 and 2;
Fig. 3). Hydrolysis of the Met-Gly amide bond in the presence of
the mononuclear [Pt(en)(H2O)2]

2+ complex can occur by two possi-
ble limiting mechanisms, both represented in complex 1 (Fig. 3)
[44–46]. The first possibility is that the platinum(II) ion interacts

 {[Pt(en)(H2O)]2(µ-pz)}4+
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Fig. 3. Schematic presentation of the hydrolytic reactions of the Ac-L-Met-Gly dipeptide with an equimolar amount of the platinum(II) complex.

Table 4
Characteristic 1H NMR chemical shifts observed in the reactions of the [Pt(en)(H2O)2]

2+ and {[Pt(en)(H2O)]2(-pz)}
4+ complexes with Ac-L-Met-Gly at 2.0 < pH < 2.5 in D2O and at

37 °C. All spectra were recorded in D2O solutions containing TSP (sodium trimethylsilylpropane-3-sulfonate) as the internal reference.

Dipeptide/Pt(II) complex/reaction product Characteristic 1H NMR resonances (d, ppm)

Ac-L-Met-Gly 2.11 (s, MetCH3) 3.99 (s, GlyCH2)
{[Pt(en)(H2O)]2(l-pz)}

4+ 2.64 (s, enCH2) 9.03 (s, pzCH)
[Pt(en)(H2O)2]

2+ 2.64 (s, enCH2)
[Pt(en)(Ac-L-Met-Gly-S)(H2O)]

2+ (1 and 7) 2.54 (s, MetCH3) 2.84 (s, enCH2)
{[Pt(en)(Ac-L-Met-Gly-S)](l-pz)[Pt(en)(H2O)]}

4+ (2) 2.54 (s, MetCH3) 2.70, 2.84 (2s, enCH2) 9.03 (s, pzCH)
[Pt(en)(Ac-L-Met-S)(H2O)]

2+ (3) 2.54 (s, MetCH3) 2.84 (s, enCH2)
[Pt(en)(Ac-L-Met-S)(pz)]2+ (4) 2.53 (s, MetCH3) 2.89 (s, enCH2) 8.75–9.00 (m, pzCH)
[Pt(en)(Ac-L-Met-Gly-S)2]

2+ (5) 2.54 (s, MetCH3) 2.89 (s, enCH2)
{[Pt(en)(Ac-L-Met-Gly-S)]2(l-pz)}

4+ (6) 2.53 (s, MetCH3) 2.89 (s, enCH2) 9.03 (s, pzCH)
Free glycine (Gly) 3.77 (s, GlyCH2)
Free pyrazine (pz) 8.66 (s, pzCH)
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with the oxygen atom of the scissile amide bond. This interaction
polarizes the carbonyl group and activates its carbon atom toward
attack by a water molecule from the solvent (external attack). For
the reaction to occur by this mechanism, the platinum(II) and car-
bonyl oxygen atoms should be proximate. The other possibility is
that an aqua ligand on platinum(II) is delivered to the carbon atom
in the amide bond (internal attack). For the cleavage of the amide

bond to occur by this mechanism, the aqua ligand on platinum(II)
should be proximate to the carbonyl carbon of the scissile amide
bond. Additionally, it was found that a coordinated aqua ligand
in Pd(II) and Pt(II) complexes plays an important role in promoting
the regioselective cleavage of the amide bond in histidine- and
methionine-containing peptides [36,44–50]. Two platinum(II) cen-
ters bridged with one aromatic pyrazine ligand in the hydrolyti-
cally active complex 2 are more efficient in the hydrolysis of the
scissile amide bond than even two equivalents of the mononuclear
[Pt(en)(H2O)2]

2+ complex (Fig. 4). The two platinum(II) centers in
complex 2 can simultaneously participate in the cleavage of the
scissile amide bond, one by polarizing the carbonyl oxygen atom
and another by delivering a water molecule. Meanwhile the single
Pt(II) ion in the mononuclear [Pt(en)(H2O)2]

2+ complex is incapable
in promoting these two interactions simultaneously. Our latest re-
sults for the good catalytic ability of the binuclear platinum(II)
complex in the cleavage of the Ac-L-Met-Gly dipeptide are also in
accordance with those previously reported for the reaction of a
binuclear palladium(II) complex having thiolate bridging ligands
with different methionine-containing peptides [19] and for differ-
ent polynuclear complexes with nucleic acids and phosphate esters
[20,51].

3.3.2. Reactions of platinum(II) complexes with an excess of Ac-L-Met-

Gly

The hydrolytic cleavage of the Met-Gly amide bond in the
presence of the [Pt(en)(H2O)2]

2+ and {[Pt(en)(H2O)]2(l-pz)}
4+ com-

plexes was studied with an excess of the Ac-L-Met-Gly dipeptide.
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Fig. 4. Time dependence of the hydrolytic cleavage of the Met-Gly amide bond in
the Ac-L-Met-Gly dipeptide with platinum(II) complexes at 2.0 < pH < 2.5 and at
37 °C. ⁄No hydrolysis of the amide bond was observed in the reaction of
[Pt(en)(H2O)2]

2+ with an excess of dipeptide.
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The two platinum(II) complexes, [Pt(en)(H2O)2]
2+ and {[Pt(en)

(H2O)]2(l-pz)}
4+, and the corresponding dipeptide were mixed in

a 1:2 M ratio, respectively, and all reactions were performed at
2.0 < pH < 2.5 and at 37 °C. The formation of the [Pt(en)(Ac-L-
Met-Gly-S)2]

2+ (5) and {[Pt(en)(Ac-L-Met-Gly-S)]2(l-pz)}
4+ (6)

complexes was evidenced by the simultaneous decline of the res-
onance at 2.11 ppm, arising from the S-methyl protons of free
Ac-L-Met-Gly, and the growth of the resonance at 2.54 ppm, corre-
sponding to the S-methyl protons of the peptide coordinated to
Pt(II) through the sulfur atom (complexes 5 and 6; Fig. 5 and Table 4).
These reactions were followed over time and no resonance at
2.11 ppm for the free peptide was observed in the 1H NMR spectra
after 2 h. In addition, during this time, no cleavage of any amide
bond in Ac-L-Met-Gly was observed, indicating that the plati-
num(II)–peptide complexes 5 and 6 are hydrolytically inactive.
Moreover, in the reaction between [Pt(en)(H2O)2]

2+ and Ac-v-
Met-Gly, the hydrolytic reaction was not observed, even when
the reaction was prolonged to 4 days. Additionally, no changes in
the 1H NMR spectrum for this reaction were observed during this
time, confirming that complex 5 is very stable under the employed
experimental conditions. However, the hydrolytically inactive
complex 6, formed in the reaction between the {[Pt(en)(H2O)]2
(l-pz)}4+ complex and the Ac-L-Met-Gly dipeptide, was unstable
under these experimental conditions and after 4 h of reaction, it
was converted into the hydrolytically active [Pt(en)(Ac-L-Met-
Gly-S)(H2O)]

2+ complex 7. This complex is structurally identical
with complex 1, obtained in the reaction between equimolar
amounts of the mononuclear [Pt(en)(H2O)2]

2+ and Ac-L-Met-Gly
dipeptide (see Fig. 3). The conversion of 6 into 7 was evident in
the 1H NMR spectrum by the simultaneous decline of the singlet
at 9.03 ppm, due to protons of the bridging pyrazine ligand, and
the growth at 8.66 ppm, due to the free pyrazine ligand (Table 4).
This conversion was very slow and only 30% of free pyrazine was
detected in the solution after 48 h. Along with the resonance for
the free pyrazine ligand, a new resonance at 3.77 ppm was also de-
tected in the 1H NMR spectrum. This resonance was assigned to
free glycine protons and its intensity increased upon addition of
glycine to the reaction mixture. This undoubtedly confirmed that
inactive complex 6 was converted into the hydrolytically active
species 7, which further promotes the cleavage of the Met-Gly
amide bond. The amounts of the hydrolysis products in this reac-
tion were determined from the known initial concentration of
Ac-L-Met-Gly and from the integrated resonance of the free gly-
cine. It was found that in the reaction of the {[Pt(en)(H2O)]2(l-
pz)}4+ complex with a two times bigger amount of the peptide,
only 30% of the Met-Gly bond had hydrolyzed after 24 h (see
Fig. 4). However, when this reaction was prolonged for a further
24 h, the amount of the hydrolyzed amide bond was about 50%.

4. Conclusions

The X-ray elucidation of the pyrazine-bridged {[Pt(en)Cl]2-
(l-pz)}Cl2 binuclear complex confirmed the trans configuration of
its complex cation and the existence of anion� � �p interactions be-
tween the uncoordinated chloride and electron-deficent pyrazine
ring. The reactions of [Pt(en)(H2O)2]

2+ and {[Pt(en)(H2O)]2(l-
pz)}4+ with the Ac-L-Met-Gly dipeptide at 2.0 < pH < 2.5 and at
37 °C are remarkably selective in the cleavage of the amide bond
involving the carboxylic group of methionine. In comparison with
the single Pt(II) ion in the [Pt(en)(H2O)2]

2+ complex, the two Pt(II)
ions bridged with one aromatic pyrazine ligand in the {[Pt(en)(H2-

O)]2(l-pz)}
4+ complex are more efficient in the hydrolysis of the

Ac-L-Met-Gly dipeptide, even when the hydrolytic reaction was
performed with an excess of the mononuclear complex. Moreover,
when the reaction of the platinum(II) complexes was investigated

with an excess of the dipeptide, only the binuclear {[Pt(en)(H2-

O)]2(l-pz)}
4+ complex was shown to be a capable catalytic agent

in the hydrolysis of the dipeptide. The better catalytic ability of
the binuclear {[Pt(en)(H2O)]2(l-pz)}

4+ complex than the corre-
sponding mononuclear Pt(II) complex can be attributed to the
presence of different hydrolytically active Pt(II)–peptide com-
plexes formed during the reaction with the Ac-L-Met-Gly dipep-
tide. These results together with those previously reported for
the reaction of a binuclear palladium(II) complex having thiolate
bridging ligands [18] should be taken into consideration when
designing new polynuclear platinum(II) and palladium(II) com-
plexes as effective agents in the hydrolysis of methionine-contain-
ing peptides. Studies aimed at investigating these new possible
synthetic metallopeptidases are in progress.
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a b s t r a c t

Four binuclear {[Pt(L)Cl]2(l-pz)}Cl2-type complexes have been synthesized and characterized by elemen-

tal microanalyses and NMR (1H and 13C) spectroscopy (L is ethylenediamine, en; (±)-1,2-propylenedi-

amine, 1,2-pn; isobutylenediamine, ibn; trans-(±)-1,2-diaminocyclohexane, dach and pz is bridging

pyrazine ligand). The chlorido complexes were converted into the corresponding aqua species, {[Pt(L)

(H2O)]2(l-pz)}
4+, and 1H NMR spectroscopy was applied to study their reactions with the N-acetylated

L-methionylglycine, Ac-L-Met-Gly. The {[Pt(L)(H2O)]2(l-pz)}
4+ complex and dipeptide were reacted in

1:1 and 1:2 M ratios, respectively, and all reactions were performed in the pH range 2.0–2.5 and at

37 °C. In the reactions with equimolar amounts of the reactants all Pt(II) aqua complexes bind to the

methionine side chain of Ac-L-Met-Gly dipeptide and promote the cleavage of the amide bond involving

the carboxylic group of methionine. It was found that the amount of hydrolyzed dipeptide strongly

depends from the steric bulk of bidentate coordinated diamine ligand L in {[Pt(L)(H2O)]2(l-pz)}
4+ com-

plex (en > 1,2-pn > ibn > dach). However, in the reaction with an excess of dipeptide the influence of

the nature of diamine ligand L on this hydrolytic process could not be observed due to the fact that slow

decomposition of {[Pt(L)(H2O)]2(l-pz)}
4+ complex was occured.

Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrolytic reactions of uncatalyzed peptide bonds are extre-

mely slow. Enzymes are commonly used as cleavage agents for this

reactions but investigation of the hydrolytic reactions promoted by

metal complexes suggested that they can be applied for cleavage of

unactivated amide bonds very efficiently. Recent years have wit-

nessed an increasing interest in the study of the interactions of

platinum(II) [1–3] and palladium(II) [2–16] complexes with sulfur-

and histidine-containing peptides and proteins [17–20] as effective

catalyst for the hydrolytic cleavage of the above mentioned

peptides.

In general, it was shown that aqua complexes of these metal

ions spontaneously bind to the heteroatom in the side chain of

methionine [1–8] or histidine [2,3,9–16,21] and promote cleavage

of the amide bond involving the carboxylic group of the anchoring

amino acid. The hydrolytic reactions of methionine-containing

peptides with different palladium(II) complexes were investigated

[3,8,9,21–23] and it was shown that different promoters produce

different hydrolytically active palladium(II)–peptide complexes.

Thus, in the reactions of methionine-containing peptides with

[PdCl4]
2ÿ, the active form was a mononuclear palladium(II)–pep-

tide complex, while with [Pd(H2O)4]
2+ and [Pd(en)(H2O)2]

2+ com-

plexes, binuclear hydrolytically active palladium(II)–peptide

complexes bridged with two methionine side chains were formed.

Moreover, it was shown that these binuclear palladium(II)–peptide

complexes are more efficient than the corresponding mononuclear

complex in promoting the hydrolysis of the scissile amide bond in

methionine-containing peptides. In accordance to this, the reac-

tions of the thiolate-bridged (Me4N)2[Pd2(l-SPh)2Cl4] complex

with different methionine-containing peptides of the type Ac-L-

Met-X (X is Gly, Val, Phe or Ala) showed that this complex was

an effective catalyst for the rapid cleavage of methionine-contain-

ing dipeptides in non-aqueous solvents [24]. An important advan-

tage of dimerization is the possibility of cooperation between the

metals, as was shown for hydrolysis of DNA, RNA, and their models

catalyzed by polynuclear metal complexes and metalloenzymes

[25–30]. Very recently in one of our laboratories we compared

hydrolytic abilities of two Pt(II) complexes, mononuclear

[Pt(en)(H2O)2]
2+ and binuclear {[Pt(en)(H2O)]2(l-pz)}

4+, in the

reaction with Ac-L-Met-Gly dipeptide. It was shown that two Pt(II)

ions bridged with one aromatic pyrazine ligand in the {[Pt(en)

(H2O)]2(l-pz)}
4+ complex are more efficient in the hydrolysis of

the Ac-L-Met-Gly dipeptide, even when the hydrolytic reaction

was performed with an excess of the mononuclear complex. Our

0277-5387/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved.
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latest findings for {[Pt(en)(H2O)]2(l-pz)}
4+ complex [31] together

with those for different binuclear Pd(II) complexes [24] showed

that polynuclear Pt(II) and Pd(II) complexes can be perspective cat-

alytic reagents for amide bond hydrolysis in the reactions with

methionine-containing peptides.

In this work, an attempt was made to gain further insight into

selective hydrolysis of the methionine-containing peptides in the

presence of different binuclear platinum(II) complexes. For these

purposes, the 1H NMR spectroscopy was applied to study the

influence of the chelating diamine ligand L in {[Pt(L)(H2O)]2
(l-pz)}4+-type complexes (L is ethylenediamine, en; (±)-1,2-pro-

pylenediamine, 1,2-pn; isobutylenediamine, ibn; trans-(±)-1,

2-diaminocyclohexane, dach and pz is bridging pyrazine ligand)

on the hydrolytic cleavage of the Ac-L-Met-Gly dipeptide.

2. Experimental

2.1. Materials

Distilled water was demineralized and purified to a resistance

greater than 10 MX cmÿ1. The compounds D2O, DNO3, NaOD, eth-

ylenediamine (en), (±)-1,2-propylenediamine (1,2-pn), isobutylen-

ediamine (ibn), trans-(±)-1,2-diaminocyclohexane (dach), pyrazine

(or 1,4-diazine), pz and K2[PtCl4] were obtained from the Aldrich

Chemical Co. All common chemicals were of reagent grade. The

dipeptide L-methionylglycine (L-Met-Gly) was obtained from the

Sigma Chemical Co. The terminal amino group in this dipeptide

was acetylated by a standard method [4].

2.2. Preparation of {[Pt(L)Cl]2(l-pz)}Cl2-type complexes (L is en, 1,2-

pn, ibn or dach)

The binuclear platinum(II) complexes of the type {[Pt(L)Cl]2
(l-pz)}Cl2 were synthesized from the corresponding mononuclear

[Pt(L)Cl2] complexes by modification of the procedure published in

the literature [31,32].

Preparation of [Pt(L)Cl2]: All mononuclear Pt(II) complexes were

prepared with minor modification of a method previously used in

our laboratory for the preparation of a series of [M(L)Cl2] com-

plexes (M is Pt(II) or Pd(II); L is bidentate coordinated diamine or

amino acid) [15,23,33]. K2PtCl4 was dissolved in water and mixed

with an equimolar amount of diamine ligand (L). The pH of the

solution was adjusted to ca. 3 by addition of 1 M HCl and mixture

was stirred at 80 °C for 2 h. All complexes were crystallized from

water at room temperature. The pure complexes were obtained

by recrystallization from warm water and than cooling at room

temperature. The experimental results of the elemental analyses

for C, H and N parameters for all investigated Pt(II) complexes

are in accordance with theoretical values calculated for [Pt(L)Cl2]

complexes.

Preparation of [Pt(L)(dmf)Cl]NO3: The solid [Pt(L)Cl2] complex

was converted into the corresponding monodimethylformamide

(dmf) [Pt(L)(dmf)Cl]NO3 complex by treatment with 0.98 equiva-

lents of AgNO3 on the following manner. To a solution of 55.3 mg

(0.325 mmol) of AgNO3 in 5 cm3 of dmf was added a suspension

of 0.332 mmol of [Pt(L)Cl2] in 10 cm3 of dmf. The mixture was stir-

red overnight at room temperature in the dark. The precipitated

AgCl was removed by filtration and resulting pale yellow dmf solu-

tion of [Pt(L)(dmf)Cl]NO3 was used as the starting material for the

preparation of the required pyrazine-bridged platinum(II) com-

plexes, {[Pt(L)Cl]2(l-pz)}Cl2.
Preparation of {[Pt(L)Cl]2(l-pz)}Cl2: The dmf solution of the pyr-

azine ligand (pz) (13.29 mg, 0.166 mmol) was added dropwise to

the solution of [Pt(L)(dmf)Cl]NO3. The mixture was stirred at room

temperature in the dark for 12 h. The solvent was then rotary

evaporated and the residue washed with ether. The crude product

was dissolved in a minimal amount of 0.5 mol/dm3 LiCl aqueous

solution. The obtained solution was left overnight in the dark.

The pale-yellow precipitate of {[Pt(L)Cl]2(l-pz)}Cl2 was removed

by filtration, washed with methanol and then ether, and air-dried.

Depending of the type diamine ligand L the yield of {[Pt(L)Cl]2
(l-pz)}Cl2 complex was between 30–40%. Anal. Calc. for {[Pt

(1,2-pn)Cl]2(l-pz)}Cl2 = C10H24N6Cl4Pt2 (FW = 760.31): C, 15.80;

H, 3.18; N, 11.05. Found: C, 15.45; H, 3.19; N, 10.82%. Anal.

Calc. for {[Pt(ibn)Cl]2(l-pz)}Cl2 = C12H28N6Cl4Pt2 (FW = 788.36):

C, 18.28; H, 3.58; N, 10.66. Found: C, 17.84; H, 3.63; N, 10.47%. Anal.

Calc. for {[Pt(dach)Cl]2(l-pz)}Cl2 = C16H32N6Cl4Pt2 (FW = 840.43):

C, 22.87; H, 3.84; N, 10.00. Found: C, 22.56; H, 3.94; N, 9.56%.

2.3. Preparation of {[Pt(L)(H2O)]2(l-pz)}
4+

The {[Pt(L)Cl]2(l-pz)}Cl2 complexes were converted into the

corresponding aqua complexes by treatment with 3.98 equivalents

of AgNO3, according to a previously published method [34]. In each

case, the formed solid AgCl was removed by filtration in the dark,

and the fresh solutions of the aqua complexes were kept in a refrig-

erator and used in the further experiments.

2.4. Measurements

All pH measurements were realized at ambient temperature

using an Iskra MA 5704 pH meter calibrated with Fischer certified

buffer solutions of pH 4.00 and 7.00. The results were not corrected

for the deuterium isotope effect.

The NMR spectra of D2O solution containing TSP (sodium

trimethylsilylpropane-3-sulfonate) as the internal reference

were recorded with a Varian Gemini 2000 spectrometer

(200 MHz). Fresh solutions of aqua complexes and dipeptide

were prepared separately and then mixed in 1:1 and 1:2 M ra-

tios, respectively. The initial concentration of dipeptide and

aqua complexes solutions were 40 mM. All reactions were per-

formed in the pH range 2.0–2.5 and at 37 °C. Elemental micro-

analyses for carbon, hydrogen and nitrogen were performed by

the Microanalytical Laboratory, Faculty of Chemistry, University

of Belgrade.

3. Results and discussion

Four binuclear {[Pt(L)Cl]2(l-pz)}Cl2-type complexes have been

synthesized and characterized by elemental microanalyses and

NMR (1H and 13C) spectroscopy (L is (±)-1,2-propylenediamine,

1,2-pn; isobutylenediamine, ibn and trans-(±)-1,2-diaminocyclo-

hexane, dach; see Fig. 1). The schematic presentation of the reac-

tion for the syntheses of these complexes is given in Fig. 2. The

spectroscopic results of these complexes are in accordance with

those for similar complexes in literature [15,23,32] and with pro-

posed formula {[Pt(L)Cl]2(l-pz)}Cl2 (Table 1). As it was shown in

Fig. 1, all investigated Pt(II) complexes have the same bridging pyr-

azine ligand but different chelating diamine ligand L. In the present

study we investigated the influence of this chelating ligand L on

the hydrolysis of the amide bond in the N-acetylated L-methionyl-

glycine dipeptide (Ac-L-Met-Gly). The terminal amino group in this

peptide was acetylated to protect its binding to the Pt(II) atom. In

order to investigate the influence of structural changes in the che-

lating diamine ligand L on the hydrolysis of Ac-L-Met-Gly dipep-

tide, all chlorido Pt(II) complexes were converted into the

corresponding aqua species, {[Pt(L)(H2O)]2(l-pz)}
4+. The plati-

num(II) aqua complex and dipeptide were reacted in 1:1 and

1:2 M ratios, respectively, and all reactions were performed in

the pH range 2.0–2.5 and at 37 °C. As was shown in our previous
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studies [11,21,22], acidic solutions are needed to suppress

the formation of hydroxo-bridged oligomeric Pt(II) complexes,

which are catalytically inactive. All chelate diamine ligands L in

{[Pt(L)(H2O)]2(l-pz)}
4+ complexes are inert to substitution and

expected to remain bound to the platinum(II) atom during the

reactions with Ac-L-Met-Gly dipeptide. The reactions of {[Pt(L)

(H2O)]2(l-pz)}
4+ complexes with Ac-L-Met-Gly were followed by

applying 1H NMR spectroscopy.
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Fig. 1. Schematic drawing of the binuclear {[Pt(L)Cl]2(l-pz)}Cl2 complexes. These complexes were converted into the corresponding aqua species, {[Pt(L)(H2O)]2(l-pz)}
4+,

and used in the reactions with the N-acetylated L-methionylglycine.
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Fig. 2. The schematic presentation of the reaction for the synthesis of binuclear {[Pt(L)Cl]2(l-pz)}Cl2-type complexes (L is ethylenediamine, en; (±)-1,2-propylenediamine,

1,2-pn; isobutylenediamine, ibn; trans-(±)-1,2-diaminocyclohexane, dach and pz is bridging pyrazine ligand).

Table 1

Characteristic NMR (1H and 13C) chemical shifts for the {[Pt(L)Cl]2(l-pz)}Cl2-type complexes. These chemical shifts are in accordance with those previously reported for similar

complexes [15,23,32].

Platinum(II) complex Characteristic 1H NMR resonances (d, ppm) Characteristic 13C NMR resonances (d, ppm)

{[Pt(en)Cl]2(l-pz)}Cl2 2.64 (s, enCH2) 9.03 (s, pzCH) 52.34 (enCH2) 153.46 (pz)

{[Pt(1,2-pn)Cl]2(l-pz)}Cl2 1.34 (d, 1,2-pnCH3), 9.01 (s, pzCH) 17.83 (1,2-pnCH3), 153.44 (pz)

2.45–2.98 (m, 1,2-pnCH2), 54.52 (1,2-pnCH2),

3.11–3.32 (m, 1,2-pnCH), 59.86 (1,2-pnCH),

{[Pt(ibn)Cl]2(l-pz)}Cl2 1.42–1.48 (m, ibnCH3), 9.13 (s, pzCH) 25.96 (ibnCH3), 153.36 (pz)

2.66 (s, ibnCH2), 60.09 (ibnCH2),

63.61 (ibnCH),

{[Pt(dach)Cl]2(l-pz)}Cl2 1.27–1.62 (m, dachCH2, C4,C5), 9.00 (s, pzCH) 26.55 (dach, C4,C5), 153.31(pz)

1.76–2.08 (m, dachCH2,C3,C6), 34.56 (dach, C3,C6),

2.45–2.61 (m, dachCH,C1,C2), 65.15 and 65.30 (dach, C1,C2),
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3.1. The reactions of {[Pt(L)(H2O)]2(l-pz)}
4+ complexes with an

equimolar amount of Ac-L-Met-Gly dipeptide

Recently we investigated the reactions of binuclear {[Pt(en)

(H2O)]2(l-pz)}
4+ complex with methionine-containing peptides

[31]. This pyrazine-bridged Pt(II) complex was shown as very

effective hydrolytic reagent in the cleavage of these peptides. As

continuation of this study, here we compared the rate of hydrolysis

of the Ac-L-Met-Gly dipeptide in the presence of {[Pt(en)(H2O)]2
(l-pz)}4+ complex with those for three new binuclear {[Pt(L)(H2-

O)]2(l-pz)}
4+ complexes having different bidentate diamine ligand

L. When an equimolar amount of {[Pt(L)(H2O)]2(l-pz)}
4+ complex

was incubated with Ac-L-Met-Gly, under the above mentioned

experimental conditions, all reactions resulted in formation of

platinum(II)–dipeptide complex {[Pt(L)(Ac-L-Met-Gly-S)](l-pz)
[Pt(L)(H2O)]}

4+ in a yield of 95% for less than 30 min (Fig. 3). The

monodentate binding of the platinum(II) to the methionine side

chain was registered from the simultaneous decline of the reso-

nance at 2.11 ppm due to the S-methyl protons of the free dipep-

tide and the growth of a resonance at 2.54 ppm corresponding to

these protons for the dipeptide coordinated to platinum(II)

through the sulfur atom. These chemical shifts are in accordance

with those previously reported for the reactions of platinum(II)

complexes with different methionine-containing molecules

[1–3,35]. In all investigated reactions the intermediate {[Pt(L)(Ac-

L-Met-Gly-S)](l-pz)[Pt(L)(H2O)]}
4+ complex is hydrolytically

active species and promotes the regioselective cleavage of the

Met-Gly amide bond in the Ac-L-Met-Gly dipeptide. These hydro-

lytic reactions can be followed successfully using 1H NMR

spectroscopy by observing the methylene glycine protons in

{[Pt(L)(Ac-L-Met-Gly-S)](l-pz)[Pt(L)(H2O)]}
4+ complex and these

protons for the free glycine, see Fig. 4. As can be seen from this

figure, the resonance at 3.99 ppm corresponding to the methylene

glycine protons of the dipeptide attached to platinum(II) in

H
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Fig. 3. The reaction scheme of the hydrolytic reaction of the Ac-L-Met-Gly dipeptide with binuclear {[Pt(L)(H2O)]2(l-pz)}
4+-type complexes. The corresponding Pt(II)-aqua

complex and dipeptide were mixed in a 1:1 M ratio and all reactions were performed at 2.0 < pH < 2.5 and at 37 °C.

S. Rajković et al. / Polyhedron 65 (2013) 42–47 45



{[Pt(L)(Ac-L-Met-Gly-S)](l-pz)[Pt(L)(H2O)]}
4+ complex decreased,

while that at 3.77 ppm for these protons in the free glycine in-

creased. Upon addition of amino acid glycine to the reaction mix-

ture, the resonance at 3.77 ppm was enhanced. The amounts of

the non-hydrolyzed dipeptide coordinated to platinum(II) complex

and hydrolysis products were determined from the known initial

concentration of Ac-L-Met-Gly and from the integrated resonance

for the methylene protons of the free glycine. The changes in con-

centrations of the free glycine and non-hydrolyzed dipeptide in

{[Pt(L)(Ac-L-Met-Gly-S)](l-pz)[Pt(L)(H2O)]}
4+ complex were deter-

mined every 30 min during 24 h. During this time the total

amounts of {[Pt(L)(Ac-L-Met-Gly-S)](l-pz)[Pt(L)(H2O)]}
4+ complex

and free glycine was always equal to the initial concentration of

Ac-L-Met-Gly dipeptide. The time dependence of the hydrolytic

cleavage of the Met-Gly amide bond in the reactions between dif-

ferent binuclear {[Pt(L)(H2O)]2(l-pz)}
4+ complexes and Ac-L-Met-

Gly dipeptide is given in Fig. 5. From this figure it can be concluded

that the amount of the hydrolyzed Ac-L-Met-Gly dipeptide de-

creased in the following order: en > 1,2-pn > ibn > dach. Therefore,

the amount of hydrolyzed Ac-L-Met-Gly dipeptide in the reaction

with {[Pt(en)(H2O)]2(l-pz)}
4+ complex after 30 min is almost two

or one and a half times larger than with {[Pt(ibn)(H2O)]2(l-pz)}
4+

and {[Pt(1,2-pn)(H2O)]2(l-pz)}
4+ complex, respectively. However,

during the same time the amount of hydrolyzed Ac-L-Met-Gly

dipeptide in the presence of {[Pt(dach)(H2O)]2(l-pz)}
4+ was eight

times smaller than with {[Pt(en)(H2O)]2(l-pz)}
4+ complex. Finally,

after 24 h in the presence of the {[Pt(dach)(H2O)]2(l-pz)}
4+ com-

plex only 30% of the Met-Gly amide bond hydrolyzed, while with

the {[Pt(en)(H2O)]2(l-pz)}
4+ complex more than 80% of this bond

had cleaved. Difference in the hydrolytic abilities of the

investigated binuclear {[Pt(L)(H2O)]2(l-pz)}
4+ complexes can be

attributed to the steric bulk of their bidentate coordinated diamine

ligand L. In Fig. 6 we compared the catalytic abilities of en, 1,2-pn,

Fig. 4. Parts of the 1H NMR spectra recorded during the reaction of {[Pt(en)(H2O)]2(l-pz)}
4+ (a) and {[Pt(dach)(H2O)]2(l-pz)}

4+ (b) complexes with an equimolar amount of

Ac-L-Met-Gly dipeptide as a function of time in the pH range 2.0–2.5 and at 37 °C. The resonances assigned as (N) and (d) correspond to the methylene glycine protons of Ac-

L-Met-Gly dipeptide monodentate bound to the binuclear platinum(II) complex and these protons for the free glycine, respectively.
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Fig. 5. Time dependence of the hydrolytic cleavage of the Met-Gly amide bond in
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Fig. 6. Dependence of the amount of hydrolyzed Ac-L-Met-Gly dipeptide on the

number of carbon atom in the structural skeleton of ligand L of {[Pt(L)(H2O)]2(l-
pz)}4+ complex. The amount of the hydrolyzed dipeptide was determined after 2 h

of reaction.
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ibn and dach Pt(II) binuclear complexes in the cleavage of the Met-

Gly amide bond of Ac-L-Met-Gly dipeptide after 2 h of reaction. In

spite of the fact that all diamine ligands L in the investigated

{[Pt(L)(H2O)]2(l-pz)}
4+ complexes form five-membered chelate

ring, it is obvious that the amount of hydrolyzed peptide was de-

creased by increasing the number of carbon atom in the structural

skeleton of ligand L. Our latest findings that inhibition of the

hydrolytic reaction can be achieved by structural modification of

the catalyst are in accordance with those for different mononuclear

Pd(II) complexes and histidine-containing peptides [15]. Summing

up together our results related to the hydrolytic cleavage of methi-

onine-containing peptides in the presence of different binuclear

{[Pt(L)(H2O)]2(l-pz)}
4+ complexes with previous results with histi-

dine-containing peptides and different mononuclear [Pd(L)

(H2O)2]
2+ complexes (L is bidentate coordinated diamine ligand)

[15], we can conclude that inhibition of the hydrolytic reaction

can be attributed to the steric bulk of the catalyst. These findings

can be explained in terms of two possible limiting mechanisms

for hydrolytic cleavage of the peptide bond promoted by Pd(II)

and Pt(II) complexes [10–12], see Fig 3. First possibility is that

the platinum(II) atom coordinated to the methionine side chain

polarizes the carbonyl group in the scissile peptide bond and acti-

vates its carbon atom toward attack by water molecule from the

solvent (external attack). For the reaction to occur by this mecha-

nism the Pt(II) and carbonyl oxygen atoms should be proximate.

Another possibility is that an aqua ligand from the second Pt(II)

atom in the binuclear {[Pt(L)(H2O)]2(l-pz)}
4+ complex is delivered

to the carbon atom in the amide bond (internal delivery). For the

cleavage of the amide bond to occur by this mechanism an aqua

ligand at Pt(II) should be proximate to the carbonyl carbon of the

scissile amide bond. As can been seen, any of these proposed mech-

anism requires a close approach of the pendant catalyst to the adja-

cent peptide bond and this interaction can be hindered by the steric

bulk of diamine ligand L in {[Pt(L)(H2O)]2(l-pz)}
4+ complex.

3.2. The reactions of {[Pt(L)(H2O)]2(l-pz)}
4+ complexes with an excess

of Ac-L-Met-Gly dipeptide

The reaction between {[Pt(L)(H2O)]2(l-pz)}
4+-type complexes

and the Ac-L-Met-Gly was followed in an excess dipeptide. The

corresponding Pt(II) complex and dipeptide were mixed in 1:2 M

ratio, respectively, and all reactions were performed under the

above mentioned experimental conditions. The first 1H NMR spec-

trum ran after 30 min of reaction indicated that the decomposition

of the corresponding binuclear {[Pt(L)(H2O)]2(l-pz)}
4+ complex oc-

curred. The singlet appeared in the region at 9.00–9.13 ppm for the

bridging pyrazine ligand of {[Pt(L)(H2O)]2(l-pz)}
4+ complex

(chemical shifts of this singlet is dependent from the type of Pt(II)

complex) decreased while two symmetric multiplets in the range

8.75–9.00 ppm increased. The appearance of these two new multi-

plets indicates that one Pt(II)–N(pyrazine) bond of Pt(II) complex

was broken and that the four pyrazine protons of this ligand coor-

dinated in a monotopic fashion to Pt(II) ion were split into two

multiplets because of vicinal and long-range coupling [36]. The

decomposition of the binuclear complex was finished after 4 h

and final product in this reaction was mononuclear platinum(II)

complex with a monodentate bound pyrazine ligand. This mono-

nuclear complex was stable during time and no resonance at

8.66 ppm for free pyrazine ligand [31] was detected in the 1H

NMR spectrum after 2 days. However, during this time slow hydro-

lysis of the Met-Gly amide bond in Ac-L-Met-Gly dipeptide was oc-

curred. This hydrolytic reaction was promoted by the presence

mononuclear Pt(II) complex resulted from decomposition of the

corresponding binuclear complex. Considering this, we were not

able to correlate the rate of hydrolysis of Ac-L-Met-Gly dipeptide

with the nature of the chelating diamine ligand L in {[Pt(L)(H2-

O)]2(l-pz)}
4+ complex.

4. Conclusions

In this paper, it was demonstrated that by modification of the

binuclear {[Pt(L)(H2O)]2(l-pz)}
4+ complex by the introduction of

a sterically hindered diamine ligand L, inhibition of the hydrolytic

cleavage of the amide bond involving the carboxylic group of

methionine can be achieved. These results should be taken into

consideration when designing new polynuclear platinum(II) com-

plexes as effective agents in the hydrolysis of methionine-contain-

ing peptides. Studies aimed at investigating these new possible

synthetic metallopeptidases are in progress.
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[13] M.I. Djuran, S.U. Milinković, Monatsh. Chem. 130 (1999) 613.
[14] M.I. Djuran, S.U. Milinković, Polyhedron 18 (1999) 3611.
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a b s t r a c t

Treatment of [Pt(en)Cl2] complex with pyridazine lead to the formation of new diplatinum(II) coordina-
tion compound {[Pt(en)Cl]2(l-pydz)}Cl2, which was characterized by NMR spectroscopy and single-crys-
tal X-ray diffraction. X-ray analysis revealed that the needed support for the pyridazine bridge formation,
which in other metal complexes has been mostly provided by additional bridging units coordinated to
metal centers, might come from supramolecular interactions such as intermolecular hydrogen bonds.
This complex was converted into the corresponding aqua complex, {[Pt(en)(H2O)]2(l-pydz)}

4+, and 1H
NMR spectroscopy was applied for comparison of its catalytic activity with that of the analogous pyra-
zine-bridged {[Pt(en)(H2O)]2(l-pz)}

4+ complex in the hydrolysis of the N-acetylated L-histidylglycine
(Ac-L-His-Gly) and L-methionyl-glycyl-L-histidyl-glycineamide (Ac-L-Met-Gly-L-His-GlyNH2). All reac-
tions were performed in the pH range 2.0–2.5 and at 37 °C. It was found that although dimerization, in
general, improves significantly the hydrolytic potency of Pt(II) complexes, the pyridazine Pt(II) dimer
is significantly less active than its pyrazine Pt(II) analog, which is probably due to an increased steric
effect exerted in the former complex by the ortho-position of the two nitrogen atoms. Consequently,
{[Pt(en)(H2O)]2(l-pydz)}

4+ only binds to the methionine sulfur atom of the Ac-L-Met-Gly-L-His-GlyNH2

peptide and promotes cleavage of amide bond that involves the carboxylic group of methionine. In con-
trast, the analogous pyrazine Pt(II) dimer reacts with both methionine and histidine residues of this tet-
rapeptide, promoting cleavage of amide bonds involving carboxylic groups of both of these anchoring
amino acids. Considering these results it can be assumed that in the polypeptide containing both methi-
onine and histidine residues the regioselective cleavage of the amide bond involving only the carboxylic
group of methionine can be achieved successfully by using the presently investigated pyridazine-bridged
Pt(II) complex.

Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The observed recent interest in the chemistry of binuclear plat-
inum(II) complexes with bridging pyrazine (pz) ligand has several
reasons. First, it was found that this ligand exhibits simple and
controllable coordination mode and possesses small steric hin-
drance, therefore can be utilized as a building unit for molecular
architectures with transition metals [1–3]. Another interesting
property of this ligand is modification of its basicity as a conse-

quence of coordination to transition-metals [4]. Combined to-
gether, the two properties make the pyrazine ligand a good
alternative to triazine in studies on anion� � �p interactions in metal
complexes, and their utilization for building new molecular archi-
tectures. For example, in our recent X-ray investigations of the
{[Pt(en)Cl]2(l-pz)}Cl2 binuclear complex we have demonstrated
the existence of anion� � �p interactions between the uncoordinated
chloride and the electron-deficient pyrazine ring [5].

The second important reason for the investigation of the pyra-
zine-bridged Pt(II) complexes stems from our recent findings that
the aqua form of the {[Pt(en)Cl]2(l-pz)}Cl2 complex is a very effec-
tive catalytic reagent in the cleavage of the amide bond in methi-
onine-containing peptides [5]. We have shown that two Pt(II)
ions bridged with one aromatic pyrazine ligand are more efficient
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in the hydrolysis of the Ac-L-Met-Gly dipeptide than a single Pt(II)
ion in the [Pt(en)(H2O)2]

2+ complex. The better catalytic activity of
{[Pt(en)(H2O)]2(l-pz)}

4+ complex in comparison with the corre-
sponding mononuclear [Pt(en)(H2O)2]

2+ complex has been ex-
plained by possible cooperation between two pyrazine-bridged
Pt(II) ions. Very recently, we have investigated the hydrolysis of
the amide bond in methionine-containing peptides in the presence
of various {[Pt(L)(H2O)]2(l-pz)}

4+-type complexes (L stands for
bidentate-coordinated diamine ligands, such as ethylenediamine,
(±)-1,2-propylenediamine, isobutylenediamine, trans-(±)-1,2-
diaminocyclohexane) and demonstrated that inhibition of this
hydrolytic reaction can be achieved by structural modification of
the binuclear {[Pt(L)(H2O)]2(l-pz)}

4+ complex [6].
In the course of the above investigations we now report the

synthesis and X-ray structural characteristics of a new pyrida-
zine-bridged {[Pt(en)Cl]2(l-pydz)}Cl2 complex. This complex was
further converted into the corresponding aqua complex, {[Pt(en)
(H2O)]2(l-pydz)}

4+, and 1H NMR spectroscopy was applied for
comparison of its catalytic activity with that of the analogous pyr-
azine-bridged {[Pt(en)(H2O)]2(l-pz)}

4+ complex in the hydrolysis
of the N-acetylated L-histidylglycine (Ac-L-His-Gly) and L-methio-
nyl-glycyl-L-histidyl-glycineamide (Ac-L-Met-Gly-L-His-GlyNH2).
All reactions were performed in the pH range 2.0–2.5 and at 37 °C.

2. Experimental

2.1. Materials

Distilled water was demineralized and purified to a resistance
greater than 10 MX cmÿ1. The compounds D2O, DNO3, NaOD, eth-
ylenediamine (en), pyrazine (pz), pyridazine (pydz) and K2[PtCl4]
were obtained from the Aldrich Chemical Co. All common chemi-
cals were of reagent grade. The dipeptide L-histidylglycine (L-His-
Gly) was obtained from the Sigma Chemical Co. The tetrapeptide
L-methionylglycyl-L-histidylglycineamide (L-Met-Gly-L-His-
GlyNH2) was synthesized by manual solid phase peptide synthesis
using Fmoc-chemistry [7,8]. The peptide was purified using semi-
preparative RP-HPLC, and analyzed by analytical HPLC and electro-
spray ionization mass spectrometry. The terminal amino group in
these peptides was acetylated by a standard method [9].

2.2. Preparation of the {[Pt(en)Cl]2(l-pydz)}Cl2 and {[Pt(en)Cl]2(l-
pz)}Cl2 complexes

The {[Pt(en)Cl]2(l-pz)}Cl2 was prepared by a published proce-
dure [5]. The purity of the complex was checked by elemental
microanalyses and 1H NMR spectroscopy.

The {[Pt(en)Cl]2(l-pydz)}Cl2 complex was synthesized by mod-
ification of the procedure published in the literature [5,10,11]. The
mononuclear [Pt(en)Cl2] complex was converted into the corre-
sponding monodimethylformamide (dmf) complex
[Pt(en)(dmf)Cl]NO3 by treatment with 0.98 equivalents of AgNO3.
To a solution of 62.6 mg (0.368 mmol) of AgNO3 in 5 cm3 of dmf
was added a suspension of 122.6 mg (0.376 mmol) of [Pt(en)Cl2]
in 10 cm3 of dmf. The mixture was stirred overnight at room tem-
perature in the dark. The precipitated AgCl was removed by filtra-
tion and resulting pale yellow dmf solution of [Pt(en)(dmf)Cl]NO3

was used as the starting material for the preparation of the re-
quired pyridazine-bridged platinum(II) complex, {[Pt(en)Cl]2(l-
pydz)}Cl2.

The dmf solution of the pyridazine ligand (13.93 ll,
0.188 mmol) was added dropwise to the solution of
[Pt(en)(dmf)Cl]NO3. The mixture was stirred at room temperature
in the dark for 12 h. The solvent was then rotary evaporated and
the residue washed with ether. The crude product was dissolved

in a minimal amount of 0.5 mol/dm3 LiCl aqueous solution. The
obtained solution was left overnight in the dark. The pale-yellow
precipitate of {[Pt(en)Cl]2(l-pydz)}Cl2 was removed by filtration,
washed with methanol and then ether, and air-dried. Yield
55.07 mg (40%). Anal. Calc. for {[Pt(en)Cl]2(l-pydz)}Cl2 = C8H20N6-

Cl4Pt2 (FW = 732.25): C, 13.12; H, 2.75; N, 11.48. Found: C, 13.16;
H, 2.98; N, 11.19%. NMR (1H and 13C) characterization (D2O,
200 MHz). 1H NMR (d, ppm): 2.78–2.82 (m, 4CH2, en), 8.14 (m,
C4H and C5H pz), 9.58 (m, C3H and C6H, pz); 13C NMR (d, ppm):
51.10 (4CH2, en), 137.33 (C4 and C5, pz), 164.36 (C3 and C6, pz).

2.3. Preparation of {[Pt(en)(H2O)]2(l-pz)}
4+ and {[Pt(en)(H2O)]2(l-

pydz)}4+complexes

The {[Pt(en)Cl]2(l-pydz)}Cl2 and {[Pt(en)Cl]2(l-pz)}Cl2 com-
plexes were converted into the corresponding aqua complexes by
treatment with 3.98 equivalents of AgNO3, respectively, according
to a previously published method [12]. In each case, the formed so-
lid AgCl was removed by filtration in the dark, and the fresh solu-
tions of the aqua complexes were kept in a refrigerator and used in
the further experiments.

2.4. Measurements

All pH measurements were realized at ambient temperature
using an Iskra MA 5704 pH meter calibrated with Fischer certified
buffer solutions of pH 4.00 and 7.00. The results were not corrected
for the deuterium isotope effect.

Elemental microanalyses for carbon, hydrogen and nitrogen
were performed by the Microanalytical Laboratory, Faculty of
Chemistry, University of Belgrade.

The 1H NMR spectra of D2O solutions containing TSP (sodium
trimethylsilylpropane-3-sulfonate) as the internal reference were
recordedwith a Varian Gemini 2000 spectrometer (200 MHz). Fresh
solutions of the {[Pt(en)(H2O)]2(l-pydz)}

4+ and {[Pt(en)(H2O)]2
(l-pz)}4+ complexes, dipeptide Ac-L-His-Gly and tetrapeptide
Ac-L-Met-Gly-L-His-GlyNH2 were prepared separately (the initial
concentration of each reactant was 40 mM) and then mixed in an
5 mm NMR tube and spectra were recorded at appropriate time
intervals. All reactions were performed at 2.0 < pH < 2.5 and at
37 °C. The reactions between {[Pt(en)(H2O)]2(l-pydz)}

4+ and
{[Pt(en)(H2O)]2(l-pz)}

4+ complexes and Ac-L-His-Gly dipeptide
were investigated in 1:1 while with these complexes and Ac-L-
Met-Gly-L-His-GlyNH2 in 1:1 and 2:1 molar ratios, respectively.

2.5. X-ray analysis of the {[Pt(en)Cl]2(l-pydz)}Cl2 complex

Diffraction data for {[Pt(en)Cl]2(l-pydz)}Cl2 complex were
measured with a Xcalibur kappa-geometry diffractometer using
CrysAlisPro software [13] and monochromated Mo Ka radiation
(k = 0.71073 Å). Crystal data and experimental details are summa-
rized in Table 1. The structure was solved by direct methods using
SHELXS-86 [14] and refined by full-matrix least-squares calculations
on F2 with SHELXL-97 [14]. The intensity data were corrected for
absorption effects [13]. Anisotropic displacement parameters were
refined for all non-hydrogen atomic positions. Hydrogen atoms at-
tached to the carbon and nitrogen atoms were placed in calculated
positions (methylene C–H = 0.97, aromatic C–H = 0.93 and amine
N–H = 0.90 Å). During the refinement, isotropic displacement
parameters for H-atoms were assigned 20% higher than the isotro-
pic equivalent for the atom to which the H-atom was bonded. All
H-atoms were refined as riding. SIEMENS [15] and MERCURY [16] com-
puter graphics programs were used to prepare drawings. Selected
bond distances and angles are reported in Table 2. Hydrogen-bond
parameters are listed in Table 3. Atomic coordinates, anisotropic
displacement parameters and tables of all bond distances and
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angles have been deposited at the Cambridge Crystallographic Data
Centre (Deposition No. CCDC 946083).

3. Results and discussion

New binuclear {[Pt(en)Cl]2(l-pydz)}Cl2 (pydz is pyridazine),
which is an analog of the previously reported {[Pt(en)Cl]2(l-pz)}Cl2
complex (pz is pyrazine), has been synthesized and characterized
by elemental microanalysis, NMR (1H and 13C) spectroscopy and
X-ray crystallography. In the present study these two complexes
were converted into the corresponding aqua complexes,
{[Pt(en)(H2O)]2(l-pydz)}

4+ and {[Pt(en)(H2O)]2(l-pz)}
4+, and their

catalytic activity in the hydrolysis of the amide bond of Ac-L-His-
Gly and Ac-L-Met-Gly-L-His-GlyNH2 peptides have been compared
by using 1H NMR spectroscopy (Fig. 1). The terminal amino group
in these peptides was acetylated to protect its binding to Pt(II). All
reactions were performed in the pH range 2.0–2.5 and at 37 °C. As
was shown in many previous studies [17–22], acidic solutions are
needed to suppress the formation of hydroxo-bridged oligomeric
Pt(II) complexes, which are catalytically inactive. The chelate eth-
ylenediamine, bridging pz and pydz ligands in these complexes
are inert to substitution and are expected to remain bound to the
platinum(II) atom during the reactions with Ac-L-His-Gly and Ac-
L-Met-Gly-L-His-GlyNH2 peptides.

3.1. Crystal structure of {[Pt(en)Cl]2(l-pydz)}Cl2

The {[Pt(en)Cl]2(l-pydz)}Cl2 crystallizes in the centrosymmet-
ric space group C2/c with Z = 4. Details are given in Table 1. Draw-
ing of the molecular structure of the cation is depicted in Fig. 2. In
crystal, the cation {[Pt(en)Cl]2(l-pydz)}

2+ possesses C2 symmetry,
one consequence of which is that the two ethylenediamine five-
membered rings present in a molecule adopt conformation of the
same helicity, which is d for the molecule presented in Fig. 2.1 This
is contrasted with the {[Pt(en)Cl]2(l-pz)}

2+ complex cation, in which
the rings adopted antipodal conformations. Selected bond distances
and angles are given in Table 2. The Pt–N and Pt–Cl bond lengths are
in the expected ranges; similar distances were found in the crystal
structures of other platinum complexes with an [N3Cl] environment.
The tilt angle between the neighboring platinum coordination
planes, defined by three nitrogen atoms and a chloride ion, is
52.0(1)°, while the interplanar angle between the Pt coordination
plane and the pyridazine ring plane amounts to 76.5(2)°. In the anal-
ogous pyrazine complex the two values were markedly different, i.e.
0.0 and 58.4(1)°, respectively. The Pt atoms are square-planar coor-
dinated (angle sum is 360.0°), and no significant deviation from the
right angle is present within the [PtN3Cl]

+ unit. As a result of the two
ortho-arranged nitrogen donor atoms of pyridazine, the distance be-
tween intramolecular Pt atoms (3.2535(4) Å) is shorter than a double
van der Waals radius for Pt [1.72 � 2 = 3.44 Å], and much shorter
than in the closely related {[Pt(en)Cl]2(l-pz)}

2+ cation
(6.7890(3) Å) [5] but comparable to the Pt� � �Pt distances found in
several multiply-bridged platinum(II) complexes. The pydz bridge
is supported by a pair of intramolecular hydrogen bonds between
the amine group of one platinum unit and the chlorido ligand of an-
other platinum unit, which provides an additional stabilization of
the dimeric structure and causes noticeable crowding around the
Pt(II) centers and the chlorido ligands (Fig. 3). However, a key struc-
tural feature of the investigated bisplatinum(II) complex is a pair of
NH� � �Clÿ� � �HN hydrogen bond linkers (Cl2 and its two-fold equiva-
lent) that play a role of supramolecular supporters of a bridge
formed between the two Pt(II) metal centers by the coordinated pyr-
idazine (Fig. 3). This is contrasted with the function of an uncoordi-
nated chloride anion in a closely related {[Pt(en)Cl]2(l-pz)}Cl2
complex, in which the Clÿ anions, located above and below the

Table 1

Crystal data for {[Pt(en)Cl]2(l-pydz)}Cl2.

Crystal data

Chemical formula [C8H20Cl2N6Pt2]
2+�2(Cl)ÿ

Mr 732.28
Crystal system, space group monoclinic, C2/c
T (K) 295
a, b, c (Å) 12.1865(2), 10.4368(2), 14.3753(3)
b (°) 103.721(2)
V (Å3) 1776.19(6)
Z 4
Radiation type Mo Ka
l (mmÿ1) 16.34
Crystal size (mm) 0.25 � 0.20 � 0.15
Data collection

Diffractometer Xcalibur
Absorption correction analytical
Tmin, Tmax 0.082, 0.185
No. of measured, independent and

observed [I > 2r(I)] reflections
17632, 1570, 1428

Rint 0.030
(sin h/k)max (Åÿ1) 0.595
Refinement

R[F2 > 2r(F2)], wR(F2), S 0.019, 0.048, 1.21
No. of reflections 1570
No. of parameters 91
No. of restraints 0
H-atom treatment H-atom parameters constrained

w ¼ 1=½r2ðF2oÞ þ ð0:0169PÞ2 þ 12:551P�

where P ¼ ðF2o þ 2F2c Þ=3
Dqmax, Dqmin (e Åÿ3) 0.49, ÿ1.10

Table 2

Selected bond distances and angles for {[Pt(en)Cl]2(l-pydz)}Cl2 (Å, °).

Pt1–N2 2.011 (4) N3–C3 1.325 (7)
Pt1–N3 2.027 (4) N3–N3i 1.342 (9)
Pt1–N1 2.048 (4) C2–C1 1.497 (8)
Pt1–Cl1 2.3036 (15) C3–C4 1.368 (9)
N1–C1 1.471 (7) C4–C4i 1.340 (14)
N2–C2 1.482 (7)
N2–Pt1–N3 179.55 (18) C3–N3–N3i 118.9 (3)
N2–Pt1–N1 82.77 (17) C3–N3–Pt1 123.0 (4)
N3–Pt1–N1 97.67 (18) N3i–N3–Pt1 117.82 (13)
N2–Pt1–Cl1 90.68 (13) N2–C2–C1 107.8 (4)
N3–Pt1–Cl1 88.88 (13) N1–C1–C2 108.1 (4)
N1–Pt1–Cl1 173.34 (13) N3–C3–C4 123.0 (6)
C1–N1–Pt1 107.7 (3) C4i–C4–C3 118.0 (4)
C2–N2–Pt1 111.9 (3)

Symmetry code(s): (i) ÿx + 2, y, ÿz + 1/2.

Table 3

N–H� � �Cl hydrogen-bond parameters for {[Pt(en)Cl]2(l-pydz)}Cl2.

D–H���A D–H (Å) H���A (Å) D���A (Å) D–H���A (°)

intramolecular hydrogen bond

N1–H1B���Cl1i 0.90 3.02 3.645(5) 128
intermolecular hydrogen bonds

N1–H1A���Cl2 0.90 2.28 3.154(5) 166
N1–H1B���Cl2ii 0.90 2.67 3.425(5) 142
N2–H2A���Cl2iii 0.90 2.34 3.215(5) 162
N2–H2B���Cl2iv 0.90 2.32 3.191(5) 162

Symmetry code(s): (i) ÿx + 2, y, ÿz + 1/2; (ii) ÿx + 3/2, y + 1/2, ÿz + 1/2; (iii) x + 1/2,
y + 1/2, z; (iv) ÿx + 3/2, ÿy + 1/2, ÿz.

1 It should be noted that in this centrosymmetric crystal there is an equal amount
of molecules possessing the ethylenediamine rings in k conformation.
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pyrazine rings, are involved in anion� � �p interactions with these aro-
matic rings, thus stabilizing crystal rather than molecular structure.
Platinum(II) pydz complexes deposited in the Cambridge Structural
Data Base (CSD ver. 5.34 + 2 updates) [23] contain solely monoden-
tate pyridazine ligand (POSPIW & POSPOC [24]), while both mono-
dentate and bidentate bridging coordination are seen in Pt(IV)
complexes (PILMUS [25] and ZEWKOB [26] monodentate; HERCEM
[27] bidentate bridging). Moreover, the CSD search has revealed that
in 85 out of 86 structures, in which pyridazine ligand is coordinated
to two metal centers, a single pyridazine bridge is either supported
by other pyridazine bridges or by second bridging unit(s) such as
metal–metal bond, coordinated sulfido, sulfato, oxido, hydroxido,
chlorido, iodido, methyleno, azido, nitrato, carbonylo, perchlorato,
thiocyanato groups, or other binucleating macrocycles and rings,
the only exception being the presence of a single pyridazine bridge
in infinite helical complexes with sliver salts [28]. In this respect,
the reported complex cation, containing a pair of NH� � �Cl� � �HN
hydrogen bond linkers that play a role of supramolecular supporters
of a bridge formed between two metal centers by the coordinated
pyridazine is unprecedented.

3.2. Crystal packing of the {[Pt(en)Cl]2(l-pydz)}Cl2 complex

In the crystal lattice the complex cations are arranged in (001)
layers (Fig. 4). The molecules in the neighboring layers are related
by the c-glide plane and are shifted with respect to the ones lying
in the neighboring layers. The chloride anions are also located in
these layers. The amine ligands are donors of hydrogen bonds to-
ward the chloride atoms acting as fourfold acceptors (Fig. 4,
Table 3). As in the crystal structure of {[Pt(en)Cl]2(l-pz)}Cl2
complex, the coordinated chloride anion (Cl1) is not involved in
hydrogen bonding or any other specific intermolecular
interactions.
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4+

Pt
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Fig. 1. The binuclear platinum(II) complexes and N-acetylated histidine- and methionine-containing peptides employed in this study.

Fig. 2. Perspective view of the {[Pt(en)Cl]2(l-pydz)}
2+ complex cation. The molec-

ular cation occupies two-fold symmetry site. The symmetry independent part of the
complex is marked by labeled atoms. Displacement ellipsoids are drawn at 40%
probability level and H-atoms are shown as spheres of arbitrary radii.

Fig. 3. View of the {[Pt(en)Cl]2(l-pydz)}Cl2 complex showing a support provided by
the hydrogen-bond bridges for the bidentate bridging function of the pyridazine
ring.
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3.3. 1H NMR comparative study of the hydrolysis of Ac-L-His-Gly and

Ac-L-Met-Gly-L-His-GlyNH2 peptides in the presence of

{[Pt(en)(H2O)]2(l-pz)}
4+ and {[Pt(en)(H2O)]2(l-pydz)}

4+ complexes

3.3.1. Ac-L-His-Gly

When an equimolar amount of {[Pt(en)(H2O)]2(l-pz)}
4+was incu-

bated with Ac-L-His-Gly dipeptide at 37 °C and 2.0 < pH < 2.5 only
twoNMRdetectable {[Pt(en)(Ac-L-His-Gly-N3)](l-pz)[Pt(en)(H2O)]}

4+

and {[Pt(en)(Ac-L-His-Gly-N1)](l-pz)[Pt(en)(H2O)]}
4+ complexes

wereobserved in the reactionmixtureafter48 h (Fig. 5aandTable4).
These complexes, distinguished on the basis of the chemical shifts of
imidazole protons, were linkage isomers of each other with a uni-
dentate coordination of binuclear {[Pt(en)(H2O)]2(l-pz)}

4+ complex
via the N3 or N1 atom to the imidazole ring of Ac-L-His-Gly dipep-
tide. The chemical shifts of the C2H and C5H imidazole protons for
these complexes were compared with those for the reaction
of Ac-L-His-Gly dipeptide with mononuclear [Pd(en)(H2O)2]

2+

[17,20–22] (en is bidentate coordinated ethylenediamine) and
[Pt(dien)Cl]+ complexes [29]. It follows from this comparison, that
the Pt(II)-peptide complexes formed in the reaction of the binuclear
{[Pt(en)(H2O)]2(l-pz)}

4+ complex and Ac-L-His-Gly are identical to
those formed in the reaction of this dipeptidewith [Pd(en)(H2O)2]

2+

and [Pt(dien)Cl]+ complexes (Table 4). The previous experiments
with various histidine-containing peptides and various mononu-
clear [Pd(L)(H2O)2]

2+ type complexes (L stands for the bidentate
coordinated diamine ligand) showed that onlymonodentate coordi-
nation of the peptide via the N3 atom of the imidazole to the Pd(II)
ion effects hydrolytic cleavage of the amide bond involving the car-
boxylic group of histidine [17,20–22,30–33]. This was explained by
the fact that this coordinationmode permits the necessary close ap-
proach of the Pd(II) ion and its aqua ligand to the scissile peptide
bond. In the reaction between {[Pt(en)(H2O)]2(l-pz)}

4+ and Ac-L-
His-Gly, no release of either ethylenediamine or pyrazine ligands
from Pt(II) was observed. During this reaction, the 1H NMR reso-
nance at 3.89 ppm due to the Gly protons of Ac-L-His-Gly dipeptide
decreased, while that at 3.77 ppm of free glycine increased. Upon
addition of glycine to the reaction mixture, its resonance was en-
hanced. This undoubtedly confirmed that in the Ac-L-His-Gly dipep-
tide the hydrolysis of the amide bond involving the carboxylic group
of histidinehas occurred. The concentrations of Ac-L-His-Gly and the
hydrolysis products were determined from the known initial con-
centration of the dipeptide and from the integrated resonance of
the free glycine. The cleavage of Ac-L-His-Gly was regioselective

and about 50% of theHis-Gly bond in this dipeptide has cleaved after
48 h.

In the reaction between {[Pt(en)(H2O)]2(l-pydz)}
4+ and

Ac-L-His-Gly, under the above mentioned experimental conditions,
no binding of the platinum(II) complex to either N3 or N1 nitrogen
atomsof imidazole ringwas observedduring 48 h. As a consequence
of the absence of Pt(II) coordination to the imidazole ring, no hydro-
lysis of any of the amide bonds has occurred. Difference in the reac-
tivity of the two platinum(II) complexes, {[Pt(en)(H2O)]2(l-pydz)}

4+

and {[Pt(en)(H2O)]2(l-pz)}
4+, with imidazole ring of the Ac-L-

His-Gly canwithout doubt be attributed to the presence of different
bridging ligand in these complexes.

3.3.2. Ac-L-Met-Gly-L-His-GlyNH2

Mixing of the {[Pt(en)(H2O)]2(l-pz)}
4+ and {[Pt(en)(H2O)]2

(l-pydz)}4+ complexes with an equimolar amount of Ac-L-Met-
Gly-L-His-GlyNH2 at 37 °C and 2.0 < pH < 2.5 resulted in the
spontaneous coordination of these two platinum(II) complexes to
the methionine sulfur atom of the tetrapeptide. The coordination
of Ac-L-Met-Gly-L-His-GlyNH2 through the sulfur atom of
methionine shifted the resonance for the methyl protons of free
methionine at 2.10 ppm downfield to 2.50 ppm and this reaction
was completed after 10 min for the {[Pt(en)(H2O)]2(l-pz)}

4+ com-
plex and after 30 min for the {[Pt(en)(H2O)]2(l-pydz)}

4+ complex.
These chemical shifts are in accordance with those previously re-
ported for the reaction of platinum(II) complexes with different
methionine-containing molecules [5,6,22,30,34,35]. With an equi-
molar amounts of the reactants, no coordination of the investi-
gated binuclear Pt(II) complexes to the nitrogen atoms of the
imidazole ring was observed. The monodentate coordination of
Ac-L-Met-Gly-L-His-GlyNH2 to the {[Pt(en)(H2O)]2(l-pz)}

4+ and {[Pt(en)
(H2O)]2(l-pydz)}

4+ complexes resulted in formation of two plati-
num(II)-peptide complexes {[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-S)]
(l-pz)[Pt(en)(H2O)]}

4+ and {[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-
S)](l-pydz)[Pt(en)(H2O)]}

4+ both containing sulfur-coordinated
methionine side chain (Fig. 5b). These complexes are intermediate
products as they further promote the regioselective cleavage of the
Met-Gly amide bond in the Ac-L-Met-Gly-L-His-GlyNH2 tetrapep-
tide. This hydrolytic reaction can be monitored successfully using
the 1H NMR spectroscopy by comparing the glycine protons (Gly
next to Met) in the Pt(II)-tetrapeptide complexes with those in
the Gly-L-His-GlyNH2 hydrolytic product. The resonance at
3.94 ppm corresponding to the glycine protons of the tetrapeptide

Fig. 4. Packing of the {[Pt(en)Cl]2(l-pydz)}Cl2 complex molecules viewed along the b-direction. Shaded area displays one of the (001) molecular layers.
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attached to platinum(II) in the {[Pt(en)(Ac-L-Met-Gly-L-His-
GlyNH2-S)](l-pz)[Pt(en)(H2O)]}

4+ and {[Pt(en)(Ac-L-Met-Gly-L-
His-GlyNH2-S)](l-pydz)[Pt(en)(H2O)]}

4+complexes has decreased
while that at 3.85 ppm for Gly-L-His-GlyNH2 has increased. Upon
addition of Gly-L-His-GlyNH2 tripeptide to the reaction mixture,
the resonance at 3.85 ppm was enhanced. The amount of the
hydrolyzed Met-Gly amide bond in the Pt(II)-tetrapeptide com-
plexes was determined by integration of the above mentioned res-
onances. It was found that after 48 h, 80% of this amide bond was
hydrolyzed with {[Pt(en)(H2O)]2(l-pz)}

4+ and only 50% with
{[Pt(en)(H2O)]2(l-pydz)}

4+.
The hydrolytic cleavage of the Ac-L-Met-Gly-L-His-GlyNH2 tetra-

peptide was studied in the presence of an excess of {[Pt(en)
(H2O)]2(l-pz)}

4+ and {[Pt(en)(H2O)]2(l-pydz)}
4+ complexes. The

Pt(II) complex and the peptide were mixed in 2:1 molar ratio,
respectively, and all reactions were performed at 2.0 < pH < 2.5

Fig. 5. (a) Two Pt(II)-peptide complexes formed in the reaction of Ac-L-His-Gly with {[Pt(en)(H2O)]2(l-pz)}
4+. The same mode of histidine coordination was observed in the

reaction of Ac-L-Met-Gly-L-His-GlyNH2 tetrapeptide with an excess of {[Pt(en)(H2O)]2(l-pz)}
4+ complex (1:2 molar ratio, respectively). No coordination of histidine side chain

was observed in the reaction between these two peptides and analog {[Pt(en)(H2O)]2(l-pydz)}
4+ complex. (b) Schematic drawing of the hydrolytically active methionine

bound Pt(II)-peptide complex formed in the reaction of {[Pt(en)(H2O)]2(l-pz)}
4+ and {[Pt(en)(H2O)]2(l-pydz)}

4+ complexes with an equimolar amount of Ac-L-Met-Gly-L-His-
GlyNH2 tetrapeptide.

Table 4

Identification of the Pt(II)-peptide complexes according to the chemical shifts of the
imidazole protons for the reactions of {[Pt(en)(H2O)]2(l-pz)}

4+ complex with Ac-L-
His-Gly and Ac-L-Met-Gly-L-His-GlyNH2 peptides. All reactions were performed in the
pH range 2.0 < pH < 2.5 and 37 °C. No coordination of {[Pt(en)(H2O)]2(l-pydz)}

4+ with
histidine side chain was observed in the reaction with these peptides. These chemical
shifts were compared with those for the reactions of [Pd(en)(H2O)2]

2+ and
[Pt(dien)Cl]+ with Ac-L-His-Gly [20,29] and [Pt(en)(H2O)2]

2+ with Ac-L-Met-Gly-L-
His-GlyNH2 [30].

Peptide/Pt(II)-peptide complex Imidazole
protons (d,
ppm)

Ref.

C2H C5H

Ac-L-His-Gly 8.61 7.33 This
work

{[Pt(en)(Ac-L-His-Gly-N3)](l-pz)[Pt(en)(H2O)]}
4+ 8.09 7.10 This

work
{[Pt(en)(Ac-L-His-Gly-N1)](l-pz)[Pt(en)(H2O)]}

4+ 7.96 6.95 This
work

[Pd(en)(H2O)(Ac-L-His-Gly-N3)]
2+ 8.03 7.11 [20]

[Pd(en)(H2O)(Ac-L-His-Gly-N1)]
2+ 7.87 6.89 [20]

[Pt(dien)(Ac-L-His-Gly-N3)]2+,a 8.00 7.12 [29]
[Pt(dien)(Ac-L-His-Gly-N1)]2+,a 7.88 6.85 [29]
Ac-L-Met-Gly-L-His-GlyNH2 8.63 7.31 This

work
{[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-N3)](l-

pz)[Pt(en)(H2O)]}
4+

8.07 7.09 This
work

{[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-N1)](l-pz)
[Pt(en)(H2O)]}

4+
7.92 6.92 This

work
{[Pt(dien)(l-Ac-L-Met-Gly-L-His-GlyNH2-

N3)][Pt(en)(H2O)]}
4+

8.14 7.10 [30]

{[Pt(dien)(l-Ac-L-Met-Gly-L-His-GlyNH2-
N1)][Pt(en)(H2O)]}

4+
7.88 6.89 [30]

a pH 7.0.

H
N

N
H

O

S

O

H
N

R

O
n

N
H

O

H3C {[Pt(en)(H2O)]2(µ-pydz)}
4+

N NH3 1

Fig. 6. Schematic presentation of the regioselective cleavage of the amide bond
involving the carboxylic group of methionine in the theoretically proposed
polypeptide containing both methionine and histidine residues, promoted by the
binuclear {[Pt(en)(H2O)]2(l-pydz)}

4+ complex.
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and 37 °C. In the reaction of {[Pt(en)(H2O)]2(l-pz)}
4+with Ac-L-Met-

Gly-L-His-GlyNH2, along with {[Pt(en)(Ac-L-Met-Gly-L-His-GlyNH2-
S)](l-pz)[Pt(en)(H2O)]}

4+complex, two new Pt(II)-tetrapeptide
complexesweredetected in solution. Thesenewcomplexes resulted
from coordination of {[Pt(en)(H2O)]2(l-pz)}

4+ complex to either N3
or N1 nitrogen atom of the imidazole ring. The structures of these
complexeswere identical to those for the reaction of the {[Pt(en)(H2-

O)]2(l-pz)}
4+ complex with Ac-L-His-Gly dipeptide (Fig. 5a and

Table 4). In the reaction between {[Pt(en)(H2O)]2(l-pz)}
4+ complex

and Ac-L-Met-Gly-L-His-GlyNH2 performed in an excess of the Pt(II)
complex two amide bonds had been hydrolyzed. We found that
along with the hydrolysis of the Met-Gly amide bond promoted by
coordination of the Pt(II) to the methionine side chain, the other
amide bond of this tetrapeptide, namely the one involving the car-
boxylic group of histidine, was also cleaved. As we discussed for
Ac-L-His-Gly dipeptide, the cleavage of the latter bond in Ac-L-
Met-Gly-L-His-GlyNH2 resulted from the binding of Pt(II) to N3
imidazole nitrogen of the histidine side chain. During hydrolysis of
this amide bond, the 1H NMR resonance at 3.94 ppm due to the
GlyNH2 protons of Ac-L-Met-Gly-L-His-GlyNH2 decreased, while
that at 3.70 ppm of free GlyNH2 increased. Upon addition of GlyNH2

to the reactionmixture, its resonance was enhanced. The amount of
the hydrolyzed His-GlyNH2 amide bond was determined from the
known initial concentration of tetrapeptide and from the integrated
resonance of free GlyNH2. We have found that in the presence of an
excess of the {[Pt(en)(H2O)]2(l-pz)}

4+more than 80% of theMet-Gly
and 28% of His-GlyNH2 amide bonds in the Ac-L-Met-Gly-L-His-
GlyNH2 tetrapeptide were cleaved after 48 h.

When Ac-L-Met-Gly-L-His-GlyNH2 tetrapeptide was mixed with
an excess of {[Pt(en)(H2O)]2(l-pydz)}

4+ complex (1:2 molar ratio,
respectively), under the above mentioned experimental conditions,
only hydrolysis of the amide bond involving the methionine car-
boxylic group of amino acid (Met-Gly amide bond) has occurred.
As a consequence of the absence of the Pt(II) coordination to the
imidazole ring no hydrolysis of the amide bond involving the his-
tidine carboxylic group has occurred. This can be attributed to the
large steric hindrance between this complex and the imidazole
ring of the histidine side chain.

4. Conclusions and prospects

Our investigations aimed at the catalytic activity between two
binuclear Pt(II)-aqua complexes, {[Pt(en)(H2O)]2(l-pydz)}

4+ and
{[Pt(en)(H2O)]2(l-pz)}

4+, in the hydrolysis of the amide bond
of methionine- and histidine-containing peptides point that
the pyrazine-bridged Pt(II) complex is more reactive with these
peptides than the analogous pyridazine complex. While the
{[Pt(en)(H2O)]2(l-pydz)}

4+ complex only reacts with methionine
sulfur atom and promotes the sole cleavage of the amide bond
involving the carboxylic groupof this aminoacid, the analogous pyr-
azine Pt(II) dimer reacts with both residues promoting cleavage of
the amidebonds involving the carboxylic groups of bothmethionine
and histidine. Such catalytic disparity might be explained by a hid-
den position of the Pt(II) centers in the {[Pt(en)Cl]2(l-pydz)}Cl2
complex caused by their close proximity due to the ortho-substitu-
tion (the two Pt(II) centers are only 3.2535(4) Å apart), compared
to the separation of 6.7890(3) Å in {[Pt(en)Cl]2(l-pz)}Cl2, and an
additional steric hindrance from the amine ligand, which in
{[Pt(en)Cl]2(l-pydz)}Cl2 is hydrogen bonded to the chlorido ligand
belonging to the other Pt(II) center. Displacement of this chlorido li-
gand by a water molecule would make this hydrogen bond shorter

due to the shortening of the metal–ligand bond distance. Consider-
ing these results we can propose that the regioselective cleavage of
the amide bond involving the carboxylic group of methionine in the
polypeptide containing both methionine and histidine residues can
be achieved successfully by using the presently investigated pyrid-
azine-bridged Pt(II) complex (Fig. 6). This finding should be taken
into consideration in designing new binuclear Pt(II) complexes for
the regioselective cleavage of peptides and proteins. Studies aimed
at investigating these new possible synthetic metalpeptidases are
in progress.
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