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Abstract

Amide coupling reactions can be used to synthesize bispyridine-based ligands for use as bridging linkers in multinuclear platinum anticancer
drugs. Isonicotinic acid, or its derivatives, are coupled to variable length diaminoalkane chains under an inert atmosphere in anhydrous DMF or
DMSO with the use of a weak base, triethylamine, and a coupling agent, 1-propylphosphonic anhydride. The products precipitate from solution
upon formation or can be precipitated by the addition of water. If desired, the ligands can be further purified by recrystallization from hot water.
Dinuclear platinum complex synthesis using the bispyridine ligands is done in hot water using transplatin. The most informative of the chemical
characterization techniques to determine the structure and gross purity of both the bispyridine ligands and the final platinum complexes is 1H
NMR with particular analysis of the aromatic region of the spectra (7-9 ppm). The platinum complexes have potential application as anticancer
agents and the synthesis method can be modified to produce trinuclear and other multinuclear complexes with different hydrogen bonding
functionality in the bridging ligand.

Video Link

The video component of this article can be found at https://www.jove.com/video/51740/

Introduction

Platinum anticancer drugs remain one of the most widely used family of agents in the treatment of human cancer1. Despite their success,
they are limited in their application by severe dose-limiting side effects2-4. The limited doses that can be administered to patients also means
that tumors can develop resistance5. As such, new drugs continue to be developed to improve the side effect profile and overcome acquired
resistance, like phenanthriplatin6 and phosphaplatin7.

In the late 1990s, a trinuclear platinum drug was developed, BBR3464 (Scheme 1)8, that is up to 1,000x more cytotoxic in vitro than the leading
platinum drug, cisplatin. BBR3464 is also able to overcome acquired resistance in a panel of human cancer cell lines9. Unfortunately, the
increased activity of BBR3464 is matched by 50- to 100- fold higher toxicity, which limits its use10-12. It is also easily degraded in the body,
meaning little of the drug reaches cancer nuclei intact9.

Picoplatin is a mononuclear platinum-based drug that contains a 2-methyl-pyridine ligand (Scheme 1)13. The methyl group of this drug protects
it from attack by biological nucleophiles; in particular cysteine and methionine containing peptides/proteins14-16. As such, the drug is quite stable
and has a much higher concentration that reaches cancer nuclei compared with both BBR3464 and cisplatin17. Its reduced reactivity also means
picoplatin has a higher maximum tolerated dose compared with BBR3464 and cisplatin10,18,19.

This project therefore sought to combine the properties of BBR3464 and picoplatin to produce new drugs that are able to overcome acquired
resistance that display improved biological stability and less severe side-effects (e.g., Figure 1). In doing so, a range of dinuclear platinum
complexes were prepared with bispyridine bridging ligands20. The ligands are made using amide coupling reactions with isonicotinic acid, or
its derivatives like 2-methyl-isonicotinic acid, variable length diaminoalkanes. Reaction of one mole equivalent of the ligands with two mole
equivalents of transplatin yields the desired platinum complexes (Scheme 1).
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Protocol

1. Synthesis of the N,N’-(alkane-1,n-diyl)diisonicotinamide

1. Dry a single neck or three-neck round bottom flask in an oven (100 ºC, 1 hr) to ensure all moisture is removed.
2. Add solid isonicotinic acid, or its derivative, to the flask along with a magnetic stirring bar. If the diaminoalkane ligand(s) are solids at room

temperature, then 0.5 mole (to the number moles of isonicotinic acid) is added to the flask at this stage.
3. Cap the neck(s) of the flask with rubber septa and replace the air in the flask with nitrogen either through a continuous nitrogen stream or

through the use of nitrogen filled balloons.
4. Use a hypodermic needle and a syringe to add anhydrous dimethylformamide or dimethylsulfoxide (4 ml per 500 mg of isonicotinic acid or 2-

methyl-isonicotinic acid) to dissolve the solid. If the solids do not dissolve easily, then heat the solution gently.
5. Add 7 mole equivalents (to the amount of isonicotinic acid used) of triethylamine (weak base) and 0.5 mole equivalents of the diaminoalkane.

If the solution is a liquid at room temperature, then add 1.5 mole equivalents.
6. Add one mole equivalent of 1-propylphosphonic anhydride (coupling agent) with continuous stirring and allow the reaction to complete over

5-12 hr.

2. Purification of the Ligands

1. For bispyridine ligands made using diaminoalkane ligands with 10 or more methylene groups, wait for the products to precipitate from solution
as the reaction progresses.

2. For bispyridine ligands made using diaminooctane, precipitate the product by adding ~40 ml of water.
3. For bispyridine made using diaminoalkanes of two to six methylene groups, add ~40 ml of water and allows the compounds to crystallize over

1-3 days.
4. Collect each bispyridine ligand by vacuum filtration and recrystallize from approximately 400-500 ml of boiling water per 200 mg of ligand.

Note: More water is needed for the longer bispyridine ligands due to their much reduced water solubility.
5. Add NaOH and KOH (pH 9) to the solution to ensure that the compounds are free bases upon recrystallization.

3. Synthesis and Purification of the Dinuclear Platinum Complexes

1. Fully dissolve trans-diamminodichloridoplatinum(II), transplatin, in hot (70-80 ºC) water (150 ml per 200 mg of transplatin) to produce a clear
strongly yellow colored solution.

2. Add a 0.5 mole equivalent of the bispyridine ligand and stir the solution at temperature until the ligand dissolves (clear solution). Wait for the
solution to turn near colorless, turn off the heat, and stir at room temperature for a few additional hours.

3. Remove the solvent by rotary evaporation, which will yield a yellow colored powder.
4. Purify, the platinum complex(es) by dissolving in a minimum amount of warm water (~50 ºC). If remaining yellow or white colored solids are

present, then filter these off.
5. Add acetone to the solution until a white precipitate is formed which appears to be a polymeric form of the metal complexes and represents

up to 10% of the reaction product. Continue the addition of acetone (~extra 20-30 ml) until no more precipitate appears. Note: this white
precipitate is an impurity.

6. Remove this precipitate by filtering the contents through nylon filter paper (0.2 µm pore size) and rotary evaporating the remaining solution to
dryness, which will yield a pure product. Note: If necessary, then additional acetone precipitation steps can be performed until the complex is
pure.

Representative Results

The bispyridine ligands and their respective dinuclear platinum complexes are characterized by 1H, 13C and 195Pt NMR (Tables 1 and 2), and
electrospray ionization mass spectroscopy. Accurate melting points can be determined using differential scanning calorimetry and purity is best
determined by elemental analysis for C, H and N percentage content. Of most use is 1H NMR as it is quick and easy to use, giving results within
minutes of isolation of the final products with resonances that can definitively demonstrate successful amide coupling and platinum coordination
(Tables 1 and 2).

Isonicotinic acid has three resonances; two doublets in the aromatic region (7 to 9 ppm) and a very broad resonance around 13 ppm for the
carboxylic acid proton. The diaminoalkane proton resonances are all located in the aliphatic region between 1 and 4 ppm. As the length of the
diaminoalkane chain increases many of the methylene resonances become equivalent, and as such, fewer peaks are observed in the aliphatic
region than would be expected; although they are significantly more intense and can be assigned loosely by their integrations (Tables 1 and 2).
For example see Figures 1 and 2 for the chemical structure and 1H NMR spectra of the N,N′-(octane-1,8-diyl)bis(isonicotinamide), biao, ligand.
Due to symmetry in the molecule five aliphatic resonances would normally be expected for biao; but the four inner most methylene peaks are all
magnetically equivalent and show up as one large resonance at ~1.2 ppm.

The amine proton resonance of the uncoupled diaminoalkane chain is located in the aliphatic region and is the most important resonance as it
moves significantly downfield, into the aromatic region, upon coupling to the carboxylic acid. The subsequent amide proton resonance is seen
around 8.7 ppm for all of these ligands, as a relatively broad triplet resonance (Figure 2).

Coordination of the platinum group to the bispyridine ligands is observed through selective shifts of the ligand’s aromatic resonances (0.15
ppm downfield shift of the Ha resonances and 0.07 ppm upfield shift of the Hb resonances) and the observance of platinum coupling on the
doublet resonance for the Ha protons (Figure 3). Coordination of the platinum groups to the bispyridine ligand can also be observed easily
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using 195Pt NMR. The chemical shift of a platinum resonance is directly related to the types of atoms coordinated21. Chlorido ligands shift
195Pt resonances downfield (towards 0 ppm) and am(m)ino ligands shift the resonances upfield (towards -2,500 ppm). The dinuclear platinum
complexes synthesized here show a single resonance around -2,300 ppm due to the 3 x am(m)ino and 1 x chlorido coordination state (Figure
4)22. Unreacted transplatin impurity would show as a resonance around -2,100 ppm whereas if two ligands reacted with a single transplatin
molecule (4 x am(m)ino environment) then this impurity would be upfield of -2,400 ppm22.

 

Scheme 1. The chemical structures of the platinum drugs picoplatin and BBR3464 and the general synthetic scheme for the synthesis
of the bispyridine ligands and their respective dinuclear platinum complexes; R = H or CH3; n = 1-6. Counter ions for the platinum
complexes have been omitted; by using the method described here they are dichloride salts.
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Figure 1. The chemical structure of the N,N′-(octane-1,8-diyl)bis(isonicotinamide) ligand, biao, and the proton numbering scheme used
for assignment of the resonances in the 1H NMR. Note the equivalence of the four methylene protons (He) in the center of the molecule.

 

Figure 2. The 1H NMR (DMSO-d6, 400 MHz) spectrum of N,N′-(octane-1,8-diyl)bis(isonicotinamide), biao. Note the location of the triplet
amide resonance at around 8.7 ppm, up from 1-2 ppm for the diaminooctane amine resonance before coupling.
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Figure 3. The 1H NMR (D2O, 400 MHz) spectrum of trans-[{Pt(NH3)2Cl}2µ-biao]2+. Note the platinum coupling on the aromatic Ha resonance
at 8.82 ppm.

 

Figure 4. The 195Pt NMR (D2O, 400 MHz) spectrum of trans-[{Pt(NH3)2Cl}2µ-biao]2+. Note the single broad resonance around -2,300 ppm
which is consistent with a PtN3Cl environment; N = am(m)ine.

https://www.jove.com
https://www.jove.com
https://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2014  Journal of Visualized Experiments May 2014 |  87  | e51740 | Page 6 of 7

 

Table 1.The 1H NMR characterization data of the bispyridine ligands in DMSO-d6 at 400 MHz. d = doublet; t = triplet; q = quartet; m =
multiplet.

 

Table 2. The 1H NMR characterization data of the dinuclear platinum complexes in D2O at 400 MHz. d = doublet; t = triplet; q = quartet; m =
multiplet.

Discussion

In this work dinuclear platinum complexes have been synthesized as potential anticancer agents. In doing so bispyridine bridging ligands were
synthesized via an amide coupling reaction using isonicotinic acid and variable length diaminoalkanes. Previously the synthesis of bispyridine
ligands and their methyl analogues with 2 to 8 methylene groups and their respective platinum complexes have been reported. In this paper, the
synthesis and purification method has been revised making it faster and cheaper and have demonstrated this by synthesizing bispyridine ligands
with 8, 10 and 12 methylene groups (the shortest with the eight methylene groups, biao, was made to compare the new purification method to
the older method). Dinuclear platinum complexes were also made using these ligands.

The synthesis of the bispyridine ligands was completed in anhydrous solvent and under an inert nitrogen atmosphere using triethylamine as a
weak base and propylphosphonic anhydride as the coupling agent. Either DMF or DMSO can be used as the solvent, although the isonicotinic
acid dissolves better in the DMSO than it does in the DMF. For either solvent, gentle heating under a running stream of hot water can be used to
aid dissolution.

This old method required extended reaction times (several days) and a multiple step purification process including liquid/liquid extraction against
diethyl ether and neutralization with NaHCO3, which is now eliminated. The ligand synthesis reactions are now completed in a matter of hours
at room temperature after all the reactants are added together in one step. The bispyridine ligands precipitate from solution with the addition
of water (for ligands with 8 or less methylene groups) and precipitate from solution upon formation for the 10 and 12 methylene group ligands.
All the ligands can be recrystallized from boiling water and in some instances their slow recrystallization can yield crystals suitable for X-ray
diffraction.
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The dinuclear platinum complexes are made by reacting two moles of transplatin to one mole of the bispyridine ligands. The trans-labializing
effect of the chlorido ligands ensures that the major product is coordination of the platinum drugs through a single site on the bispyridine ligands
(the nitrogen atom of the ring). The dinuclear platinum complexes have good solubility as dication salts in both water, DMF and DMSO.

Purification is achieved through fractional precipitation using acetone. The unidentified impurity precipitates before the product and is removed
by filtration through narrow pore filter paper. It’s important to note that the acetone precipitation works better with increasing amount of product to
be purified. At amounts less than 200 mg, the method does not work as well and repeated acetone precipitations can be required. For amounts
around 200 mg or more we’ve found that single acetone precipitation steps are generally only required.

Whilst this paper details the synthesis of specific ligands and platinum complexes, the techniques used here can be applied to synthesize a
much wider range of ligands and multinuclear platinum complexes. For example, with suitable protective groups other diaminoalkane ligands,
such as spermine and spermidine, can be used to make bispyridine ligands. Non-symmetrical bispyridine ligands could also be made using
isonicotinic acid on one end and 2-methyl-isonicotinic acid on the other end. These non-symmetric ligands could be generated through the
use of FMOC/BOC-protection on one end of the diaminoalkane chains. The unprotected amine of the chain can be reacted with an isonicotinic
derivative using the amide coupling reactions described. The protecting group is then cleaved from the diaminoalkane chain and a different
derivative of isonicotinic acid is attached using another amide coupling reaction. Trinuclear platinum complexes could also potentially be made
using any of these ligands via an adaptation of a method using pyrazolyl-based ligands to make trinuclear, BBR3464-like, complexes22.
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