Click Chemistry - A Highly Versatile and Efficient New Method for Polymer Functionalization
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Introduction

For dendritic macromolecules, one consequence of their symmetrical and layered structure is the development of synthetic approaches1,2 which are modular in nature.  This results in a repetitive and step-wise sequence of reactions, the nature and efficiency of which are critical to the successful construction of dendrimers.  When selecting the actual chemical reactions that will be used to generate the dendrimers, a number of specific requirements should therefore be followed to ensure success.  For greatest versatility and efficiency, the reactions employed in this repetitive strategy should have essentially quantitative yields and occur under benign reaction conditions.  In addition, it is highly desirable that the chemistry be compatible with essentially all functional groups, leading to very few, if any byproducts and involve simple purifications.  Unfortunately, this is a hope and the current synthetic approaches to dendritic macromolecules do not satisfy all, or in some cases any of these criteria.  For example, polyether dendrimers3 are prepared using a sequence of Williamson etherifications and halogenations with these reactions suffering from complicated purifications, incompatibility with various functional groups, etc.  A versatile and highly efficient approach to dendrimers which proceeds with absolute fidelity, high levels of control and functional group compatibility is therefore a grand challenge.   In this report, a novel strategy for the construction of functionalized dendrimers that fulfils these goals and can accommodate a library of building blocks and chain end functional groups is described.  This chemical control significantly increases the molecular diversity available to this unique family of macromolecules with significant repercussions in other areas.  


The key to this highly efficient and versatile approach to functionalized macromolecules is the use of ‘Click’ chemistry, specifically the copper-(I)-catalyzed regiospecific formation of 1,2,3-triazoles from azides and terminal acetylenes.  This reaction has recently garnered a significant amount of attention due to its complete specificity, quantitative yields and almost perfect fidelity in the presence of a wide variety of other functional groups.4-10  For example, Tirrell11 has recently demonstrated a reliable and site-specific method of labeling cell surfaces based on Cu-catalyzed [3+2] cycloaddition chemistry that takes advantage of the benign reaction conditions and structural tolerance.  Similar design criteria and advantages can also be applied to macromolecules with one of the greatest challenges being a facile, molecularly diverse approach to dendrimers.  
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Scheme 1. 
Structure of AB2 monomers, 1-3, used in the synthesis of dendrimers based on Click chemistry. 

Results and discussion

In exploiting Click chemistry for the construction of dendritic macromolecules, a variety of AB2 monomers can be envisaged based on terminal acetylenes and alkyl halide functionalities.  The availability of starting materials and simple synthetic strategies for the introduction of acetylenic groups leads to considerable structural diversity in the design of the AB2 monomers which is another attractive quality of this [3+2] cycloaddition chemistry (Scheme 1).  One structural feature was however retained between 1, 2, and 3, namely the presence of a single chloromethyl group.  This was specifically designed into the synthetic strategy since it allowed facile activation of the focal point group during dendrimer construction by the convergent growth approach.  It was envisaged that reaction of dendritic fragments containing a single chloromethyl group at the focal point with sodium azide would lead to quantitative and facile formation of the desired azidomethyl group which could then be coupled with 1, 2, or 3 to give the next generation dendron while at the same time liberating only NaCl as a byproduct.  
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Scheme 2. 
Structure of monfunctional azides, 4-9, used in the synthesis of chain end functionalized dendrimers based on Click chemistry. 

The structural diversity in the selection of the AB2 monomer units was also possible for the chain ends for which reactive functional groups ranging from carboxylic acid to alcohol could be employed in the construction of a structural library of dendrimers based on Click chemistry (Scheme 2).  In each combination of AB2 monomer (1-3) and chain end units (4-9), the synthesis of the dendrimers was an extremely facile process leading to almost quantitative yields for each step of the reaction sequence.  Of equal importance was the atom economical nature of the synthesis which greatly facilitated purification.  During generation growth, reaction of the azide with the di(acetylene) AB2 monomer proceeded at room temperature with no byproducts and the high degree of efficiency permitted a stoichiometric amount (2.0 equivalents) of the azide to be used.  When combined with the absence of side products this resulted in greatly simplified purification processes.  This is in direct contrast with a classical polyether dendrimer synthesis by the convergent growth approach12 where an excess of dendron (2.05-2.20 equivalents) is used to increase yields of the next generation dendritic fragment and purification by flash chromatography is required at each step.  

Conclusion

In conclusion, we have demonstrated the unique opportunities afforded polymer synthesis through the use of advanced organic transformations such as Click Chemistry.  This unprecedented ability to routinely prepare functionalized polymers represents a significant advance compared to traditional approaches and is further evidence of the synthetic utility of Click Chemistry in both biological systems and materials chemistry. 
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