
Dendrimers Based on [1,3,5]-Triazines

MACKAY B. STEFFENSEN1, EMILY HOLLINK1, FRANK KUSCHEL2, MONIKA BAUER2, and
ERIC E. SIMANEK1
1 Department of Chemistry, Texas A&M University, College Station, Texas 77843
2 Fraunhofer Institute for Reliability and Microintegration, Branch Lab Polymeric Materials and
Composites, Kantstrasse 55, D-14513 Teltow, Germany

Abstract
A comprehensive and chronological account of dendrimers based on [1,3,5]-triazines is provided.
Synthetic strategies to install the triazine through cycloaddition, cyclotrimerization, and nucleophilic
aromatic substitution of cyanuric chloride are discussed. Motivations and applications of these
architectures are surveyed, including the preparation of supra-molecular assemblies in the solution
and solid states and their use in medicines, advanced materials, and separations when anchored to
solid supports.
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INTRODUCTION
Uniquely new ideas are rare. Co-invention occurs with slightly greater frequency. Rediscovery
is becoming more common with the widespread availability of the scientific and patent
literature and ease with which it can be efficiently sieved. The history of triazine dendrimers
reflects the rare, significant convergence at co-invention and rediscovery. The versatility of
triazine chemistry suggests that these reports represent the beginning of a multilaboratory
investigation of these systems. The timeline is consistent with the increasing interest that this
system is attracting. We, the Texas A&M group, have been working in what we perceived to
be a new area for 5 years, a period of time that has allowed us to gain deeper appreciation for
its roots. More general accounts of dendrimers, their nomenclature, and synthetic routes useful
for their preparation can be found elsewhere.1–5

WHY TRIAZINES?
Specifically, we ask, “Why 1,3,5-triazines?” as we will use the term triazine solely to refer to
this subclass of the triazine family. The attraction of the triazine building block derives from
opportunities for molecular recognition and synthetic versatility.

Molecular Recognition
Triazines—especially melamines—can recognize other molecules by the donation and
acceptance of hydrogen bonds, metal chelation, and π–π interactions (Chart 1). This
opportunity has enabled various supramolecular structures to be prepared on the basis of
hydrogen-bonding interactions to form ribbons and other types of interesting oligomers and
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polymers. The synthesis and characterization of these types of triazine-based supramolecular
structures have been reviewed elsewhere.6–9

Synthesis
The synthesis of triazine derivatives is well established and has been reviewed elsewhere in
detail.10,11 Triazines can be synthesized by a variety of routes; however, for the sake of brevity,
we will focus on the two most common methods that have been employed for the preparation
of triazine-based dendrimers. Initial efforts in this field focused on cycloaddition reactions to
form the triazine ring (Scheme 1). This reaction is carried out at higher temperatures by the
treatment of the nitrile of interest with a nitrile-substituted guanidine derivative in the presence
of a base, typically sodium or potassium hydroxide.

Later efforts describe the nucleophilic aromatic substitution of cyanuric chloride (C3N3Cl3) in
a chemoselective fashion using temperature and the judicious choice of the nucleophile to
produce a single product with high chemical complexity (Scheme 2). Thus, when architectures
that feature different types of peripheral groups are desired, triazine-based dendrimers offer a
powerful and versatile synthetic strategy to well-defined products. The nucleophilic aromatic
substitution of alkoxy-substituted triazine derivatives by amine nucleophiles is also a route that
has been exploited; however, higher temperatures in excess of 100 °C are required to achieve
the conversion to the desired product.

Triazines can also be prepared by cyclotrimerization of organic cyanates, but to date, the use
of this route for the synthesis of dendrimers has not been pursued. Rather, this chemistry is
employed to prepare hyper-branched polymers.12

The goal of this review is to trace the origins of triazine dendrimers, a field that we perceive
is expanding (Fig. 1). The advances in the syntheses of these materials receive the majority of
the attention. Numerous examples of multiple triazine units tethered to a single core are
included because these can be construed as first-generation dendrimers and can be readily
elaborated to larger structures because of the functionality at the periphery. A number of
applications have evolved in which this class of polymers has demonstrated enormous
potential. Overall, this review is intended to provide a nearly comprehensive account of the
evolution of the synthesis and applications of triazine-based dendrimers.

SYNTHETIC ROUTES TO TRIAZINE DENDRIMERS
Much of the early work in the area focused on the optimization of routes for the synthesis of
these species using either cycloaddition reactions or triazine substitution reactions.

Cycloaddition and Cyclotrimerization Methods
To the best of our knowledge, the first example of the synthesis of a triazine-based dendrimer
using a divergent approach was detailed in two patents that were submitted in 1994,13 one of
which was reviewed in a separate account in 1995 (Scheme 3).14 In both cases, an iterative
synthesis was developed in which the triazine units were prepared by the cycloaddition of
terminal nitrile-functional groups, 1, with nitrile-substituted guanidine, 2, to afford an amino-
terminated dendrimer, 3. Iteration produces higher generations such as 4. The synthesis
outlined in the patent by Meijer et al.13 is of particular interest because it details a procedure
that can be used to prepare commercially relevant quantities of dendrimer product. More recent
reports have demonstrated the utility of the cycloaddition method to afford triazine-based
dendritic and hyperbranched materials,15 some of which have found application in the
construction of porous, hydrogen-bonded networks (see the Molecular Recognition and
Supramolecular Self-Assembly section). In addition, cyclotrimerization routes have been used

STEFFENSEN et al. Page 2

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2009 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to produce materials relevant for integrated optics (see the Energy-Harvesting and -Emitting
Applications section).16

In all the cycloaddition procedures, the chemistry of the iterative process is the same:
cyanoethylation of a pendant amine forms a dendron with twice the number of nitrile groups.
Subsequent elaboration of the dendron by cycloaddition between the peripheral nitriles and
nitrile-substituted guanidine derivatives increases the dendrimer generation. Maciejewski17

wrote one of the earliest theoretical articles on the subject of dendrimers that could be prepared
with this method in 1982. Moreover, cyanoethylation was the method used by Vögtle18 in what
is commonly described as the first dendrimer synthesis, although his dendrimer did not contain
triazine derivatives.

A method resulting in compound 6, with features strikingly similar to that of Vögtle’s, was
described in a patent by Niederhauser19 in 1951, 27 years before Vögtle’s work (Scheme 4).
Niederhauser knew of the ability to reduce nitrile groups to amines: he described such a method
in a patent filed in 1945.20 Either through the reduction of the nitriles to amines or further
cycloaddition reactions with the nitriles, Niederhauser might have laid claim to the first
dendrimer. Here was a near miss to the beginning of dendrimer chemistry. Although a more
exhaustive (and wholly impractical) search of the literature may provide more near misses, our
interest in triazines necessitates its inclusion. The elaboration of Niederhauser’s
tetracyanoethyl benzoguanamine to afford a structurally imperfect generation-four dendrimer,
however, took over 40 years to accomplish.

In 1993, two groups described the successful synthesis of Vögtle’s route to give dendrimers
through iterative reactions.21,22 These methods eventually led to the commercial production
of this class of dendrimers known as poly(propylene imine) dendrimers. In general, the
cycloaddition/cyanoethylation method is attractive because it requires no functional group
interconversions or the use of protecting groups as long as there are no other functional groups
present that can interfere with this iterative process.

Nucleophilic Aromatic Substitution
The vast majority of triazine-based dendrimers are synthesized by nucleophilic aromatic
substitution on cyanuric chloride. One of the earliest examples of the use of nucleophilic
aromatic substitution to afford a dendritic product that incorporated triazine groups was
reported in 1996 and described the treatment of m-bis(methylami-no)benzene with 2 equiv of
cyanuric chloride. A subsequent treatment with excess amine afforded the desired product, 7.
These dendritic structures were tested as chelating ligands for Gd in magnetic resonance
imaging (MRI) applications (Chart 2).23

The first report concerned specifically with the construction of dendrimers by the substitution
of cyanuric chloride with diamine linkers is a German patent filed in 1995 that describes a
series of linear and dendritic polymer architectures synthesized with divergent and convergent
methods.24 Trisphenoxytriazine was used instead of trichlorotriazine to reduce hydrolysis.
These derivatives still display a gradient of reactivity that has been investigated with activation
energies measured in N-methylpyrrolidine with octylamine of 25, 53, and 82 kJ/mol. A separate
account released in 2000 described the synthesis of a first-generation dendrimer by the
treatment of a symmetrical melamine derivative, 8, with tris(phenoxy)triazine (Scheme 5).25

Once complete substitution had been achieved to give 9, the phenoxy groups were exchanged
by a treatment with excess secondary amine to afford the product, 10. The products of this
synthesis, derived from dibutylamine (10), dihexylamine and dioctylamine, were viscous oils.
Additional complexity was incorporated with a similar divergent approach that commenced
with an excess of HN(CH2CH2NH2)2 and trisphenoxytriazine.
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In 2000, we described methods for the construction of melamine-based dendrimers with
diamine linkers and cyanuric chloride.26,27 A third-generation dendrimer, 11, was constructed
with divergent (Scheme 6) and convergent routes. The divergent route connected a tetraamine
core, 12, with a BOC-protected monochlorotriazine synthon, 13 (BOC = t-butoxycarbonyl).
The convergent route used a BOC-protected peripheral group, 14, and an iterative reaction
with cyanuric chloride and p-amino-benzylamine. Impurities that were implied by a tailing in
the size exclusion chromatography (SEC) data were removed with chromatography
purification techniques to obtain materials that had a single ion peak in the matrix-assisted laser
desorption/ionization mass spectrometry spectrum. To us, this report represents a significant
advance in triazine-based dendrimer synthesis because it was the first example reported in the
mainstream literature of nucleophilic aromatic substitution under moderate synthetic
conditions to yield a triazine dendrimer. These efforts complement the original work described
in the dissertation work of Jens Neumann-Rodekirch of the University of Bremen.28

Takagi and coworkers29,30 published two articles on the syntheses of structurally related
triazine dendrimers. Their first report described the convergent synthesis of a second-
generation dendrimer and several third-generation dendrons. The synthesis involved the
treatment of a disubstituted triazine derivative with p-nitroaniline (15), followed by the
reduction of the nitro group to unmask an amine group (16). The product of this reaction was
then treated with a dichlorotriazine derivative, 17, to increase the generation of the dendron
(18 and 19, Scheme 7).29 The second article described convergent and divergent methods for
the preparation of second-generation triazine-based dendrimers with a different linkage group
to accomplish each approach. The divergent route described in the second article employed
the same iterative process as the convergent route outlined in their first article. However, the
second-generation dendron prepared by the convergent route was prepared with aryloxy
substitution of cyanuric chloride. Subsequent generations of dendrons were achieved through
the double substitution of the dichlorotriazine building block by an aryl amine.30

Verheyde and Dehaen31 synthesized dendrimers made up of 1,3,4-oxadiazole repeating units
with a single triazine at the core (20, through 21–27, Scheme 8). In a separate account, Dehaen
et al.32 produced dendrimers with triazines as the branching units. The first anisole was added
to the triazine ring with a Grignard reagent, 28, to give the dichlorotriazine product, 29. Surface
groups were attached to the triazine ring through aryloxy nucleophilic displacement of the
chlorides to prepare 30. The methoxy functionality of anisole was unmasked to reveal a phenol
(31) that was subsequently treated with a half-equivalent of cyanuric chloride to afford the next
generation of dendron (32, Scheme 9). A more recent report describes the use of click chemistry
to prepare a similar dendritic structure, also from a triazine core.33

In 2001, the synthesis of the first tailored triazine-based dendrimer, 33, was described. A
convergent approach permitted access to pure melamine dendrons (Chart 3) or dendrimers in
which one or two of the peripheral sites (out of a possible 16) were different from the remaining
peripheral groups.34 Interestingly, the addition of only one oligo(ethyleneoxy)ethylamine
group to the exterior dramatically influenced the ability of the dendrimers to be characterized
by SEC. This clearly illustrates that even subtle changes imparted by tailored dendrimers can
result in properties dramatically different from those of their monofunctionalized counterparts.

Another improvement in dendrimer synthesis was achieved when a third-generation dendron,
34, was prepared in the absence of protecting groups or functional group manipulations (Chart
4).35,36 The strategy expanded the use of chemoselective diamines from p-amino-benzyl amine
to additional diamines. Diamines comprising amines with reactivity differences greater than
20 were found to be useful for chemoselective reactions.

STEFFENSEN et al. Page 4

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2009 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The same strategy that was applied for the synthesis of a tailored dendrimer was also
successfully employed to prepare a dendrimer or dendron with five (35) or six (36) orthogonal
reactive sites, respectively (Chart 5).37 The inference to the potential utility of this dendrimer
for drug delivery and related biological applications was based on the demonstration that the
functional groups could be manipulated after the synthesis of the dendrimer with little
formation of byproducts. The power of triazine chemistry is best exemplified in these targets.

The most recent example of the use of nucleophilic aromatic substitution to prepare a triazine-
based dendrimer was demonstrated by the treatment of a poly(ethylene glycol) (PEG) diamine
derivative with cyanuric chloride.38 An iterative treatment with ethanol amine and cyanuric
chloride resulted in the formation of a third-generation dendrimer, 37, tethered by a PEG
oligomer (Chart 6). The result was an amphiphilic material, and the critical micelle
concentrations of the first-and second-generation versions of the block copolymer were 5.5 ×
10−5 M and 7.6 × 10−4 M, respectively.

Hyperbranched Molecules
A third synthetic route to triazine-containing dendritic materials involves the preparation of
hyperbranched molecules. Polycyanurate ester resins dating to the 1960s could be regarded as
progenitors of these materials.12 Early efforts by Neumann-Rodekirch28 using the
homopolycondensation of diphenyoxytriazines substituted with amines, including p-
aminobenzylamine, N-methyl-p-aminobenzylamine, and masked amines such as acetylaniline,
mono-BOC protected hydrazine, and hexane diamine, were conducted in N-methylpyrrolidine
at 200–240 °C with the intent of producing stationary phases for chromatography. More recent
examples of hyperbranched triazines include work by Kim et al.,39 who prepared
hyperbranched triazine polymers by performing a Heck coupling of an AB2 triazine monomer,
38, to produce materials with a weight-average molecular weight (Mw) of 6000–10,000 g
mol−1, as estimated by SEC (Scheme 10). This novel route to hyperbranched triazine products
is of interest because of the ability to prepare relatively high-molecular-weight material with
a single-pot procedure. A related protocol has been reported in which hyperbranched triazine
polymers are prepared from an AB2 triazine monomer (39, Scheme 11) that incorporates a
Grignard reagent.40,41

This separate series of articles were published by Kim and coworkers,42–45 who described a
similar strategy to obtain hyperbranched polymers from AB2 triazine monomers 40 and 41. In
these cases, the polymer was obtained by heating the monomer in the presence of potassium
carbonate to 140 °C (Scheme 11). The polymers had Mw values of 11,000–15,000 g mol−1, as
estimated by gel permeation chromatography, and displayed excellent thermal stability, as
evidenced by thermogravimetric analysis (TGA). More recently, the free hydroxyl end groups
of one of the hyperbranched polymers were functionalized with Mitsunobu or
dicyclohexylcarbodiimide reactions to install oligoethyleneoxy or stearyl groups, respectively.
44 The incorporation of these groups significantly lowered the glass-transition temperature of
these materials with respect to the precursor polymer.

APPLICATIONS
Our discussion of applications is divided into five categories: molecular recognition and
supramolecular self-assembly, decoration of inorganic supports, energy-harvesting and -
emitting applications, surfactants, and medicinal applications.

Molecular Recognition and Supramolecular Self-Assembly
Dendritic structures based on melamine usually present periphery groups that are able to
participate in hydrogen bonding. In an elegant example, Fréchet and coworkers46,47
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demonstrated the self-assembly of higher ordered dendrimer structures by attaching two
complementary hydrogen-bonding moieties to the focal point of different dendrons, 42. In this
case, melamine and cyanuric acid derivatives were separately appended to dendrons of
generations 2–4, and the supramolecular assembly of these dendrons with each other was
investigated. Second-generation dendrons formed the expected hexameric structure as a result
of the complementary hydrogen bonding of the melamine and cyanuric acid derivatives (Chart
7), but solutions of the larger dendrons appeared to be an equilibrium mixture of different
aggregates, presumably to accommodate steric constraints. A related dendritic assembly of this
type was reported by van Veggel et al.48

One of the applications of the smaller generation triazine-decorated dendrimers pioneered by
Wuest and coworkers has been their use as tectons in solid-state networks of controlled porosity
(43–47). The initial report detailed the use of a tecton (43, Chart 8) that was prepared by the
cycloaddition of the precursor nitrile with dicyandiamide in a 90% yield.49 Interestingly, when
this tecton was crystallized from solutions of formic acid and dioxane, inclusion solids resulted
that appeared to be relatively insensitive to the guest because of an unusually robust hydrogen-
bond network. The cycloaddition method was also used to produce boron-containing
tectons50 and larger dendritic tectons (44–46, Chart 8)51–54 that in turn produced solid-state
networks of high porosity. The authors observed that when the dendritic nature of the tecton
increased, an increase in the number of hydrogen bonds did not necessarily correlate with
increased stability or a higher porosity network following attempted guest-exchange
experiments. With a different synthetic approach, nucleophilic aromatic substitution was also
exploited to prepare tectons.55–58 In one case (47, Chart 8),55 the triazine ring was substituted
by three different functional groups, which gave rise to a solid-state network comprising
interconnected helical channels when crystallized from a solution of acetone, dimethyl
sulfoxide, and water. The development of this technology has already demonstrated potential
in practical applications, particularly for use in inkjet printing as phase-changing inks.59,60

Dendrimers based on melamine also aggregate in solution because of the extensive hydrogen-
bonding sites that are available. Remarkably, the addition of copper(II) to a solution of a
dendrimer comprising triazines linked by p-aminobenzyl groups induces a line-sharpening
effect in SEC traces.61 In related work, the SEC trace obtained for a dendrimer in which the
interior and peripheral groups had N—H sites available to participate in hydrogen bonding
(48–54, Chart 9) had characteristically broad peaks when the analysis was performed in
acidified solvents.62 However, when neutral solvents were used, a similar line-sharpening
effect was observed, and the sample eluted with longer retention times than in acidified
solvents. These results are consistent with the formation of higher molecular weight aggregates
in acidified solvents, and gels of 50, 51, and 52 were observed under these conditions. No
gelation of smaller dendrimers (48 and 49) or dendrimers deficient in hydrogen-bonding sites
(53 or 54) was observed.

Dendritic resins with the triazine unit tethered to an alcohol-functionalized Wang resin have
been prepared for the explicit purpose of capitalizing on the ability of melamine dendrimers
to scavenge protons (55 and 56, Chart 10).63 The dendritic dichlorotriazine precursors were
also examined to determine their ability to scavenge nucleophiles from solution. Both materials
performed with similar efficiency in comparison with commercially available scavenging
resins. The relative increase in reactive functional groups per gram of resin allowed for less
resin to be used.

Inorganic Supports and Molecules
The patent literature has many accounts that detail the use of dendritic materials to modify
silica surfaces for various purposes. One of the earliest accounts of the incorporation of triazines
into a dendrimer was published in 1997 when triazine-based dendrimers were used to modify
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a silica surface for use in chromatographic applications.64 More recently, Su et al.65 reported
a fourth-generation melamine dendrimer that was synthesized on a treated silica surface by an
iterative process in which 1,6-diaminohexane and cyanuric chloride were alternated to generate
a dendrimer with amine groups at the periphery. The modified silica gel was used in a
microcolumn to effect the preconcentration and separation of platinum from heterogeneous
samples, demonstrating potential utility in analytical applications. We have also prepared third-
and fourth-generation dendrimers on a treated silica surface using piperazine (57)66 and 4-
aminomethylpiperidine,67 respectively, as diamine links to the triazine units. A comparison
was made in which the dendrimers with piperazine as the diamine were synthesized and
characterized by a convergent method in solution and then tethered to the silica support, as
opposed to being prepared in a divergent fashion directly on the silica surface. TGA evidence
demonstrated that the materials derived from the convergent approach had less organic content,
whereas those derived from the divergent method had structural defects (Scheme 12). Both of
the materials, however, sequestered atrazine, a monochlorotriazine, from aqueous solutions,
demonstrating their utility as solid-phase scavenging reagents.

There are several accounts of discrete inorganic complexes that contain dendritic structures
that are composed of triazine functional groups. A dendritic ruthenium complex was prepared
upon the treatment of tris(-pyridyl)triazine with 3 equiv of the metal precursor (58, Chart 11).
68 The product was characterized with synchrotron radiation, and efforts to investigate the
photo-physical properties have not yet been disclosed. More recently, the research groups of
Gamez and Reedikj69,70 designed and prepared a series of ligands based on the triazine scaffold
by nucleophilic aromatic substitution, several of which are dendritic in nature. When these
ligands were treated with copper(II) in water, the catalyst systems that were generated in situ
successfully performed the oxidation of 3,5-di-t-butylcatechol.70 The copper complex
generated from ligand 59 (Chart 11) resulted in the most active and most stable catalyst system,
and the authors attributed this observation to additional stabilization of the active catalyst
through the use of a dendritic ligand.

Energy-Harvesting and -Emitting Applications
In 1998, an early report described the use of triazine-based dendrimers as potential light-
harvesting antennae.71 The first-generation dendrimer had six surface groups that were tethered
to triazine branching units through a silyloxy phthalocyanine bond (60, Chart 12). In a related
report, Burn and coworkers72,73 used the alkoxy and aryloxy substitution of cyanuric chloride
to form the surface groups of a dendrimer linked by a distyrylbenzene core (61, Chart 12). The
electroluminescence was investigated to determine its potential as a light-emitting diode by
the preparation of luminescent films from the dendritic material. The devices had external
quantum efficiencies of 0.003% but only limited stability; therefore, the authors suggested that
a subsequent device might perform better if they incorporated a dendritic linkage without the
phenoxy group present. More recently, a series of dendritic polymers based on the triazine unit
were investigated for integrated optics applications.16 A preliminary examination of the
materials indicates that they have good thermal stability and optical losses at 1550 nm of 0.28–
0.44 dB/cm. The patent literature likely harbors many triazines for use in integrated optics, but
this topic is outside the focus of this review as most of these molecules appear not to be
dendrimers but polymeric products derived from the community interested in cyanate esters.

Surfactants
Limited data exist detailing the use of dendritic materials with incorporated triazine units as
surfactants. A preliminary account details the syntheses of zero- and first-generation-type
dendrimers based on a triazine core that display a high number of alcohol functional groups
for use as a nonionic surfactant (62, Chart 13).74,75 We reported evidence for a new organoclay
morphology when smectite clay was treated with a modified version of a dendritic surfactant
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(63, Chart 13).76,77 This evidence originates in part from X-ray powder diffraction data, which
indicate a small increase in the interlayer distance of the clay. In addition, IR spectroscopy of
the clay with a surfactant larger than 63 showed that a significant amount of water remained
in the interlayer space. TGA corroborated this observation: a minimal amount of organic
content was present. For this reason, the phrase frustrated intercalation was used to explain
the nontraditional behavior of the clay–surfactant composite, in which only a portion of the
surfactant could penetrate the interlayer space.

Biologically Relevant Molecules
Specific cases have been reported in which a dendritic structure containing multiple triazine
groups has displayed efficacy as antiviral agents.78 In 1992, Wyeth-Ayerst initiated a program
to identify novel inhibitors of the human respiratory syncytial virus (RSV).79 The only active
compound identified from the screening of a library of 20,000 compounds using a whole virus
and cell-based assay was a dendritic structure. The identified compound, termed CL 309623
(64, Chart 14), contains a disulfonated stilbene core with a triazine tethered at each end installed
with standard nucleophilic aromatic substitution protocols. This class of compounds was
originally reported in 1962 as potential optical brighteners.80 A patent was filed in 1997 to use
CL 309623 and related derivatives to treat viral infections.78 In 1998, a comprehensive
structure–activity relationship study was undertaken, which resulted in the identification of
even more potent molecules, all of which retained two triazine units.81 An extension of this
study conducted in 2001 identified RFI-641 (65, Chart 14) as a potent and selective inhibitor
of RSV.82 The mode of action of these dendrimer-like compounds is the interruption of F-
protein-mediated cell fusion of RSV with the target cell through a specific interaction of the
antiviral agent with the fusion protein of the RSV virus.

Promising triazine-based antibiotics have been developed by their examination as part of a
dendrimer bound to a polystyrene resin.83 The dendrimer was not constructed from repeating
triazine units but instead had a variety of triazine derivatives tethered to the periphery (66,
Chart 15). A modified second-generation Newkome-type dendrimer with nine surface amines
was constructed on a solid polystyrene support, effectively increasing the loading capacity of
the resin. The surface amines were modified to present a phenol and then treated with cyanuric
chloride. This resulted in the incorporation of nine dichlorotriazine units at the surface of each
dendron. These dendrons were subsequently treated with various amine nucleophiles to
produce a library of compounds. The triazines were liberated from the solid support by the
heating of the resin in the presence of morpholine or piperidine because the aryloxy–triazine
bond is susceptible to attack by these secondary amines. This design permitted single-bead
screening of a library of potential antibiotics and thus represents a significant advance in this
type of assay because a higher concentration of the agent of interest could be produced due to
the dendritic nature of the resin.

A significant advance in the application of triazine-based dendrimer chemistry has been the
preparation of dendrimers that present disulfide linkages at the periphery. Several precursor
dendrimers and dendrons, which were prepared with the nucleophilic aromatic substitution
strategy, were decorated with pyridyl disulfide groups at the periphery or at the terminal of a
dendron. These disulfide groups readily underwent exchange with biotin, captopril, a small
peptide sequence, or even a DNA oligonucleotide (67 and 68, Chart 16), although the
characterization and purification of the latter were challenging, and no general protocols
emerged.37,84,85

Qualitative observations resulting from these experiments indicated that steric factors arising
from the size of the substrate or the dendrimer influenced the degree of exchange that occurred.
A related kinetic study of disulfide exchange on the periphery of other melamine-derived
dendrimers confirmed that the rate of exchange increases as the size of the dendrimer decreases
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(69–73, Chart 17).86 Interestingly, in the two cases (71 and 73) that were followed by mass
spectrometry, rate constants were identical within a factor of 100× for each of the disulfides
of a dendrimer but increased as dansyl groups were shed from the architecture. These findings
are intriguing: disulfide linkages can be used to tether pharmacophores, targeting agents, or
imaging agents to a dendrimer for drug delivery and in vivo monitoring applications.

Another method of drug delivery that could be facilitated by dendrimers is noncovalent
transport and delivery. To this end, a preliminary study showed that the treatment of a cationic
melamine-based dendrimer sequestered drugs as a function of drug composition when mixed
with indomethacin, methotrexate, or 10-hydroxycamptothecin.87 The degree of solubilization
was dependent on the properties of the drug; only in the case of 10-hydroxycamptothecin and
a bisindole methane was any significant solubility enhancement observed (3.7 molecules of
drug solubilized/dendrimer). However, studies with pyrene showed that for dendrimers of
related molecular weights, triazine dendrimers performed similarly to Fréchet’s original aryl
ethers by solubilizing 0.1 and 0.2 molecules of pyrene/dendrimer. This represents a 10–20-
fold increase over the more hydrophilic poly(amidoamine) and poly(propylene imine)
dendrimers.

To more thoroughly examine the toxicity of melamine-derived dendrimers in vitro and in
vivo, seven different dendrimers were prepared that displayed groups at the periphery that were
cationic, anionic, or neutral and could still convey sufficient solubility in water (74–80, Chart
18).88 The results of the cell viability study indicated that the neutral dendrimer decorated with
PEG, 80, was the least hemolytic over a concentration range of 0.001–10 mg/mL. Subsequent
acute dosing experiments with the PEG-functionalized dendrimer indicated no toxicity in mice
at concentrations up to 2.56 g/kg (intraperitoneal administration) or 1.28 g/kg (intravenous
administration). Related studies with a cationic dendrimer demonstrated no detectable toxicity
in vivo until mice were dosed with 40 mg/kg.89 Additional recent results are promising because
the data suggest that the hepatoxicity of the anticancer drugs methotrexate and 6-
mercaptopurine were reduced upon noncovalent encapsulation of these pharmacophores by a
melamine-based dendrimer.90 The accumulation of these data and other animal studies91

suggests that dendrimers based on melamine have potential for a variety of biomedical
applications.

CONCLUSIONS
The use of triazine derivatives in an enormous number of applications is well documented.
However, with the advent of dendrimer chemistry, the role of triazines as potential constructs
for the synthesis of dendritic materials had initially been limited. Recently, the benefits that
arise from both the structural complexity and ease of synthetic manipulation that can be
achieved with triazine units as building blocks have caught the interest of an increasing number
of research groups in industrial and academic settings. In a relatively short period of time,
synthetic strategies have been developed, and a number of applications are currently being
investigated in which triazine-based dendritic materials play an essential role. It is likely that
the convergence of co-invention and rediscovery that has occurred with triazine-based dendritic
materials will only continue to generate interesting materials for current applications and result
in the development of new applications.

Challenges remain for the application of triazine-based dendrimers. Scalable syntheses that are
industrially compatible are generally lacking. These materials are not commercially available,
and this limits the widespread evaluation by scientists and engineers that is generally required
to facilitate advances and realize applications. Biomedical applications are held in check for
lack of metabolic data and toxicological profiling. Despite these challenges, the interest in this
class of materials appears to be increasing, and in time, these challenges will be met.
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Figure 1.
Graph showing that reports of triazine-based dendritic structures have increased during the
previous decade (2005 data are as of April 29, 2005).

STEFFENSEN et al. Page 16

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2009 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Cycloaddition reaction to form a diaminotriazine derivative.
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Scheme 2.
Chemoselective reactivity of cyanuric chloride.
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Scheme 3.
Initial efforts to prepare triazine-based dendrimers employed cycloaddition methods.
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Scheme 4.
Niederhauser’s route to tetracyanoethyl benzo guanamine.

STEFFENSEN et al. Page 20

J Polym Sci A Polym Chem. Author manuscript; available in PMC 2009 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 5.
Convergent synthesis of a triazine-based dendrimer with nucleophilic aromatic substitution,
with dibutylamine as an example of a precursor amine.
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Scheme 6.
Convergent and divergent syntheses of a melamine-based dendrimer.
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Scheme 7.
Iterative synthesis of a dendron with functional group interconversions.
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Scheme 8.
Triazine as the core of a dendrimer.
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Scheme 9.
Different nucleophiles are used to synthesize a dendron.
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Scheme 10.
Heck coupling of a triazine AB2 monomer results in hyperbranched materials (TEA =
triethylamine).
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Scheme 11.
Additional routes to hyperbranched materials (DMF = dimethylformamide).
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Scheme 12.
Convergent and divergent methods of tethering a third-generation dendrimer to the surface
afford very different materials.
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Chart 1.
Sites of triazine/melamine derivatives that can participate in hydrogen bonding.
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Chart 2.
Dendritic molecule designed for use as a chelating agent for Gd in MRI applications.
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Chart 3.
Tailored dendron.
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Chart 4.
Dendron that was synthesized without protecting group manipulations or functional group
interconversions.
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Chart 5.
Pure dendron and dendrimer with a high degree of functional group diversity for postsynthetic
manipulation (TBAF = tetrabutylammonium fluoride; TBDPS = tert-butyl diphenylsilane).
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Chart 6.
Triazine-based dendritic block copolymer.
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Chart 7.
Self-assembly affords higher order dendrimer structures.
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Chart 8.
Tectons used for the construction of highly porous, solid-state networks.
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Chart 9.
Dendrimers that show a range of hydrogen bonding in acidified solvents.
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Chart 10.
Modified resins successful for the scavenging of protons.
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Chart 11.
Dendritic ligands and metal complexes.
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Chart 12.
Dendritic structures prepared to investigate their optical properties.
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Chart 13.
Representative examples of triazine-based dendritic materials examined for use as surfactants.
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Chart 14.
Potent dendritic antiviral agents.
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Chart 15.
Dendritic design that facilitates single-bead screening of potential antibacterial agents.
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Chart 16.
Precursors and products of disulfide exchange experiments.
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Chart 17.
The rate of disulfide exchange with dithiothreitol depends on the size of the dendrimer: 69 ~
70 ~ 71 > 72 > 73.
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Chart 18.
Variety of dendrimers that were subjected to cell viability studies.
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