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Influence of linker groups on the solubility of triazine 
dendrimers  

Alan E. Encisoa, Matteo Garzonib, Giovanni M. Pavanb and Eric E. Simaneka.*  

Eight triazine dendrimers were prepared to probe the impact of linker choice on water 
solubility.  Three different linkers were assessed including two hydrophobic diamines that 
show high reactivity, piperazine and trismethylene bispiperidine, as well as a hydrophilic 
diamine, 4,7,10-trioxotridecane-1,14-diamine, which is less reactive. Dendrimers 1-8 share a 
common, generation two, hydrophobic core, 1.  Dendrimer 1 is insoluble in water.  Of the 
three generation four dendrimers, 2-4, that were prepared, 2 is also insoluble in water, but 
substitution of one or two of the hydrophobic linkers with 4,7,10-trioxotridecane-1,14-
diamine yields sparingly soluble 3 and more soluble 4, respectively. Molecular dynamics 
simulations of dendrimers 2-4 in water provide additional insight into their shape, hydration 
and hydrophobicity.  Generation six targets, 5-8, are also sensitive to choice of interior and 
surface groups. Dendrimer 5 is insoluble in water, but replacing one or two hydrophobic 
linkers with 4,7,10-trioxotridecane-1,14-diamine yields dendrimers 6 and 7 with modest 
affect unless the double substitution occurs in tandem at the periphery to yield 8 which 
shows high solubility in water.   The solubility trends suggest that the choice of cationic 
surface group is critical, and that piperazine groups on the periphery and interior do little to 
promote solubility of triazine dendrimers in water compared with the hydrophilic amine 
4,7,10-trioxotridecane-1,14-diamine.   
  

Introduction 

Dendrimers are often considered for applications that require 
solubility in aqueous solutions including their use as drugs and drug 
delivery vehicles.1  Solubility behavior is most commonly attributed 
to the nature of the surface groups which can be manipulated to 
engineer the type and density of charge or to host solubilizing groups 
like poly(ethyleneglycol).2   In addition to the periphery, the interior 
groups of triazine dendrimers are subject to facile manipulation 
because the dendrimers comprise triazine branching points and 
linking diamines.3 Historically, the selection criteria for the 
diamine—while influenced by whether a convergent or divergent 
approach was being adopted—rested on i) the reactivity of the 
diamine, ii) its cost, and iii) the commercial availability of protected 
derivatives.  Given the wealth of diamines that meet many of these 
expectations, the choice of diamine incorporated into triazine 
dendrimers has evolved over time. 

Initially, p-aminobenzylamine was favored because the difference in 
the relative reactivity of the individual amines offered an opportunity 
to execute a convergent syntheses without functional group 
interconversions or protecting group manipulations.4   However, 
reactivity was sluggish in comparison to other choices like 4-
aminomethylpiperidine and intermediates containing the former 

discolored over time.5 Piperazine  became a linker of choice for 
small dendrimers due to its high reactivity (compared with primary 
amines) and the commercial availability of a low cost BOC-
derivative.6   Unfortunately, synthesis was limited to generation 3 
targets due to solubility limitations attributed to the disc-like shape 
of the molecules.7  To preserve the reactivity of constrained 
diamines and introduce flexibility, trismethylene bispiperdine was 
explored.  The dendrimers that resulted displayed higher solubility 
than all-piperazine molecules, but  access to high generation 
materials was still limited based on solubility.8   

 

More recently, 4,7,10-trioxotridecane-1,14-diamine has been 
employed (Chart 1).  Here, we probe the role of combinations 
of these different amines on the solubility of the resulting 
dendrimers.  Chart 2 shows the targets in this 
phenomenological study.  Sharing a common hydrophobic core, 
triazine dendrimers 1-8 were  chosen to anchor our intuition on both 
i) the nature of the cationic peripheral group and ii) the influence of 
piperazine groups in conveying solubility. 
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Chart 1.  Diamines employed in this study. 
 
Results and discussion 

All targets examined in this study derive from a hydrophobic interior 
with modest flexibility.  This generation 2 dendrimer, 1, displays 8 
piperazine groups on the surface and an alkyne at the core.  
Dendrimer 1 can be elaborated with macromonomers 9-11 shown in 
Chart 3 to yield the compounds 2-8. Specifically, 1 is reacted with 9, 
10, or 11 to yield BOC-protected derivatives of 2, 3, or 4, 
respectively.  Deprotection with a 2:1 mixture of MeOH and conc, 
HCl yields 2, 3, or 4.  Dendrimers 2 and 3 are further reacted with 9, 
10, or 11 to yield protected 5-8 which are similarly deprotected.  All 
compounds provided satisfactory NMR and mass spectra.   
Solubility tests were performed by addition of dendrimer to one 
milliliter of Millipore water (18 MΩ cm).  Sonication was used to 
determine saturation as measured with the naked eye.  The solubility 
observations are reported in Chart 2. 
 
Chart 3.  Macromonomers used in the synthesis.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The data anchors our intuition about solubility in three ways.  
First, substitution of the flexible hydrophilic linker 4,7,10-
trioxotridecane-1,14-diamine for hydrophobic trismethylene 
bispiperidine within the interior of the dendrimer conveys 
critical, albeit slight water solubility to dendrimers.  That is, 2 
is insoluble while 3 is sparingly soluble.  Similarly, 5 is 
insoluble while 6 and 7 show increased solubility.  Solubility 
increases from 5<6<7 as do the number of substitutions of 
4,7,10-trioxotridecane-1,14-diamine for trismethylene 
bispiperidine. Second, the nature of the cationic peripheral 
group appears to have a profound affect on solubility.  That is, 
replacing the terminal piperazine group with 4,7,10-
trioxotridecane-1,14-diamine at the dendrimer surface 
significantly increases solubility.  Dendrimer 4 is much more 

soluble than either 2 or 3.  Similarly, dendrimer 8 is much more 
soluble than 5, 6, or 7.  Third, the trends are conserved across 
all generations. Dendrimers 1, 2 and 5 are all insoluble, and 
solubility decreases in going from 3 to 6.  This is surprising at 
some level, as the behavior at the onset of globular structure--
predicted here to be at generation 5--might be expected to 
change. 
 
Computation offers further insight into the role of these linkers 
in solvation.  Molecular models of 2-4 were immersed in a 
periodic simulation box containing explicit water molecules 
and 150 mM NaCl and were investigated by means of 
molecular dynamics (MD) simulations.  Equilibrated 
configurations of 2 and 4 in solution were obtained within 250 
ns.  Dendrimer 3 required a longer equilibration time, and the 
MD simulation in this case lasted 400 ns (see SI).  The 
equilibrated configurations of 2, 3 and 4 shown in Figure 1 
reflect the color scheme adopted throughout with cyan 
representing trismethylene bispiperidine and orange 
representing 4,7,10-trioxotridecane-1,14-diamine.   

 
Figure	
   1.	
   	
  MD	
   simulation	
   of	
  2-­‐4	
   dendrimers	
   in	
   solution.	
   	
   (a)	
   Equilibrated	
   (last)	
  
snapshot	
   taken	
   from	
   the	
   MD	
   simulations	
   of	
   2,	
   3	
   and	
   4.	
   	
   Trismethylene	
  
bispiperidineand	
   4,7,10-­‐trioxotridecane-­‐1,14-­‐diamine	
   are	
   colored	
   in	
   cyan	
   and	
  
orange	
   respectively.	
   	
   The	
   central	
   residue	
   of	
   the	
   dendrimers	
   is	
   colored	
   in	
   pink.	
  	
  
Piperazine	
  and	
  all	
  other	
  groups	
  are	
  colored	
  per-­‐atom	
  (C:	
  grey,	
  N:	
  blue,	
  H:	
  white),	
  
water	
  molecules	
  and	
  ions	
  are	
  not	
  shown	
  for	
  clarity.	
  	
  	
  

Computation reveals differences that are consistent with the 
solubility trend observed.  In all cases, the hydrophobic core is 
sufficiently rigid that complete hydrophobic collapse is 
precluded.  Instead, 2 displays an extended hydrophobic surface 
that leads us to hypothesize its role in promoting precipitation.  
For 3 and 4, the 4,7,10-trioxotridecane-1,14-diamine groups 
collapse to partially shield hydrophobic domains.  This 
behavior is consistent with previous simulations9 and typical of 
the behaviour of PEG chains in water.10  The shapes of 3 and 4 
differ:  3 appears more spherical/globular while 4 adopts an 
elongated oval shape.  Table 1 summarizes computed 
parameters for 2, 3 and 4.  At the equilibrium, 3 has smaller 
radius of gyration (Rg) than 2. We hypothesize the difference 
derives from the flexibility differences between 4,7,10-
trioxotridecane-1,14-diamine and trismethylene bispiperidine.  
This differences is reflected in the solvent accessible surface 
areas (SASA):  2 has a slightly larger SASA than 3 (10193 A2 
versus 9049 A2, respectively).  The SASA of 4 is greater as 
would be inferred from the depiction, 13116 A2 and consistent 
with the larger Rg of 21.2 Å.  
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Chart 2.  Dendrimers examined in this study.   
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Table 1.  Structural features of dendrimers 2-4obtained from the equilibrated 
phase MD simulations.  

Dendrimer MW  
(Da) 

Rg  
(Å) 

SASA  
(Å2) 

Density[a] 
(Da/Å3) 

H (kcal/mol) 

2 10487 19.2 10193 0.35 -11254 ± 26 
3 10646 17.5 9409 0.47 -12812 ± 35 
4 14940 21.2 13116 0.37 -15914 ± 39 

[a]  Density parameter is calculated by dividing the dendrimer MW for the 
volume of a sphere with radius Rg. 

The enthalpy (H) values of the three dendrimers were 
calculated from the equilibrated phase MD simulations.  A 
relative comparison of H shows that 2 is least stable in water.  
Dendrimer 3 and 4 have more favorable (negative) H values 
indicating higher relative stability.  By comparing calculated H 
values, we can quantify differences in stability (∆H) of the 
dendrimers respect to 2.  With similar numbers of atoms, 2 and 
3 differ in enthalpy with ∆H = -1558 ± 51 kcal/mol, indicating 
that the substitution of  trismethylene bispiperidine with 4,7,10-
trioxotridecane-1,14-diamine has positive effect on the stability 
of 3 in water.  Consistently, the ∆H of 4 is even more 
favourable difference with ∆H = -4659 ± 66 kcal/mol). 
 
Radial distribution functions g(r) were calculated from the 
equilibrated phase MD trajectories to probe hydration of 2, 3 
and 4 (Figure 2).  The g(r) curves represent the relative 
probability to find dendrimer atoms (Figure 2a) or water 
molecules (Figure 2b) at a given distance from the dendrimer's 
center of mass (CM).  Higher g(r) peaks correspond to high 
density of atoms and/or restricted migration, while low and 
broad peaks are indicative of higher molecular flexibility.  In all 
cases, distances from CM are expressed in Rg units to allow 
comparison between different size dendrimers. 

 
Figure	
   2.	
   	
   Radial	
   distribution	
   functions,	
   g(r),	
   obtained	
   from	
   the	
   equilibrated	
  
phase	
  MD	
  simulations.	
   	
  The	
  g(r)	
  curves	
  are	
   indicative	
  of	
   the	
  probability	
   to	
   find	
  
atoms	
  of	
  the	
  dendrimers	
  (a)	
  and	
  water	
  molecules	
  (b)	
  at	
  given	
  distance	
  from	
  the	
  
dendrimer's	
  center	
  of	
  mass	
  (CM).	
  	
  (c)	
  Number	
  of	
  water	
  molecules.	
  

Figure 2 reveals poorer solvation for 2 compared with 3 and  4.  
In fact, the g(r) curves show the dense core of 2 (Figure 2a, 
blue) reduces the probability of hydration to 0 at distances 
lower than ≈½Rg (Figure 2b).  On the other hand, the same 
results demonstrate that 3 and 4 have a higher levels of core 
hydration.  Figure 2c plots the number of water molecules 
present in the interior of the dendrimers.  This result 
corroborates experimental observations of solubility with the 
solvent penetration of 4 > 3 > 2. 

 

Conclusions 

Solubility remains one of the most significant challenges in the 
synthesis of triazine dendrimers and  limits the generation that these 
architectures can reach. Here, we show that solubility is impacted 
substantially by the choice of linking and surface groups across a 
range of dendrimer sizes.  Piperazine, though inexpensive and highly 
reactive, does little to convey solubility of architectures in water 
when appearing on either the periphery or interior.  This sensitivity 
to the source of cation is somewhat surprising to us.  Flexibility, as 
offered by trismethylene bispiperidine, improves solubility only 
slightly while maintaining high reactivity.  The emergence of 
4,7,10-trioxotridecane-1,14-diamine as a useful building block for 
dendrimers comes as a surprise:  primary amines sacrifice reactivity 
and the introduction of hydrogen bond donors should seemingly 
promote aggregation.   However, using 11, the resulting protected 
dendrimers are soluble in polar organic solvents including 
chloroform, dichloromethane, DMSO, ethyl acetate, tetrahydrofuran, 
dioxane, and methanol.  These targets are not soluble in ether (which 
facilitates purification given the solubility of 11 in ether) or hexanes.  
The deprotected dendrimers containing 11 are soluble in the same 
subset of organic solvents with the exception of ethyl acetate.   
 
The results obtained here are consistent with our recent success in 
reaching virus-sized dendrimers of generation 13.11  Here, 4,7,10-
trioxotridecane-1,14-diamine was  used exclusively as the linking 
diamine.  Surmountable challenges to solubility in water appeared at 
generation 9, persisted through 11, and were deemed limiting at 13.  
When 4,7,10-trioxotridecane-1,14-diamine and piperazine linkers 
are alternated at each generation, dendrimers up to generation 9 were 
obtained.12 Generation 11 materials were insoluble in both the 
protected form (in common organic solvents) and deprotected (in 
water).   
 
The criteria for diamine choice continue to be refined.   While 
these studies suggest that solubility of an advanced dendrimer 
might be rescued using macromonomers such as 11, there 
appears to be additional room for improvement.  Diamines that 
communicate the reactivity of constrained secondary amines 
like piperazine and trismethylene bispiperidine and retain the 
advantageous solubility properties of 4,7,10-trioxotridecane-
1,14-diamine would prove optimal in our pursuit of the rapid 
synthesis of large triazine dendrimers.  Further experiment and 
computation will be required to meet these challenges. 
 
Experimental 

Molecular dynamics (MD) simulation.  

The simulation work was conducted using the AMBER 12 
software.13 The molecular models for 2, 3, and 4 dendrimers 
were created and parameterized according to a validated 
procedure used previously for similar derivatives.9,14  In 
particular, 2, 3, and 4 dendrimers were parameterized with the 
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“general AMBER force field (GAFF)” (gaff.dat).15 The parm99 
all-atom force field (leaprc.ff99)16 was used to parameterize all 
the other standard residues present in the simulated molecular 
systems.   
The models of the three dendrimers were immerged in a 
periodic box containing explicit TIP3P water molecules17 and 
the necessary number of ions to neutralize the systems and 
reproduce the experimental ionic strength of 150 mM [NaCl]. 
Each system underwent initial minimization, and further 
heating through 50 ps of NVT MD simulation to reach the 
temperature of 300 K.  During this second step the solute was 
maintained as fixed and the solvent was relaxed.  Following to 
this phase, all systems were equilibrated by running NPT MD 
simulations at the temperature of 300 K and 1 atm of pressure 
under periodic boundary conditions using a time step of 2 
femtoseconds. The Langevin thermostat, and a 8 Å cutoff were 
used for all equilibration runs. The particle mesh Ewald18 

(PME) approach was adopted to treat the long-range 
electrostatic effects, and all bonds involving Hydrogen atoms 
were treated by means of the SHAKE algorithm.19 All MD 
simulations were carried out using the pmemd.cuda module of 
AMBER 12 working on GTX580 GPU cards.  The root mean 
square deviation (RMSD) and radius of gyration (Rg) data were 
extracted from the MD trajectories with the ptraj module of 
AMBER 12 and were used to assess the equilibration of each 
dendrimer (see SI).  In this respect, while a simulation time of 
250 ns was enough for 2 and 4 to reach the equilibrium with 
good stability, having a sufficiently long equilibrated phase to 
allow for satisfactory analysis of the MD trajectory (the last 100 
ns of MD simulations), a longer simulation time was necessary 
for 3 (400 ns).   
The enthalpy (H) values for 2-4 dendrimers were calculated 
directly from the equilibrated phaseMD trajectories according 
to the MM-PBSA approach.20  H is the sum of the total gas-
phase in vacuo non-bond energy (ΔEgas) of the dendrimers and 
of a solvation term (ΔGsolv = ΔGPB + ΔGNP).21  The polar 
component of ΔGPB was calculated according to the Poisson-
Boltzmann22 (PB) approach with a numerical solver 
implemented in the pbsa program of AMBER 12.23 The non-
polar contribution to the solvation energy was calculated as 
ΔGNP = g (SASA) + b, in which g = 0.00542 kcal/Å2, b = 0.92 
kcal/mol, and the solvent-accessible surface area (SASA) was 
estimated with the MSMS program.24   
 
General procedure for deprotection.  Compound 1-Boc 
(0.417g, 0.125mmol) is disssolved in concentrated HCl (3mL) 
and methanol (3mL) and stirred for 15 h at room temperature.  
After evaporating the reaction mixture under vacuum, the 
residue is dissolved in dichloromethane, washed with 5 M 
NaOH (aq), and passed through a phase separator (Whatman).  
Evaporation of the organic phase yields 1 (0.316g, 
quantitative).  
 

General procedure for addition of macromonomer.   A 
solution of 1 (0.160g, 0.063mmol), 9 (1.44g, 1.01mmol), and 
diisopropylethylamine (0.19 mL, 1.0 mmol) in 0.6mL of THF 

is stirred at 75°C for 6 days in a pressure relief reaction vial.  
After evaporation of the reaction mixture, the residue was 
dissolved in dichloromethane and washed with brine.  The 
organic layer was passed through a phase separator (Whatman), 
and evaporated under vacuum. The solid was purified by silica 
gel chromatography (100% dichloromethane to 9:1 
dichloromethane:methanol). Compound 12 (0.576g, 67%) was 
recovered as a white solid.  
Acknowledgements 
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The choice of linking diamine has profound influence on the solubility of triazine dendrimers.  
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