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ABSTRACT: Polymeric assemblies, such as micelles, are gaining increasing attention due to their ability to serve as 
nanoreactors for the execution of organic reactions in aqueous media. The ability to conduct transformations, which 
have been limited to organic media, in water is essential for the further development of the important fields of green 
catalysis and biorthogonal chemistry, among other fields. In light of the recent progress in the expanding the scopes of 
reactions that can be conducted using nanoreactors, we aimed to gain deeper understanding of the roles of the hydro-
phobicity of both the core of micellar nanoreactors and the substrates on the reaction rates in water. Towards this goal 
we designed a set of metal-loaded micelles, composed of PEG-dendron amphiphiles and studied their ability to serve 
as nanoreactors for a palladium mediated depropargylation reaction of four substrates with different LogP values. Us-
ing dendrons as the hydrophobic block, allowed us to fine tune the lipophilicity of the dendritic end-groups and study 
how precise structural changes in the hydrophobicity of the amphiphiles affect the reaction rates. The kinetic data 
revealed linear relations between the rate constants and the hydrophobicity of the amphiphiles (estimated by the den-
dron’s cLogP), while exponential dependence was obtained for the lipophilicity of the substrates (estimated by their 
LogP values). Our results demonstrate the vital contributions of the hydrophobicity of both the substrates and am-
phiphiles on the lipo-selectivity of nanoreactors, illustrating the potential of tuning hydrophobicity as a tool for opti-
mizing the reactivity and selectivity of nanoreactors.  
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INTRODUCTION 
 While an aqueous environment is essential for all living systems, using water as a solvent does not necessarily trans-

late well for conducting organic reactions and in particular   organometallic chemistry.  The limited applicability of 
water as reaction media emerges from the fact that the majority of the chemicals used in such reactions are lipophilic, 
in addition to the risk of poisoning the reactive species/catalysts by water molecules. Nevertheless, the development 
of methodologies for conducting organic reactions in aqueous media has a significant influence on various fields, from 
synthetic biology and therapeutic biomaterials to green chemistry. 1–9 
Polymeric micelles can act as nanometer-sized flasks for conducting organic reactions in water.10 Micelles can provide 
solubility and protective environment for the lipophilic reactants, shielding them from the surrounding aqueous envi-
ronment.11,12 In recent years, significant progress in conducting organic transformation and specifically organometallic 
reactions has been reported by Lipshutz,12–17 Meijer,3,18,19 Unciti-Broceta5,20–24 Zimmerman,25–27 and others.28–32 The 
ability to perform organometallic reactions in aqueous media can contribute significantly to increasing the sustainabil-
ity of organic synthesis by reducing the usage of organic solvents. Furthermore, the development of metal loaded nano-
reactors can open new horizons for broadening the scope of bioorthogonal approaches. Furthermore, Despite the great 
progress in this field, the rational design of micellar systems as nano reaction-vessels is still a huge chemical challenge, 
mostly due to the lack of broader knowledge on the structure-activity relations of these systems. 
To gain better understanding of the function of micellar nanoreactors as reaction media, we aimed to systematically 
study the influence of the hydrophobicity of both the core of the micelles and the substrate on reaction rates in water. 
We chose the palladium-mediated O-propargyl cleavage,33–42 as a model reaction, due to its potential to serve as 
bioorthogonal approach for the activation of prodrugs.4,5,7,43 Towards this study, we developed metal-embedded mi-
cellar system, using high molecular precision linear-dendritic amphiphiles. The usage of dendrons with different alkyl 
end-groups as the hydrophobic blocks of the amphiphiles was envisioned to grant us maximal molecular control over 
the lipophilicity of the micellar core when studying the rates of our model reaction. To evaluate the impact of the sub-
strate’s hydrophobicity on the reaction rate, we also synthesized low molecular weight propargyl-modified compounds 
with different degree of lipophilicities and used them in our model depropargylation reaction. This methodology al-
lowed us to estimate the individual impact of the lipophilic microenvironment of the micellar core and the hydropho-
bicity of the substrates on the reaction rate (Figure 1). 

 

Figure 1. Schematic illustration of palladium loaded micellar nanoreactors based on PEG-dendron amphiphiles for the 
depropargylation of substrates with increasing degree of lipophilicity.  
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RESULTS AND DISCUSSION 
Molecular design and synthesis of amphiphiles 
For the micellar framework, we designed amphiphilic hybrids based on a commercial 5kDa mono-functional poly-

ethylene glycol (mPEG) as a hydrophilic block, and a dendron with four aliphatic end-groups as the hydrophobic 
block. For the metal catalyst, we chose to work with a simple palladium (II) acetate salt, which has poor aqueous solu-
bility. The hydrophobic micellar core should encapsulate the lipophilic metal salt, affording its solubilization in water, 
as well as providing the required microenvironment for the organometallic reaction. Our synthetic methodology was 
aimed to be modular and step-efficient. In addition, it gave us high molecular control over the degree of hydrophobicity 
by simply tuning the length of the aliphatic end-groups. The amphiphiles were synthesized in only two high yielding 
steps, starting by conjugating mPEG-amine (mPEG5k-NH2) with an activated para-nitrophenol ester of di-propargyl 
branching unit (PNP-BU) to yield a stable amide bond. Thiol-yne reaction of the di-alkyne functionalized mPEG 
(mPEG5k-diyne) with five different linear aliphatic thiols with lengths ranging from 6 to 14 carbons, allowed us to 
produce dendritic structure containing two 1,2 di-mercaptoethers moieties in each dendron (Scheme 1). 1H-NMR, 
GPC, HPLC and MALDI-TOF MS measurements were used to verify the synthetic conversion and the product's pu-
rity and polydispersity, and the experimental results showed excellent correlation with the expected values as can be 
seen in the supporting information. 

 

Scheme 1. Synthetic route for mPEG5k-D-(CX)4 amphiphilic hybrids. X refers to the number of carbons at the aliphatic chain. 
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Self-assembly into micellar nanoreactors  
Once completing the synthesis of the five amphiphiles, we wished to examine their self-assembly into micellar struc-

tures in aqueous media (phosphate buffer saline - PBS, pH 7.4, 37°C). First, we measured their critical micelle concen-
tration (CMC) values using the Nile Red method.44 Due to the minor differences of only few carbons between the 
chemical structures of the amphiphiles, we expected a slight decrease in the CMC value as the length of the aliphatic 
end-groups increased. As seen in table 1 and Figure S17-S22, the CMC values for mPEG5k-D-(CX)4 amphiphiles 
ranged between 4±1 µM for the C6 amphiphile to 3±1 µM for the C14 amphiphile. The obtained values indeed showed 
the expected trend, which correlates well with previous reports.45 
After confirming the self-assembly of nanostructures in aqueous environment, we used dynamic light scattering (DLS) 
to measure the sizes of the formed structures. We determined the diameters of the assembled structures to be in the 
range of 14-31 nm (table 1), which indicates that the amphiphiles self-assembled into nano-sized micelles. As expected, 
the amphiphiles with longer hydrophobic aliphatic end-groups formed larger structures, while the ones with shorter 
end-groups gave smaller sizes. It is interesting to note that although the change in the length of the end-groups is rela-
tively small, a disproportional increase in diameter was observed, indicating on increased packing and higher aggrega-
tion numbers of polymeric amphiphiles with longer aliphatic end-groups.46 Transmittance electron microscopy 
(TEM) was further used to validate the formation of spherical structures with similar diameters (Figure S24).  
Since the vicinal ether/thio-ether functional groups present throughout the dendritic architecture can potentially act 
as chelating sites for the palladium, we wished to assess the effect of the presence of the metal salt on the nanostructures. 
We combined the amphiphiles and the palladium acetate salt at a 1:2 molar ratio in acetone and mixed them briefly. 
After evaporation of the organic solvent, the mixture was re-dissolved in PBS and DLS size measurements were con-
ducted. While for the metal-free nanostructures, we could observe a clear trend, where the amphiphiles with longer 
hydrophobic aliphatic end-groups formed larger structures, metal addition to the micelles changed the tendency dras-
tically. Interestingly, in the presence of palladium salt, the different amphiphiles self-assembled into smaller structures 
with relatively similar sizes in the range of 12-16 nm (table 1). Whereas the diameter for all amphiphiles was reduced, 
the most significant change in diameter was measured for the C14 amphiphile – from a 31 nm without the metal to 
only 13 nm after its addition. The results confirm the formation of micelles also in the presence of the metal salt and 
suggest a change in the packing of the micellar structures making them more compact, which might indicate the for-
mation of palladium complex within the micellar core. TEM images provided further validation of the smaller sizes and 
spherical shape of the metal loaded micelles (Figure S24). 
To further evaluate whether there is a formation of palladium complexes within the dendritic branches in the micelles, 
we performed a complexation experiment using a combination of C12 amphiphile and the palladium acetate salt. We 
prepared a series of solutions with different molar ratios of metal to amphiphile, ranging between 0% to 200%, in CDCl3 
and monitored the complex formation by 1H-NMR (Figure S25). The results show that upon increasing percentage 
of the metal salt, the peaks of the protons near the vicinal ether/thio-ether groups were significantly broadened until 
entirely disappeared from the spectrum. This peak broadening is indicative of complex formation at or near these sites, 
causing decreased mobility and hence short relaxations times. It is interesting to notice that besides the mentioned 
sites in position α and β to the thio-ethers, the rest of the carbons of the aliphatic end-groups did not seem to be affected 
by the complexation.  

 
Studying the effect of hydrophobicity on the rate of the depropargylation reaction 

Tuning the nanoreactor’s hydrophobicity  
Once the palladium loaded micelles were characterized, we wished to examine their ability to conduct the depropar-

gylation reaction and study the effect of increasing the hydrophobicity of the amphiphile on the reaction rate.  As a 
model substrate for the depropargylation reaction, we synthesized a PNP-propargyl ether (PNPPE), which upon 
cleavage of O-propargyl group should transform back to PNP.  Importantly, the PNP product has a lower logP value 
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in comparison to the PNPPE substrate (Table 2), indicative of its higher solubility in water. This may facilitate the 
reaction, which is likely to take place inside the hydrophobic microenvironment of the micellar core. The hydrophobic 
substrate will tend to migrate into the micellar structures due to its low solubility, and once transformed into the more 
hydrophilic product, it will be able to migrate back to the outer aqueous environment. 

 
Table 1. Amphiphiles and their properties 

Amphiphile End-group Mn

a
 

(kDa) 

Ð Mp

b
 

(kDa) 

Mn

c 

(kDa) 

CMC
d
 

(µM) 
DH

e
 

(nm) 

DH

f
 

(nm) 

cLogP
g
 

C6 Hexyl 5.0 1.08 5.8 5.8 4 ± 1 14 ± 1 12 ± 3 13.2 

C8 Octyl 5.6 1.04 6.0 5.9 4 ± 1 21 ± 3 13 ± 3 17.4 

C10 Decyl 5.9 1.05 6.1 6.0 3 ± 1 23 ± 4 15 ± 2 21.7 

C12 Dodecyl 6.1 1.05 6.2 6.2 3 ± 1 23 ± 5 16 ± 4 25.9 

C14 Tetradecyl 6.2 1.05 6.4 6.3 3 ± 1 31 ± 4 13 ± 8 30.1 

 
Table 1. (a) Measured by GPC using PEG commercial standards. (b) Measured by MALDI-TOF MS. (c) Calculated based 
on mPEG5kDa and the expected exact mass of the dendrons. (d) Determined using Nile red method. (e) Hydrodynamic 
diameter measured by DLS of micelles formed from amphiphiles only. (f) Hydrodynamic diameter measured by DLS of 
micelles with encapsulated Pd(OAc)2 salt. (g) Calculated for only the dendritic group of the amphiphile via ChemDraw 
Version 18.2.  

 

To prepare the metal loaded micelles, the palladium salt and the different amphiphiles were dissolved separately in 
acetone, mixed and stirred briefly, followed by evaporation of the organic solvent and rehydration in PBS as described 
before. Finally, the PNPPE substrate was added and the reaction was monitored by HPLC. A sample of amphiphile 
and substrate in the absence of palladium was used as a control for monitoring the stability of the substrate solution 
over time and to ensure its hydrolysis cannot be catalyzed by the micellar system alone. A control of substrate and 
metal in the absence of the micellar structures could not be measured since both compounds have poor water solubil-
ity. 
To evaluate the propargyl cleavage rate of the substrate, we measured the area under the curve (AUC) of the substrate’s 
peak at each chromatogram (Figure 2A) and plotted the decrease in concentration (in %) as a function of time (Figure 
2B). To evaluate the kinetics of the reaction, a natural log of the normalized experimental data was plotted against time 
(figure 2C), providing a linear equation correlating with first-order reaction	ln[A]=−kt+ln[A]0.		The	rate constant (k) 
values were calculated based on the above first-order equation and the theoretical half-life (t1/2) values were calculated 
from t1/2=ln(2)/k.  The k and t1/2	values are presented alongside the experimental value of t1/2	in	table	2. These ex-
periments indicate that the reaction occurs faster as the aliphatic end-groups are longer, with k values being almost 
double when changing from C6 to the C14 amphiphile (table 2). These results highlight the importance of the hydro-
phobicity of the nanoreactor in the execution of the propargyl cleavage reaction. Furthermore, it demonstrates how 
small structural changes, of only few carbons in the hydrophobic block of the amphiphiles, can have a remarkable in-
fluence on the activity of the nanoreactor. 
To compare between the different amphiphiles and gain an indication for the influence of the amphiphiles’ hydropho-
bicity on the reaction rate,	the	calculated	k	values	were	plotted	against	the	dendrons’ cLogP values (figure 2D). 
Although it is clear that the amphiphile’s overall hydrophobicity should be lower due to the hydrophilic PEG block, 



6 

 

the dendrons’ cLogP could give us a quantitative parameter that is a key part of the total hydrophobicity of the am-
phiphile. The results indicate a linear correlation between the cLogP of the dendrons and the reaction rates, empha-
sizing the importance of the hydrophobicity of the nanoreactors in the execution of the reaction. 

 

 

Figure 2. O-Propargyl cleavage kinetics of PNPPE substrate after treatment with metal-loaded micelles composed from 
amphiphiles with different degrees of hydrophobicity; A) Representative HPLC chromatogram overlay (taken at 307 nm), 
showing the transformation of PNPPE (1) to PNP (2). [Amphiphile] = 42 µM; [Pd(OAc)2] = 83 µM; [PNPPE] = 166 µM. 
B) Normalized PNPPE consumption over time. C) Natural log of the normalized experimental kinetic data. D) cLogP val-
ues of the amphiphiles’ dendrons plotted against the calculated rate constants.  

 
After observing the linear influence of the hydrophobicity of the nanoreactor on the propargyl-cleavage reaction for 
the PNPPE substrate, we wished to repeat these experiments using a different propargyl-containing substrate. We de-
cided to synthesize 4-(propargyloxy)benzoic acid propyl ester (PropylBPE, Figure 4) in order to examine whether the 
kinetic trends will be kept or were they specific to the PNPPE substrate.  
The PropylBPE substrate was incubated with all five different metal containing micelles, following the same protocol 
as described above and the reaction was monitored by HPLC. The kinetic results (Figure 3) demonstrated a remark-
able similar trend as obtained for the propargyl-cleavage for PNPPE, showing a linear correlation between the calcu-
lated k values and the cLogP of the dendrons. Thus, indicating that the effect of the nanoreactor’s hydrophobicity on 
the reaction rate isn’t limited to a specific substrate. Although the linear trend was preserved, we have noticed that the 
reaction rates were faster for the PropylBPE substrate (table 2). The Propyl-based substrate is more lipophilic and has 
a higher logP value than PNPPE substrate, which indicate its higher tendency to migrate into the hydrophobic core of 
the micelles, resulting in faster reaction rate.  The higher k values for the PropylBPE in comparison to the PNPPE imply 
that the hydrophobicity of the substrate has additional effect on the reaction rate in presence of the micellar nanoreac-
tors.  
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Figure 3. O-Propargyl cleavage profile of Propyl substrate after treatment with metallic-micelles composed from am-
phiphiles with different degrees of hydrophobicity; A) Representative HPLC chromatogram overlay (taken at 252 nm), 
showing the transformation of Propyl substrate (1) to its’ de-propargylated product (2). [Amphiphile] = 42 µM; 
[Pd(OAc)2] = 83 µM; [PropylBPE] = 100 µM. B) Normalized Propyl consumption over time. C) Natural log of the nor-
malized experimental kinetic data. D) cLogP values of the amphiphiles’ dendrons plotted against their corelated calculated 
rate constant. 

 
Adjusting the substrates’ hydrophobicity  
To evaluate how the hydrophobicity of the substrate will affect the reaction rate, we decided to design two additional 

derivatives of the Propyl-containing substrate, which would have either higher or lower lipophilicity. The two addi-
tional substrates were synthesized by replacing the propyl-ester group with either hexyl or diethylene glycol (DEG) 
ester, yielding HexylBPE and DEGBPE substrates, respectively (Figure 4). 
To examine the effect of the hydrophobicity of the substrate, HexylBPE and DEGBPE were incubated with C6 and 
C14 based micellar nanoreactors, following the same protocol as described above. The propargyl cleavage profiles and 
reaction rates of the different substrates are presented in Figures 5 (A and B) and table 2, alongside with the kinetic 
data acquired for the Propyl-based substrate. 
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Figure 4. Structures of substrates for the depropargylation reaction. 

Table 2. Propargyl containing substrates – properties and kinetic analysis. 

Entry Substrate Substrate 
LogP# 

Product 
LogP# 

Amphiphile k (h
-1

) t1/2

 
calc. (h) t1/2 exp. (h) 

1 

PNPPE 2.1 1.4 

no am-
phiphile* 0.077 9.0 7.5 

2 C6 0.054 12.9 12.7 

3 C8 0.061 11.4 11.5 

4 C10 0.067 10.4 10.2 

5 C12 0.078 8.9 8.5 

6 C14 0.091 7.6 7.5 

7 

PropylBPE 2.8 2.3 

no am-
phiphile* 0.094 7.4 6.2 

8 C6 0.27 2.5 2.8 

9 C8 0.33 2.1 2.5 

10 C10 0.35 2.0 2.3 

11 C12 0.40 1.7 2.1 

12 C14 0.42 1.6 2.0 

13 

DEGBPE 1.6 1.2 

no am-
phiphile* 0.12 5.7 5.7 

14 C6 0.035 20.0 18.0 

15 C14 0.055 12.7 11.0 

16 

HexylBPE 4.0 3.5 

no am-
phiphile* 0.082 8.5 7.9 

17 C6 1.9 0.4 0.7 

18 C14 3.0 0.2 0.3 

 
Table 2. LogP values and kinetic parameters (reaction rate, k, calculated and experimental t1/2 values) for the different pro-
pargyl containing substrates. # = Calculated via ChemDraw Version 18.2 * = PBS:Acetone mixture (1:1 v/v).  

The results show a clear trend, where the more hydrophobic substrates reacted faster, indicating the significant impact 
of this factor on the reaction rate. The faster reaction rate can be contributed to the higher tendency of the substrates 
to migrate into the micellar nanoreactor as their lipophilicty increases as previously reported for other polymeric nano-
reactors.25,47  
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To estimate the relative effect of the substrate lipophilicity on the reaction rates, the calculated k values for all four 
substrates in the presence of both C6 and C14 catalytic micelles were plotted against the substrates’ logP values (Figure 
5C). Importantly, when comparing the contributions of the substrate and micellar nanoreactor hydrophobicity, it ap-
pears that while the amphiphiles cLogP values showed linear correlation with the reaction rates (Figures 2D and 3D), 
the substrate’s LogP values yielded exponential correlation (Figures 5C and 5D). These results imply that the substrate 
lipophilicity plays a more significant role in determining the rate of the reaction. Interestingly, when comparing the 
kinetic data for the different substrates with the C6 and C14 based nanoreactors, similar slops were observed when 
plotting the k values in logarithmic scale against the substrates’ logP value (Figure 5D). These results indicate that the 
amphiphilicity of the nanoreactors maintained its relative impact on the reaction even when the lipophilicity of the 
substrates changed drastically. 
To ensure that the observed kinetic trends are not the result of specific metal-substrate interactions, which are inde-
pendent of the hydrophobic microenvironment of the nanoreactors, we have performed a control experiment in the 
absent of the micelles. Instead of the micellar set-up, the reaction took place in a mixture of Acetone: PBS (1:1 v/v) as 
reaction media, whereas the concentrations of the palladium acetate salt and the different substrates remained the same 
as for the micellar experiments. All four substrates showed relatively similar reaction rates in the range 0.08-0.12 h-1 
(Table 2), which are of the same order of magnitude as the PNPPE substrate in the presence of the micellar nanoreac-
tors (Figure 5C,5D, S30). These results demonstrate yet again the high favorability of the micellar nanoreactors to-
wards more hydrophobic substrates, emphasizing the potential of using such systems for execution of organic reactions 
in aqueous environment.  
	

	

Figure 5. O-Propargyl cleavage profile of Hexyl, Propyl, PNPPE and DEG substrates; A) Normalized substrate consump-
tion over time, in the presence of C6 (dashed lines) and C14 (full lines) metallic-micelles. [Amphiphile] = 42 µM; 
[Pd(OAc)2] = 83 µM; [Substrate] = 100 µM. B) Natural log of the normalized experimental kinetic data. C) Calculated rate 
constants values in the presence of C6 micelles (red), C14 micelles (blue) and Acetone+PBS (1:1 v/v) set-up (black) plot-
ted against the substrates logP values. D) Logarithmic representation of graph C.	
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  CONCLUSIONS 
In this work we wished to study how the hydrophobicity of micellar nanoreactors and substrate would affect the rate 

of a model organo-metallic reaction being executed in water. As a model reaction we selected the bioorthogonal palla-
dium-mediated depropargylation reaction, which has a potential for biomedical and therapeutic applications such as 
the activation of probe molecules and prodrugs. Our nanoreactor platform was based on palladium loaded micelles 
composed of PEG-dendron amphiphiles. To evaluate the influence of changes in the lipophilicity of both the nanore-
actor and the substrate on the reaction rate, we synthesized a small library of five amphiphiles, which varied in the 
length of their aliphatic end-groups, and four propargyl-modified substrates with varying degree of hydrophobicity.  
Kinetic analysis of the experimental data highlighted the crucial effect that the amphiphiles composing the nanoreactor 
have on the reaction rate, where the more hydrophobic hybrids yielded faster kinetics. Taking advantage of the high 
molecular precision, which emerges from the utilization of dendrons as the hydrophobic core forming block, we fine-
tuned the hydrophobicity of the amphiphiles by adjusting the number of carbons in the aliphatic end-groups. This 
molecular precision allowed us to demonstrate how small structural changes of only few carbons, have a significant 
impact on the reaction rate. Interestingly, we found a linear correlation between the cLogP values of the dendritic block 
and the reaction rate, and observed that this trend is not limited to a specific type of substrate.  
In addition, we showed that the hydrophobicity of the substrate had even a bigger impact on the kinetics of the model 
reaction, as exponential correlation was found between the LogP values of the substrates and the observed reaction 
rates. These results together with the kinetics for a control reaction media composed of acetone/water mixture, which 
showed similar rates for all substrates, indicated on the high selectivity of the micellar nanoreactors toward the more 
hydrophobic substrates. Understanding the mutual contributions of the hydrophobicity of both the substrate and the 
micellar microenvironment on the reaction rate, provides essential knowledge towards the rational design of nanore-
actor systems, for fields ranging from green chemistry to therapeutic applications involving bioorthogonal catalysis for 
the activation of prodrugs in living systems.  
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