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We report here the first use of adendrimer for catalysis. 
The rates of unimolecular decarboxylation of 6-nitrobenz- 
isoxazole-3-carboxylate (1; eq 1) and bimolecular hydrolysis 

of p-nitrophenyl diphenyl phosphate (2) catalyzed by 
o-iodosobenzoate ion (IBA; eq 2) are accelerated by the 
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quaternary ammonium ion dendrimer PE-TMA36. 
The catalytic effect of PE-TMA36 is analogous to that 

of other colloidal and polymeric quaternary ammonium 
ions. Micelles,l"' microemulsions,ld bilayer veaicles,'"dW 
polyelectrolytes,2 latexes: and anion-exchange resins4 
often enhance rates of chemical reactions in aqueous 
mixtures. The rate enhancements may arise from high 
concentrations of reactants bound to the association colloid 
or polymer, to greater reactivity of the bound reactant 
than in water, or to both. For example, the observed rate 
constants of the unimolecular decarboxylation of 1 range 
from 220 to 10500 times greater than in water using 
hydrophilic poly[ (styryhethyl) trimethylammoniuml ion 
and lipophilic poly[ (styrylmethyl)tributylammoniuml ion 
latexes, respectively, and the intraparticle rate constants 
are 310 and 21 OOO times greater a t  ambient tem~erature.3~ 
Similarly, the bimolecular rate constants of hydrolysis of 
2 catalyzed by IBA are 730 to 6300 times greater than in 
water using the same quaternary ammonium ion latexes.gcld 

The kinetics of reactions in micellea,'G micn>emulsions,lj 
vesicles,lkJ polyelectrolytes>~ and l a t e ~ e s ~ ~ p ~  all have been 
described by fundamentally the same model, in which the 
overall rate of reaction is the sum of the rates of reaction 
of the species bound to the polycation and of the unbound 

PES-TMA icdide(36) 

species in water (eq 3). The overall rates depend upon the 

(3) 

rate constants k, and k, and upon the equilibrium 
constants for partitioning of the reactants between the 
two phases. In all cases the local equilibrium concentra- 
tions of lipophilic organic anions are much higher in the 
polymer phase or colloidal pseudophase than in water. 
The rate constants of reactions in the two phases depend 
on the reactivity of the anion, which is generally higher 
in organic media than in water, where the ground state of 
the nucleophile is stabilized by hydrogen bonding. 

Dendritic polymers made by stepwise divergent or 
convergent synthesis can have many different functional 
groups on the surface? We have used the quaternary 
ammonium iodide PE-TMA36 prepared from the cor- 
responding primary amine by complete alkylation with 
methyl iodide.6 For purposes of understanding the 
catalytic effects, PE-TMA36 is an excellent example of a 
polycation having a high concentration of ions only on the 
surface. It is a polymeric micelle. Other known dendritic 
polyamines have functional groups both inside and on the 
surfacewtg and if quaternized would not allow differentia- 
tion of the effects of interior from exterior ammonium 
ions on rates of reaction of bound anions. 

The rate constants of decarboxylation of 6-nitrobenz- 
isoxazole-3-carboxylate in water, reported in Table 1, show 
that the reaction in the presence of dendrimer PE-TMA36 
is 10 times faster than with the analogous smaller den- 
drimer PE-TMAl2,20 times faster than in water alone, 
and 10 times slower than with the hydrophilic polystyrene 
latex TMAQGOxl that contains 60 mol % of (styryhethy1)- 
trimethylammonium ion repeat units. An experiment (not 
shown) with the tetrakis(quaternary ammonium iodide) 
analogous to P E - T U 3 6  gave a reaction at a rate no 
different from that in water. Experiments with varied 
concentrations of the dendrimer, and analysis of the data 
by an enzyme-like mechanism,'d enable dissection of the 
overall effect of the dendrimer into equilibrium and kinetic 
effects reported in Table 2 as binding constant K and the 
ratio of the catalytic rate constant k, to the rate constant 
in water k,. 

rate = k,[Sl, + k,[S]b 
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Table 1. Rate Constants of Decarboxylation of 1 at 25.0 O C  

polymep mg/mLb 109[N+l (MIc 1 V k a  ( ~ - 9 ~  k O d k w e  
PE-TMA36 0.477 1.77 5.87 18.9 
PE-TMA36 0.762 2.83 6.47 20.9 
PE-TMA36 1.14 4.25 6.81 22.0 
PE-TMA12 1.12 4.24 0.65 2.1 
TMAQ6Oxlf 0.559 1.91 68 220 

a Concentration of 1 was 7.82 X 1od in PE-TMA36 experiments 
and 13.04 X 1od M in the TMAQ6Oxl experiment. The kinetic 
method is described in ref 3b. b The amount of polymer used. 
Concentration of quaternary ammonium units. In 2 mM NaOH. 

OThe first-order rate constant in water was k, = 3.1 X 1P s-l. 
f Reference 3b. 

Table 2. Binding Constants and Rate Constants of 
Decarboxylation of 1 

PE-TMA36d 0.0772c 25 1700 
TMAQ60xld 0.95 310 1300 
TMAQ39xld 1.0 340 2600 

cetyltrimethylammonium bromidee 0.387 130 

1-methyl-4-dodecylpyidinium 0.342 160 1160 

TMAQ24xld 65 21000 1200 

cetyltributylammonium bromidd 8.53 2800 2to5000 

tri-n-octylethylammonium 27 9000 5000 
iodid# 

methanesulfonateh 
a k, = intrinsic rate constant in the colloidal pseudophase. b The 

first-order rate constant in water, k, = 3.1 X 10%-l. The correlation 
coefficient ( r )  in the Menger-Portnoy analysis was 0.999. Reference 
3d. e Bunton, C. A.; Minch, M. J.; Hidalgo, J.; Sepulveda, L. J. Am. 
Chem. SOC. 1973,95, 3262. f Germani, R.; Ponti, P. P.; Romeo, T.; 
Savelli, G.; Spreti, N.; Cerichelli, G.; Luchetti, L.; Mancini, G.; Bunton, 
C. A. J. Phys. Org. Chem. 1989,2,533.8 Engberta, J. B. F. N.; Rupert, 
L. A. M. J. Org. Chem. 1982,47,5015. Biresaw, G.; Bunton, C. A. 
J.  Phys. Chem. 1986,90,5854. 

The decarboxylation of 1 is the most sensitive to solvent 
of any known organic reaction, being lo8 times faster in 
hexamethylphosphoramide than in water.7 It has been 
studied in numerous other polymeric and colloidal media, 
and selected examples of micelles are compared with the 
dendrimer and latex results in Table 2. The results show 
differences of equilibrium binding constants of less than 
a factor of 5 among these colloids, including dendrimer 
PE-TMA36, whereas the relative rate constants vary over 
a factor of 840, being fastest in the lipophilic poly- 
(styrylmethy1)tributylammonium ion latex TMAQ24x1 
and slowest with the dendrimer PE-TMA36. The major 
environmental effect controlling the rate of decarboxy- 
lation of 1 is stabilization of the ground-state carboxylate 
ion by hydrogen bonding.7c The relatively slow rate 
constant with the reactive anion bound to PE-TMA36 
shows the dendrimer surface to be more hydrated than 
the interiors of any of the quaternary ammonium ion 
latexes and more hydrated than the surfaces of any of the 
quaternary ammonium ion micelles. 

The hydrolysis of p-nitrophenyl diphenyl phosphate 
(2) catalyzed by IBA is markedly accelerated by micelles: 
microemulsions,~~~ and p o l y c a t i ~ n s . ~ ~ - ~ J ~  Rate constants 
in pH 9.1 buffer solutions containing PE-TMA36 are 
reported in Table 3. A plot of k o b d  vs IBA concentration 
gave second-order rate constant krBA = 0.60 M-l s-l, 
compared with kIBA = 0.51 M-' s-l in TAPS [3-[[tris- 
(hydroxymethyl)methyl]aminolpropanesulfonic acid] 
buffer solution alone. The rate enhancement by PE- 
TMA36 is small but significant. Under similar conditions 
the hydrophilic latex TMAQ6Oxl gave ~ I B A  = 370 M-' s-1 
and a much faster pseudo-first-order rate constant, as 
reported in Table 3. Two equilibrium constants, for 
binding of IBA and for binding of 2 to the polycation, and 

Table 3. Rate Constants of Hydrolysis of pNitropheny1 
Diphenyl Phosphate Catalyzed by IBA with Dendrimers 

and a Latex. 
mg/mLb 109[N+l (M)c l(r[IBAl (M) 1 0 . ' k , ~  (8-9 

PE-TMA36 0.770 2.86 3.85 4.13 
PE-TMA36 0.770 2.86 3.10 3.85 
PE-TMA36 0.770 2.86 2.33 3.14 
PE-TMA36 0.770 2.86 1.56 2.85 
P E - T U 3 6  0.385 1.43 1.56 2.56 
PE-TMAl2 0.788 2.99 3.10 2.47 
TMAQ6Oxl 0.20 0.682 3.85 1425d 
buffer only 3.10 2.28 

a 5.0 X 10-2 M TAPS buffer, pH 9.10,1.95 X lod M 2. The kinetic 
method is described in refs 3c,d. b Amount of dendrimer. C Concen- 
tration of quaternary ammonium ions. d Calculated from k o w  = 
km~[1BA] and ~ I B A  = 370 M-' s-l in Table 3 of ref 3d. 

the intraparticle second-order rate constant of reaction of 
the bound species determine the overall second-order rate 
constant ~ I B A  of this reaction. The binding of IBA is an 
anion-exchange equilibrium, which can be expressed in 
terms of a selectivity coefficient 

where X = I- for the dendrimer, X = C1- for the latex, and 
subscripts b and f refer to bound and free anions. In latex 
TMAQ6Oxl KmAlc1 = 2.4 and KTAps/cl = 0.58.3d If we 
approximate (a) K I / c ~  = 10 for the dendrimer, as in a typical 
anion-exchange resin," and (b) the dendrimer has the same 
selectivity coefficients as latex TMAQGOxl, the fraction 
of the IBA bound to the dendrimer is 0.15 and to the latex 
is 0.33 under the conditions of the experiments of Table 
3 where [IBA] = 3.85 X 10-4 M. Thus a factor of 0.33/0.15 
= 2.2 faster rate in the latex than in the dendrimer is due 
to a higher concentration of bound IBA.12 The intrapar- 
ticle second-order rate constant for hydrolysis of 2 
catalyzed by IBA in the hydrophilic latex TMAQ6Oxl is 
the same as kIBA in water3d and will be about the same at  
the surface of dendrimer PE-TMA36. Therefore, since 
neither a much lower amount of IBA bound to the 
dendrimer nor a lower rate constant for reaction of IBA 
with 2 at the dendrimer surface can account for the much 
lower ~ I B A  in the 0.77 mg mL-l dendrimer PE-TMA36 
solution than in a 0.20 mg mL-l dispersion of latex 
TMAQGOxl, the rate difference is due mainly to a much 
lower equilibrium constant for binding of hydrophobic 
phosphate ester 2 to the dendrimer than to the latex. 

The surface of the dendrimer PE-TMA36 is more 
hydrophilic than the cores of latexes, the random coils of 
poly[(styrylmethyl)trimethylammonium chloride], and 
the cationic micelles investigated previously as media for 
reactions of anions 1 and IBA. The local concentration 
of quaternary ammonium ions at  the dendrimer surface 
is very high. In contrast, long-chain quaternary am- 
monium polyelectrolytes than can assume random-coil 
conformations have much lower local concentrations of 
ionic groups. The high density of quaternary ammonium 
ions limits binding of high concentrations of lipophilic 
organic compounds and allows strong hydrogen bonding 
of water to reactive anions. We expect that dendrimers 
having much more lipophilic quaternary ammonium ions 
on the surface, or even in the interior, would show larger 
rate enhancements for decarboxylation of 1 and IBA- 
catalyzed hydrolysis of 2. 
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