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The svnthesis and characterization of third- and fifth-generation poly(propylene imine) dendrimers ternunated
with imidazole moieties is reported. Functionalization was achieved using simple peptide coupling reagents.
These materials were characterized by MALDI-MS. NMR, and titration. The use of these endgroup-
functionalized dendrimers as catalysts for the hvdrolysis of 2.4-dinitropheny] acetate is described. Molecular
simulations provide a basis for interpreting the catalvtic data.
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Introduction

In this paper we describe the preparation. characterization.
and catalvtic activity of imidazole-modified dendrimers. The
lustory of the use of inudazole-modified polvmers for the
catalvtic hvdrolysis of activated esters is quite rich.
Particularly relevant to this work are the previous results of
Klotz"* and Overberger™* who independently demonstrated
that inudazole-modified polvmers are capable of exhibiting
cooperative catalvsis in which two neighboring imidazole
units served as general-acid/general-base catalvsts. Over-
berger used prunarily poly(vinyl imidazoles) while Klotz used
primarily poly(ethvlene imine) modified with imidazoles. In
the case of polv(viny¥l unidazole). the imidazole moieties are
close enough together to function cooperatively with no
further modifications. In the case of poly(ethyvlene imine).
hyvdrophobic groups or strongly interacting substrates (such
as sulfonates or carboxvlic acids) are necessary to observe
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cooperativity. Imidazole-modified cyclodextrins™’ and protein
loops® have also been used to rigidly hold imidazole units in
close proximity for cooperative catalysis of activated esters
and phosphodiesters.

In multi-imidazole general acid/general base catalytic
systems, cooperativity 1s established if the rate of hydrolysis
achieves a maximum when the solution pH equals the pK, of
the imidazole moieties. This occurs because the maximum
concentrations of acid and base are simultaneously present
under these conditions.

Dendrimers are a useful scaffold for designing catalytic
svstems. As the generation of a dendrimer increases. so does
the endgroup density; therefore, moieties held at the dendrimer
exterior may have a better chance to interact, enhancing the
statistical probability of achieving cooperative effects. Several
studies have mvestigated cooperative catalysis with dendrimers.
Detty and coworkers observed order-of-magnitude imcreases
n catalytic rate with increasing dendrimer generation for the
oxidation of bromide by phenylseleno-modified poly (benzyl
ether) dendrimers.™!"” In these studies. the authors attribute
the increased reaction rate to an increase i the density of
selemum groups and a possible increase in seleniumi-
selemum 1nteractions, which would enhance catalysis.
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Though this hypothesis was not proven conclusively, the
data suggested that this was the first example of positive-
cooperative (an increase in rate due to cooperating subunits)
interactions in modified dendrimers,

In another study, van Koten and coworkers noticed a
decrease in catalytic rate due to neighboring catalytic Ni([l)
groups of peripherally modified carbosilane dendrimers,"
As the generation of dendrimer increased, the interaction of
Ni groups resulted in the formation of Ni{lll) groups and
subsequent deactivation of the catalyst.

Finally, Jacobsen and coworkers have modified poly(amido
amine) dendrimer endgroups with [Co(salen)] catalysts.'” In
these studies, modified dendrimers were better catalysts than
monomeric or dimeric [Co(salen)] compounds, but inter-
estingly, the low generation dendrimers were better catalysts
than high-generation dendrimers for asymmetric ring-open-
ing reactions of epoxides. Steric constraints of increasingly
crowded high-generation dendrimers were thought to pro-
hibit the interaction of some catalyst sites in the high-
generation dendrimers,

Here, we hypothesized that imidazole-terminated dendri-
mers would promote catalytic hydrolysis of activated esters
by a general acidigeneral base mechanism. Specifically, we
thought that increasing the relative number density of
imidazole groups on a dendrimer surface by increasing the
dendrimer generation, and thereby decreasing the average
distance between imidazole groups, it would be possible to
observe cooperative catalytic effects. Accordingly, we pre-
pared imidazole-terminated third- and fifth-generation poly-
(propylene imine) dendrimers (PPI-Im, and PPI-Imgs,
respectively). Surprisingly, no cooperative catalytic effects
for the hydrolysis of 2. 4-dinitrophenyl acetate were observ-
ed. A possible explanation for this result, based on molecular
modeling, is proposed.

Experimental Section

Chemicals. Third- and fifth-generation amine-terminated
poly(propylene imine) dendrimers (DSM Fine Chemicals,
‘The Netherlands, PPI-(NHz).. X = 16 and 64 for generations
3 and 5. respectively) were dried on a Schlenk line for 4 h
prior to use. 4-Imidazole carboxylic acid (Aldrich, 98%).
triphenylmethyl chloride (Aldrich, 98%), dicyclohexylcarho-
diimide (DCC, Advanced Chemtech). hydroxybenzotriazole
hydrate (HOBt., Advanced Chemtech), anhydrous dichloro-
methane (Aldrich, 99.8%). and trifluoroacetic acid {1FA.
Acros, 99%) were also used as received. Benzoylated
dialysis tubing (MWCO ~2000) (Sigma) and 2.4-Dinitro-
phenyl acetate (DNPA, Acros, 95%) were used as received.

Procedures. 'Iriphenymethyl-protected 4-imidazole carbox-
ylic acid (trityl-ImCOOH) was prepared using a literature
procedure.'” Briefly, 3.178 g of 4-imidazole carboxylic acid
(0.0283 M) and 10 mL of anhydrous triethylamine were
dissolved in 30 mL of anhydrous dimethyl formamide. The
solution was stirred and 8.247 g (0.0295 M) of triphenyl-
methyl chloride was added. The solution was stirred over-
night. The trityl-imCQOOH was extracted from chloroform/
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Figure 1, '1T NMR (300 MI1z) of {a) PPI-Img and (b) PPI-Imy,,
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Figure 2. {a}) MALIM-MS of PPI-Ims: (b) MALDI-MS of PPI-
Imaa. the insct shows the full MS spectrum and fragmentation
obscrved.
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water and washed extensively with hexanes, 10% citric acid,
and brine. The chloroform was then evaporated. leaving
7.076 g (70% vield) of protected imidazole. '"H NMR in
CDCl; of the product displaved only a number of broad
overlapping peaks arising from the aromatic protons in the
region of 7-8 ppm. Chloroform was the only suitable
deuterated solvent found. and because the solvent peak
resides 1n this region (7.24 ppm) and due to the complex
splittings observed. integration could not be performed.
Accordingly, the product was used as recovered.

Dendrimers were functionalized by dissolving (separately)
PPI-(NH-)1s (92.9 mg = 0.0535 | mumol) or PPI-(NH-)s, (99.4
mg = 0.0139 mmol) in 10 mL of drv dichloromethane. Twvo
solutions of 334 mg (1 mmol) of tnt-ImCOOH. 230 mg (1.1
mmol) DCC, and 170 mg (1.1 mmol) HOBt were mixed
briefly in anhvdrous dichloromethane and then added to
each solution of dendrimer. After stiming for 48 h, the
solutions were concentrated, redissolved in chloroform. and
subsequently washed with brine, and saturated aqueous
Na»COs;. The chloroform laver was dried with anhvdrous
Na»SO; and evaporated to vield tritvl-imidazole modified
PPI dendrimers.

The dendruners were then dissolved in | : 1 CHxCl- : TFA,
resulting in the formation of a viscous. insoluble polvimer
precipitate. This solution was extracted with water and the
aqueous laver dialvzed (MWCO ~2000 dialysis tubing)
against water for 2 davs. The contents of the dialvsis bag
were then concentrated and dried on a Schlenk line over-
night, vielding imidazole-modified PPI-Im;¢ and PPI-IMs..
MALDI-MS were recorded on a Vovager Elite XL MALDI
time-of-flight mass spectrometer with a 337 nm pulsed
nitrogen laser. 2" 4'.6"-Trihvdroxyvacetophenone (PPI-Im;¢) and
trans-3-indoleacrylic acid (PPI-Imgy) were used for MALDI
matrices. '"H NMR (Figure 1) (protons found/protons calcu-
lated based on a perfect. fully functionalized dendrimer), '°C
NMR and MALDI-TOF data (Figure 2) for PPI-Ini¢ and
PPI-Ims4 are provided below.

PPI-Imys: (55.7 mg. 0.0174 mmol. 31% vield). '"H NMR
(300 MHz. D-0O/10% DCI): é 2.00 (60/60H br. NCH-CH--
CHaN. NCH-CH-CH-NH. NCH-CH-CH~CH:N). 3.20 (115/
116H br. N(CH-»);. CH-NH). 781 (13/16H. s. Im). 862
(12/16H. s. Im): "*C NMR (300 MHz. CDCls): 6 *C NMR
(75 MHz. D-O/10% DCIl): 6 183 (NCH-CH-CH-CH-N.,
NCH:CH-CH:N). 22.6 (NCH-CH-CH-NHCO). 36.2 (CHa-
CH-NHCO)., 48-51 (N(CH-)3). 120.1. 126.6. 135.0 (Imy).
158.1 (COY: IR (KBr pellets): amide I 1660 cm™. amide II
1533 cm™'; MS (MALDI-TOF) calculated for Ci:2H~Ns2Os:
3192 found 319297 [M + HJ".

PPI-Img;: (151.1 mg. 0.0114 mmol. 83% vield). 'H NMR
(300 MHz. D-0/10% DCI): 8 2.00 (252/252H br. NCHa--
CH-CH-N. NCH-CH-CH-NH. NCH-CH-CH-CH:N). 3.20
(486/500H br. N(CH-):. CH-NH). 7.63 (49/64H. s. Im). 8 59
(34/64H. s. Im). *C NMR (75 MHz. D-0/10% DC1): §18.2
(NCH~CH-CH-CH-N. NCH-CH-CHaN). 22.5 (NCH-CHa-
CH-NHCO). 36.1 (CH:CHANHCO). 48-31 (N(CHa)3). 119.9.
126.7. 135.0 (Im). 137.8 (CO). IR (KBr pellet): amide I
1664 cm™ . amide II 1554 cm™: MS (MALDI-TOF) calcu-
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lated for C533H1U|)3N354054: 131 88, found 12565.8 (see text).

Molecular Modeling. Modeling was performed in a
manner analogous to previous reports in the literature.!*!’
Molecular models were created using the Cerius” (version
4.0) software package (Molecular Simulations, Inc.; San
Diego. CA). The DREIDING'® force field version 2.21 was
used for optimization and molecular dynamics simulations.
Specifically. third- and fifth-generation PPI dendrimers were
constructed from a model of the previous generation by
adding the appropnate number of propyl amine branches.
The SMART algorithm and standard convergence settings
were used to energy minimize each generation. Molecular
dynamics (MD) simulations were then performed by the
NVT method (constant volume and temperature) using the
Nosé temperature thermostat (0.01 ps relaxation) for 10 ps at
1000 K, followed by 250 ps at 300 K with a step size of 1 fs.
The structures were again energy muminized. After obtam-
g models of each generation. all primary anuines were
functionalized with imdazole carboxylic acid groups, thereby
creating models of the dendrimers of interest. Mmumization
and dynamics were performed agamn, exactly as described
for the unmodified dendnmers. Static properties reported are
calculated based on the final minimized structure. Radii of
gyration. radial endgroup distributions, and carbonyl-carbonyl
distances are calculated on the basis of the last 50 ps of the
dynamics simulation, at which tine equilibnum had been
attained.

UV-Vis Spectroscopy. UV-vis measurements were made
with a HP8433 UV-vis absorption spectrophotometer. Time-
dependent measurements were recorded using the HP Chem-
station Kinetics Analysis package. Measurements were made
mm polystyrene cells using a stured and water-jacketed
sample stage maintained at 23 + 1 °C. Inudazole-modified
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Figure 3. Svnthesis of imidazole-tenminated PPI dendrimers.
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Figure 4. Final minmized structures of PPI-Imys; and PPI-Ime..
Structures were caleulated using DREIDING forcefield.

dendrimer and inudazole solutions were prepared in H-O
(3.0 mL total volume) with an appropnate buffer (30 mM
acetate buffers for pH < 6. 30 mM phosphate buffers for
pH > 6). The 1onic strength due to the buffer was 0.1 M.
Background spectra were recorded. and then 30 uL of 2.4-
dinitropheny] acetate (DNPA) dissolved in acetonitrile was
pipetted into the stirming solution. The mtial concentration
of DNPA was nominally 2.5x 10~ M. and the initial
concentration of catalyvst (imidazole endgroup) was nomin-
ally 3.5x 107 M. Spectra were recorded every minute
for 30 min following addition of DNPA. At the conclusion
of the kinetic measurements 10 gL of concentrated NaOH
were added to the solution and 30 min later the absorbance
was recorded to obtain a value for A~ (absorbance at
infmity).

Data were plotted as -In(A - —A;) vs. time (where A~ 1s the
measured absorbance at infinitv and A; 1s the absorbance at
time t). This resulted in a straight line, the slope of which 1s
the pseudo-first order rate constant. Amess. of hydrolysis. The
measured rate. Xyeqs. Was corrected for water hyvdrolysis by

—C— PPI-Im,
—a— PPHm,,

Occurrence {Nomalized)

Carbonyl to Carbony! Distance { )

Figure 5. Measurement of carbonyl to carbonyl distance for PPI-
Im;¢ and PPI-Imgs. Data are normalized to one at maximum.
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Figure 6. Measured distance of carbony] groups trom the core of
the dendrimer.

subtracting the rate obtained in buffer solution with no
catalvst present. Second-order rate constants. k. were
calculated by dividing the measured rate. £meq.. by the molar
concentration of imidazole present in solution.

pH Titrations. Titrations of PPI-(NH-);, PPI-(Im). (x =
16 or 64). and imidazole were carried out using a custom-
built autotitrator. An appropriate amount of amine (~2.2
UM) was dissolved in 3.0 mL of water and the pH adjusted
to below 3 with 238 mM HCI. A syringe pump (running at
0.2033 uL/s) titrated the solution with 0.1 M NaOH over a
period of approximately 1 h. The pH was recorded with a
Hamna pH 213 pH meter mterfaced to a computer that
recorded the pH at | point/s.

Results and Discussion

Standard peptide coupling protocols were used to synthe-
size imidazole-terminated third- and fifth-generation poly-
(propylene imine) dendrimers (PPI-Imys and PPI-Img.. respec-
tively. Figure 3). A wityl-protected version of 4-imidazole
carboxvlic acid was chosen for coupling to the dendrimer to
suppress possible inter-imidazole side reactions. or side
reactions with unconsumed DCC that could arise from
reactions with the secondary amine of the imidazole. leading
to an ambiguous product. Additionally. this synthetic strategy
will make it possible in the future to further modify the
secondary amine in a manner that encourages substrate bind-
ing. Purification by dialysis resulted in loss of significant
material in the case of PPI-Ims but provided sufficiently
pure materials without the need for chromatography.

Molecular models of the prepared materials were con-
structed and a dynamics simulation at 300 K was performed.
The final minimized structures of PPI-Imis and PPI-Imme are
shown in Figure 4. The calculated radii of gyration are 9.7
and 155 A for the two models. The distances between
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Figure 7. Titration (pH) of protonatable groups over the pH range
3-11

neighboring carbonyl groups of imidazole modifiers was
measured for the last 30 ps of the dvnamics simulation in an
effort to determine the effect of dendrimer generation on the
endgroup-endgroup interactions (it should be noted, how-
ever. that no compensation for the effects of pH or solvent
were mcluded) The results indicate that for PPI-Imey
approximately 10% of the measured distances are less than
or equal to 5 A, compared to about 4% for PPI-Ims (Figure
5). This supports the idea that endgroup interactions increase
as dendrimer generation increases. Additional measurements
of the radial distribution of carbony] groups from the central
core of the dendrimer (Figure 6) show a distribution of
endgroups throughout the volume of the dendrimer for both
generations.

Expenmental characterization of the two functionalized
dendrimers was achieved with NMR. MALDI-MS. and
FTIR. The extent of functionalization of dendrimers with
imidazole can be estimated using 'H NMR. By calculating
and comparing the areas of integration of the peaks of the
aromatic protons present on the imidazole ning (7.81 and
8.62 ppm for PPl-Ims, 7.65 and 8.39 ppm for PPI-Imy)
versus the areas of integration from the dendrimer backbone
peaks (2.0 ppm) (Figure 1) a lugh degree of functionali-
zation for both dendriuner generations is obtained (81% for
PPI-Imjs and 84% for PPI-Imss). Additionally. *C NMR
showed no evidence of free primary amines.

MALDI-MS of PPI-Im¢ (Figure 2a) shows the presence
of the [M+H]" ion at 3193 m/z and no other significant
peaks. This mass corresponds to a 100% functionalized PPI-
Imj¢ dendnimer, in contrast to the NMR finding of 81%
functionahization. This dispanty 1s likely due to either the
inherent mnaccuracy present in NMR measurements. or the
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presence of partially functionalized dendrimers that are not
observed in the MALDI-MS. The MALDI-MS of PPI-Ims.
(Figure 2b) is a broad ill-defined peak tvpical of lugh-
generation dendrimers.”>™ The inset shows the complete
spectrum, which displays peaks at lower m/z, which are
likely due to fragmentation of the dendrimer. The center of
mass of the peak at 12.565 m/z is very close to the molecular
mass (12,584) of a fully functionalized dendrimer in which
the original dendritic starting material was missing 4 branches.
Thus 1s significant because MALDI-MS of the starting PPI-
(NH-)ss material is also a broad ill-defined peak whose
center corresponds to starting material missing 3-4 branches.

FTIR of both materials confirmed formation of amide
bonds as evidenced by the amide [ and II stretches at ~1660
and ~1550 cm™.

Results of titrations of PPI-(NH:)is. PPI-(NH-)ss, PPI-
Imys. PPI-Imsy. and mmidazole are shovwn m Figure 7. Amine-
and imidazole-termimated dendrimers are polyvelectrolytes,
and therefore the slopes of the titration curves do not break
abruptly, making 1t difficult to determune the pK,. However.
this finding confirms that the anune groups on the surface of
these dendrimers are in communication with one another. In
contrast. the monomeric imidazole reveals a well-defined
pK, at approximately pH = 7.1. which 1s in good agreement
with literature values.”' Likewise, the shapes of the titration
curves for the amine-terminated dendrimers are very similar
to those previously reported.”™ with a half-neutralization
pomt (the pH value necessary to deprotonate half of the
amine residues (e.g. equiv. NaOH = 0.5)) at pH ~8.5. The
half-neutralization pomt for the imidazole dendrimers is
approximately 6.2, and the shape of the curve has the same
features previously reported for histidine-modified poly-
Ivsine: shallow slope mn the pH range 3.0-4.5. then steeply
increasing. ™

The total number of amines in PPI-Imyg 1s 46 © 14 tertiary
amines from the dendrnimer mnterior. 16 secondary amines
from imidazoles, and 16 tertiary anunes from imidazoles. In
mudazole monomers, the pk; of the tertiary amine 1s ~14. so
for the purposes of the data shown in Figure 7, which span a
range of 3-11 pH units. protonation of the tertiary imidazoles
can probably be neglected. Previous theoretical studies
suggest that for pnmary amine-termunated PPI dendrnimers,
the mtrinsic pK, of the primary and tertiary amines do not
differ from each other sigmficantly. Instead. it 1s the electro-
static interactions between the shells (layers of concentric
branches of the dendrimer) that give nise the apparent
difference in pK, values as determined from a pH titration
curve.”* Determination of the intrinsic pX,. which is
necessary for optimizing general acid/general base catalysis,
1s complicated because theoretical models for analyzing
titration data are still controversial.~ In this study, catalytic
measurements were obtained over a broad pH range (pH =
3-9) n an effort to be certain that a catalytically efficient pK,
was encompassed. In previous studies of cooperative
imidazole catalysis®’ it was found that a plot of the catalytic
rate vs. pH results in a bell-shaped profile. The highest rate
of catalysis occurs at the pK, of the catalyst.
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Catalvtic measurements were obtamned for the hydrolysis
of 2.4-dinitropheny] acetate (DNPA) in the presence and
absence of nudazole-modified dendrimer. The rate of hydro-
lvsis of DNPA in the dendruner-free buffer was subtracted
from that obtained in the dendrimer-containing solution to
vield the rate resulting exclusively from the presence of the
catalyst. This 15 unportant because even m the absence of
catalysts, the rate of DNPA hydrolysis mcreases with pH.
Rate measurements were obtained by dissolving the inuda-
zole-modified dendrimer and substrate m water with an
effective inudazole-to-substrate ratio of 10:1 and then
monitoring the appearance of the hvdrolysis product. di-
mitrophenolate, spectrophotometrically (Equation 1). The
startmg matenal. 2.4-dinitrophenyl acetate. absorbs at 243
nn1, but after hvdrolysis the product, 2.4-dimtrophenolate.
absorbs at 360 .

ON O,N
(0]
>‘0 NO, catalyst o) NO,
H,C ’ (H
A max — 243 nm A e 360 nm

2,4-Dinitropheny| acetate 2,4-Dinitrophenolate

By recording the increase in absorbance at 360 nm or the
decrease m absorbance at 243 nm as a function of time.
kmetic data relating to the rate of reaction may be obtamed.
Nitropheny] acetate 1s often chosen as the substrate for
studies such as these. but we used DNPA prunarily because
the pK, of the hydrolvzed dinitrophenolate is ~4.1. as com-
pared to nitrophenolate which is ~7. Because the hydrolvzed
amon 15 the species monitored spectrophotometncally, the
lower pK, of dinitrophenolate allows a broader pH range to
be mvestigated.

Figure 8 shows the results of hyvdrolysis (uncorrected for
background catalysis m the absence of the catalyst) of

0'28 T T T T T T T Ll
—o—pH5.0

0.24

0.08 |-

Absorbance(360 nm)

0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

Figure 8. Measwrement of hydrolvsis of 2 4-dinitropheny] acetate
by PPI-Imis as a function of time and pH (uncorrected for
background hvdrolysis by buffer). [DNPA] = 2.5 x 10~ M, [PPI-
Imys] = 1.9 x 1075 M([I] = 3.0 x 107 M).
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Figure 9. Catalysis (k) of hydrolyvsis of 2.4-dinitropheny! acetate
as a function ot pH tor PPI-Im and PPI-Imgs.

DNPA m the presence of PPl-lm;x as a function of pH and
time. Rates were determuned by calculating the slope of
-In(A~ —-A)) (where A~ is the measured absorbance at mfmity
and A, 1s the absorbance at time t) vs. time. after correcting
for background hydrolysis from water and dividing by the
molar concentration of imidazole present. The rates of
hydrolysis of DNPA catalyzed by PPl-lm,s and PPl-lmsg, are
plotted in Figure 9.

The data mdicate that the catalytic rates for hydrolysis of
DNPA by mudazole-modified dendrnmers are from 10-20
times lower compared to monomeric midazole. For ex-
ample, at pH 8.5 the followmg catalytic rates were observed:
PPI-Imss. 0.33 M7's™"; PPI-Ims. 0.10 M's™". Imidazole, 4.3
M™'s7!. We believe this decrease is a consequence of the
smaller number of basic sites on the mudazole dendrumers
(compared to mdazole) at a particular pH. This m tum s a
consequence of the polyprotic nature of the mudazole
dendrimer and the corresponding differences m the tutration
curves. It should be noted. however. that the pK, and
reactivity of mudazole relative to a substituted mudazole
(such as the amde substituted 1mdazoles appended to the
dendrimer) 1s expected to be somewhat different due to
electronic effects of the substituents. Therefore. the unsub-
stituted midazole serves as a frame of reference for the
mudazole-modified dendrumers. rather than as an exact
model compound.

If cooperative catalysis were encouraged by the dendnmer
scaffold. then the plot of k.. vs. pH would be bell-shaped
and have a maximum near the pK, of the pendant midazole
groups. This 18 not the case for the data shown m Figure 9,
however. Instead, the catalytic rate mereases monotomeally
at ligher pH, presumably due to simple base-catalyvzed
hydrolysis ansing from either mdividual pendant mudazole
groups or possibly unreacted primary ammes present on the
dendrimer. The same feature (nsng rate with mereasmng pH)
was observed when the hydrolysis was camed out with
monomeric miidazole only.
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Summary and Conclusions

Imidazole-modified dendrimers were svnthesized, char-
actenized. and used to establish whether or not positive
cooperative effects between peripheral units on the dend-
rimer would enhance the catalvtic rate for hvdrolysis of
DNPA. On the basis of pH-dependent measurements of the
hyrolysis rate of DNPA in the presence of imidazole-
modified dendrimers, however, there are no measureable
positive cooperative effects attributable to the dendruneric
endgroups.

There are several possible explanations for the observed
results. First, the dendrnimers could aggregate, decreasing
substrate access to inudazoles buried within the aggregates.
Aggregation could occur 1n our experiments because the
dendrimer concentrations were kept high to offset the
significant background hyvdrolysis resulting from the basic
buffer. However, we view tlus possibility as unlikely because
all experiments were carried out in solutions contaimng 0.1
M salt, wluch is a condition known to reduce the likelihood
of dendrimer aggregation.'” An alternative explanation for
the low observed catalvtic activity. is that the pK, of the
imidazole units attached to dendrimers 1s outside the range
of pH 5-9. However, it seems unlikely that the dendnmer
attachment chemistry would result in a shift of more than
one pH umt away from the pK, of monomeric imidazole
7.

There are two factors that most likely account for the
absence of cooperative catalysis. The first mmvolves the
geometric and steric properties of the dendrimer framework.
It is likely that inudazoles are not distnibuted exclusively on
the periphery of the dendrimer. but rather distmibuted
throughout the volume of the dendrumer (this 1s supported by
the molecular models, Figure 6). We hypothesize that in the
absence of a strong driving force for association of end-
groups, such as in the case of the z-stacking of pyrene
molecules observed in our previous study of dendrimer-
based cooperativity.”® the pendant imidazole groups are not
sufficiently close together to achieve cooperativity. This pro-
blem is exacerbated if imidazole functional groups appended
to the periphery of the dendrimer fold back into the
dendrimer mterior. This level of structural flexibility has
been observed by others.”’

The second factor concerns the drniving force for substrate-
catalvst association. In previous cooperative catalytic svstems
using multiple unidazole species. the presence of a hydro-
phobic pocket has been shown to increase the rate of
hydrolysis by increasing substrate-catalyst association. For
example. unidazole-modified cvclodextring have been shown
to be able to make use of both the hvdrophobic cavity
present 1n cvclodextring and the close proximity of inuda-
zoles attached to the cvclodextrin ring.®” Imidazole-modified
polymers containing co-polvmerized alky] substituents® have
also been shown to increase substrate-catalvsts association
(with hyvdrophobic substrates), presumably through hvdro-
phobic interactions with the appended alky] groups. A kev
aspect of this work 15 the development of a method for
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efficiently attaching protected mdazole groups to the dend-
riner exterior. In the future this will allow us to incorporate
substrate binding functionality mto the dendrimers and
thereby test this hypothesis.

Most likely 1t 1s a combination of these last two factors.
namely geometric considerations of the dendrimer structure
and weak substrate-catalyst association, that have resulted in
the low catalytic rates and absence of cooperativity observed
n the catalytic measurements of the imdazole-modified
dendrimers described herem. Additional experiments are
planned to better understand these factors.
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