
fractal dimension df 

Fig. 5. The absolute value of the measured expo- 
nent of activation energy versus force as a func- 
ton of the fractal dimenson of the gels. The point 
at d, = 2 is the measurement of (5) for a two- 
dimensional crystal The line s the pred~ction from .. 
the scaling arguments presented in the text 

are visco-elastic and thus have a n  inherent 
relaxation tlme. However, the three dlffer- 
ent  gels have practically the  same vlsco- 
elastic modul~,  In spite of the  observed large 
difference in  their fracture behavior. hiore- 
over, as 1s evident from Fig. l A ,  n o  visco- 
elastic relaxations were found for low fre- 
quencies. These low frequencies equal the  
inverse of the  measured ti.; the unportant 
visco-elastic relaxations occur a t  much 
higher frequencies, higher by several orders 
of magnitude. Third, the results for the 
two-dimensional single crystals also agree 
with the findings for the  gels. 

'4 fracture that propagates very slolvly 
and suddenly becomes unstable, a so-called 
creep fracture, n ~ u l d  be another explana- 
tion for our experi~nental results (1 1) .  A 
typical example is a small crack in a wind- 
shield; it does not propagate because the  
crack front is trapped o n  ilnpurities in the  
material. In studylng the  fracture dynamics 
of the gel 1 ~ 1 t h  high-speed photography 
(Fig. 2 ) ,  we sometimes saw this lattlce trap- 
ping, but it never lasted longer than a frac- 
tion of a second. Thus, the  energy barriers 
lnvolved In lattice trapplng are much small- 
er than the  barrler for the  nucleation of the  
Initial crack, and it seems unlikely that this 
mechanism applies. hiore generally, our re- 
sults cannot be understood by considering a 
distribution of preexisting flaws that grow 
and lead to the  failure of the  material, 
because 111 the  three-polnt flexion geolnetry 
of our experiment, the  initial crack always 
starts to propagate opposite to  where the  
force is applied. 

W e  have demonstrated and explained 
the existence of a delayed fracture in  an  
inhomogeneous soft solid. These results 
should be relevant for the  food industry 
(1 2) ,  in which polymer gels are widely used. 
However, they could also have implications 
for the strength of a larger class of compos- 
ite materials such as two-phase or polycrys- 

talline materials, the  fracture properties of 
which have only been described phenome- 
nologically (2, 13) .  
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Thermographic Selection of Effective Catalysts 
from an Encoded Polymer-Bound Library 

Steven J. Taylor and James P. Morken* 

A general method is introduced for the rapid and simultaneous evaluation of each 
member of large encoded catalyst l~brariesforthe ab~lity to catalyze a reaction in solution. 
The procedure was used to select active catalysts from a l~brary of potential polymer- 
bound multifunctional catalysts. From -7000 beads screened (31 50 dist~nct catalysts), 
23 beads were selected for catalysis of an acylation reaction. K~netic experiments 
indicate that the most strongly selected beads are also the most efficient catalysts. 

I n  the  d e v e l o ~ l n e n t  of new catalysts. 
many lteratlons of deslgn and redeslgn are 
usually requlred to  Increase catalyst actlv- 
~ t y .  Accordlngly, many research groups 
have begun to  use combinatorial chemis- 
try ( 1 )  and solid-phase synthesis ( 2 )  to  
rapidly produce large numbers of potential 
catalysts. Despite recent progress in  eval- 
uating the  thesmodynamlcs of equilibrium 
processes involving polymer-bound librar- 
les ( 3 ) ,  lnethods for assessing t h e  kinetics 
of reactlons ~ n r ~ o l v l n g  polymer-bound re- 
agents have not  been available. T h ~ s  clr- " 

cumstance has prevented the  analysis of 
very large libraries (12' t o  lo6 members),  
because screenino for small-molecule cat- 

'2 

alysts requires an  indlr~idual assay for each 
member of a catalyst library. Here.  we 
report the  development of a general 5111- 
gle-pot assay for large, encoded polymer 

Depart l~ent of C h e l ~ s t r j .  Uni'ersty of North Carona at 
Chapel H11l. Chapel H I .  NC 27599-3293 USA. 

*To whorr correspondence should be addressed E-ma11 
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bead-bound catalyst libraries, which we 
used to  select active catalysts from -7202 
encoded catalyst beads (3150 different 
catalysts) prepared through "split and 
pool" solid-phase synthesis. This  method 
is directly applicable to  libraries of larger 
s i ~ e .  

Most chemical reactions have a mea- 
surable heat  of reaction AH:, and thus 
temperature T has been used to  survey t h e  
progress of catalytic reactlons (4) .  Because 
all catalysts in  a parallel library assay are 
evaluated under the  same reaction condi- 
tions, the  most active catalyst \v111 cause 
the  largest temperature change ( A T  
turnover frequency X AH:). Recent ad- 
17ances in t~vo-dimensional real-tlme infra- 
red ( IR)  thermography have made spatial 
resolution of temperature possible through 
lneasurelnent of blackbody radiation. 
Therefore, IR thermography may be used 
to  simultaneously compare the  rate of 
each reaction, in  a n  array of reactions, by 
lneasuring the  relative reaction tempera- 
tures. This  concept was ~maglnatively used 
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by Moates et al. (5) for the parallel eval- 
uation of the ienition temDeratures of 16 

u 

spatially addressed metal-doped alumina 
pellets in the presence of Hz and O2 gases 
at elevated temperature. To date, these 
approaches have not been realized for 
the analysis of large (lo4 to lo6 members) 
polymer bead-bound libraries for catalysis 
of typical solution-phase chemical reac- 
tions. Whereas 90°C temperature changes 
on 3 mm by 4 mm solid pellets were 
observed in the above heterogeneous as- 
say, much smaller temperature changes 
were expected in solution because of the 
effective cooline of the 300- to 5 0 0 - ~ m  
polymer beads b i  reaction solvent. ~ b s o r -  
bance of the IR signal by reaction solvent 
or reagents or both can also pose a com- 
plication. Finally, with polymer-bound 
catalysts, diffusion of reagents through the 
polymer matrix might limit the reaction 
rate and result in a leveling effect such 
that it would not be possible to differen- 
tiate catalyst activities over a certain 
threshold value. 

Our preliminary studies centered 
around the acyl transfer reaction because, 
until recentlv. chemists have met with r ,  

little success in approaching the selectiv- 
ity of enzymatic acylation catalysts found 
in nature (6). On the basis of nature's 
exam~le. multifunctional catalvsts that 

A .  

use a concerted interplay between teth- 
ered functional groups hold great promise 
as particularly potent effectors of chemical 
transformations. The choice of functional 
groups as well as their relative position 
and orientation in space are all critical 
factors for effective rate acceleration. Ac- 
cording to proposed mechanisms for vari- 
ous nucleophile catalyzed acylation reac- 
tions (Fig. 1) (7),  we reasoned that a 
suitable base covalently tethered in the 

Fiu 
nucleophile 

acyl nucleophile 

\ 

Fig. 1. Mechanism for the nucleophile (Nu) cata- 
lyzed reaction between acetic anhydride and al- 
cohols. Ac, acetyl; Me, methyl. 

correct orientation relative to a nucleo- 
philic center might increase catalyst activ- 
ity through a bifunctional catalytic mani- 
fold. Additional interactions, for exam~le. 
those that stabilize the 'intermediate 
acylpyridinium salt or that bind to the 
reacting alcohol, might lead to further 
increases in reactivity. 

To develop a thermographic assay for 
our envisioned library, we used an IR cam- 
era (Cincinnati Electronics IRRIS 256ST, 
256 x 256 InSb FPA detector) to examine 
both noncatalyst beads (acylated 300-p,m 
tentage1 S-NH2; Rapp Polymere) and those 
with a known acvlation catalvst attached 
(N-4-pyridylproline coupled to polymer res- 
in) (8). Although in the reaction solution 
(8 : 1:l: 1 chloroform:ethanol:acetic anhy- 
dride:triethvlamine) it was not ~ossible to 
see individbal noncatalyst beads with the 
IR camera (bead temperature rapidly equil- 
ibrates with solvent), catalyst beads exhib- 
ited a sustained -1°C temperature increase 
from that of the bulk solvent. This temper- 
ature difference is easy to observe with the 

IR camera (detection limit = 0.02"C; see 
Fig. 2A), indicating that active catalyst 
beads can be reliably distinguished from 
those that are inactive. With chloroform as 
solvent, the beads rose to the top of the 
reaction solution, thus avoidine solvent in- 
terference with IR transmissioi. When the 
~ r o ~ o r t i o n  of chloroform was reduced such . . 
that the beads sank, it was not possible to 
observe hot beads with the camera. 

With a working assay developed, an en- 
coded (9) library was prepared by split and 
pool solid-phase synthesis ( lo) ,  with the 
reaction sequence and monomers shown 
in Fig. 3 (1 1 ). In addition to a variety of 
basic groups and a diverse collection of 
potentially nucleophilic compounds, a 
subset of library monomers was chosen at 
random on the chance that they might act 
through an unpredicted mode of catalysis. 
Additionally, N-4-pyridylproline (B12) 
was included as a control in the second 
monomer group to ensure that effective 
catalysts were present. For library synthe- 
sis, initial displacement of an activated 

Fig. 2. (A) Infrared thermographic image of -20 catalyst beads in the presence of -3000 noncatalyst 
beads. Arrows indicate 2 of the 14 visible hot beads. (6) Closeup IR therrnographic image of the trimeric 
catalyst library in the presence of acylation reagents, showing one hot bead being selected for decoding 
(tweezers in upper left). 

Fig. 3. Synthesis scheme and monomers used in the three positions of the trimeric catalyst library. (A) 
Amine monomers, (6) amino acid monomers, (C) acid monomers, and (D) library synthesis. Boc, 
butoxycarbonyl; Bn, benzyl. 
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bromide with a variety of primary amines 
(A1 to A15) was followed by coupling a 
variety of protected amino acids (B1 to 
B15) to the resulting secondary amine 
nitrogen. After deprotection, a collection 
of carboxylic acids (C1 to C15) was cou- 
pled to the liberated amine terminus, 
thereby completing the trimeric library. 
With 15 monomers in each position (in- 
cluding a skip codon) (IZ), the library 
should be composed of 3150 distinct 
compounds. 

The addition of 610 mg of library resin 
beads (-7000 beads) to a solution com- 
posed of 40 ml of chloroform, 6 ml of eth- 
anol. 6 ml of triethvlamine. and 3 ml of 
acetic anhydride rebealed beads with a 
range of temperatures; however, the bulk 
maintained temperatures close to back- 
ground. Appropriate adjustment of the IR 
camera's temperature display span allowed 
for visualization of only the hottest beads. 
Over time, average bead temperature ap- 
peared to decrease, presumably because of 
the consumption of reagents; the addition 
of fresh reagents increased bead tempera- 
ture. Of the hottest beads, 23 were select- 
ed (Fig. 2B) and subsequently decoded 
(not all of the hottest beads were selected 
for decoding). As shown in Table 1, of the 
23 selected and decoded beads, 21 were 
either 1 or 2, prepared from amines A12 

Table 1. Selection frequency and structures of 
beads from the IR catalyst library assay. Ph, 
phenyl. 

e d i n g  sequence 
predicted 
compound Dccurrences mine a220 add 

and A13, coupled to acid N-4-pyridylpro- 
line (B12). Attachment of monomer B12 
in the amino acid position effectively ter- 
minates compound synthesis because B12 
does not have an amine on which to cou- 
ple an acid in the third position. In addi- 
tion to 1 and 2, beads containing sequenc- 
es coding for compounds 3 and 4 were also 
selected. 

To ascertain whether the assay reflects 
catalyst activity, we studied compounds of 
interest with a series of kinetic ex~eriments. 
After resynthesis on aminomethyl polysty- 
rene macrobeads, five beads of a given cat- 
alyst were added to 1.1 ml of an 8: l : l : l  
solution of ch1oroform:acetic anhvdride:l- 
butano1:triethylamine. The average per- 
centage of reaction at 9 min for three ki- - 
netic runs is shown in Fig. 4. After subtrac- 
tion of background reaction (13% at 9 
min), noncatalyst beads (N-acetate~apped 
beads, 6 )  showed little catalytic activity 
(-1% conversion after 9 min). Hot beads 
1, 2, and 3 all gave substantial conversion 
(39, 24, and 23%, respectively), as com- 
pared with the noncatalyst beads and 
structure 5 (9% conversion), a compound 
that should have been present in the li- 
brarv but was not selected. Beads contain- 
ing compound 4 gave no rate acceleration 
above background, indicating that the 
wrong bead may have been selected during 
the assay. When B12 was attached direct- 
ly to beads and used in these kinetic runs, 
14% conversion was achieved at 9 min. 
Thus, A12 appears to enhance the cata- 
lytic activity of the N-4-pyridylproline nu- 
cleus. Although it is peculiar that both 
A12 and its enantiomer A13 were select- 
ed from the assay whereas nonracemic L- 
proline was used for the synthesis of B12 

Table 2. Calculated enthalpy change (AH;) for 
selected chemical reactions. was calculated 
from thermochemical data reported in (15). t ,  tert; 
Bu, butyl. 

Reaction 

(13), control experiments indicated that, 
under slow amide-coupling conditions, 
B12 is racemized and similar enantiomeric 
diastereomer mixtures are likely present 
on both beads 1 and 2. At  this point, no 
mechanistic conclusions can be drawn in 
regard to the enhanced activity of 1 rela- 
tive to polymer-bound N-4-pyridylproline. 

Several points in regard to the assay 
merit mention. Structure 1, one of the most 
strongly selected beads (11 beads selected 
from the -30 present in the assay), also 
showed the most efficient catalysis in the 
kinetic runs as com~ared with all others. 
This result indicates that, to a rough ap- 
proximation, selection frequency reflects 
catalyst activity and may be used as an 
indicator of catalyst efficiency (14). Statis- 
tically, 1 bead in 15 should have B12 in the 
second monomer position, and compounds 
1 and 2 should each be present once in 
every 225 beads. Because B12 is a cap, 
compounds containing this monomer are 
present at a frequency 15 times greater than 
that of any other compound. In the entire 
7000 beads screened, -60 beads should be 
either compound 1 or 2. That it was possi- 
ble to select 21 of these beads to the near 
exclusion of the other -400 B12-contain- 
ing beads present highlights the reliability 
of the assav. Also of note is the extent to 
which the assay can discriminate between 
similar levels of activity: Compound 5, a 
catalyst with about fourfold less activity 
than 1, was present in the library assay 
(-30 beads) but was not selected. 

Although reactions with lower catalyst 
turnover rates might be more challenging, 
evaluation of organometallic,libraries or li- 
braries of ligands for ligand-accelerated 
metal catalysis should not require substan- 
tial modifications to the above described 
protocol. Efficient catalysis of the acylation 
reaction studied here is reported to be exo- 
thermic (AH: = -14.9 kcallmol) (15); 

Compound 

- - -  Fig. 4. Percentage of conversion above back- 
-25.5 ground (13%) at 9 min for polymer bead-bound 

compounds. The conditions were as follows: five 
= + Y O  - h / \ O / \ M e  -27.6 beads (500 km polystyrene, 1.04 mmol/g) of a 

given compound were added to a stirred solution 
of 1.1 ml of 8: 1 :1: 1 CHC1,:triethylamine:n-BuOH: 
Ac,O. Conversion was measured by gas chroma- 
tography versus zero time sample with an internal 
standard. 
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lnowe\~er, ~t does not involve an  atypical 
enthalpy change, as compared ~v1t11 rnany 
reactions of current interest in both aca- 
demic and industrial sy~nthes~s (Table 2) .  I n  
general, analys~s of co~nbinatorial librar~es 
should reveal novel catalyst structures wit11 
potent~ally new modes of catalysis, as ob- 
served here. 
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Polyolefin Spheres from Metallocenes 
Supported on Noninteracting Polystyrene 

Stephen B. Roscoe, Jean M. J. Frechet," John F. Walzer, 
Anthony J. Dias 

To obviate the destructive interaction of highly reactive metallocene catalysts with 
classical silica-based supports while retaining the advantage of supported catalysts, a 
noninteracting polystyrene support was developed. Supported catalysts for the poly- 
merization of a-olefins are prepared by treating lightly cross-linked, chloromethylated 
polystyrene beads consecutively with a secondary amine, an ammonium salt of a weakly 
coordinating anion, and a neutral dialkylmetallocene. Catalytic sites are distributed 
homogeneously throughout the support particle, and the polymerization occurs within 
the bead, in contrast to traditional surface-supported metallocene catalysts. The co- 
polymerization of ethylene and 1 -hexene at 40°C affords discrete spherical polyolefin 
beads with a size (0.3 to 1.4 millimeters) that varies according to the polymerization time. 

T h e  polymerization of a-olef~ns  by ~netal-  
locene-based catalysts is at an  excitiqg junc- 
ture. Research into a nide  variety of ca t ion~c  
~netallocene structures, and atte~nda~nt weak- 
ly coord~nating anions, has led to  the  devel- 
oplnelnt of families of highly active and se- 
lective catalysts, which generate a range of 
polyolefin products 111 solution (1 ). Howev- 
er, practical considerations have dictated 
that industrial olefin polyrnerizatio~ns be per- 
formed usually in the heterogeneous mode 
w ~ t h  supported catalysts. Traditional sup- 
ports, such as high surface area silica or 
alurn~na, have rece~ve? the most attention 
and indeed have proven immensely success- 
ful In tlne commercial-scale production of 
polyoleiins. Such acidic supports, however, 
have reactlve surfaces that can lead to  cata- 
lyst deact~r~at ion and thus alternate supports 
are ,desirable. W e  have focused our attention 
o n  silica-free supports designed for chemical 
versatility and rugged physical properties to 
best exploit state-of-the-art catalysts (2) .  
Our  approach to designing the support ma- 
terial aims a t  f~~nctionalizing the interior of a 
swellable but ~nsoluble polymer particle with 
the appropriate catalyst to allow a ~ n o ~ n ~ n a l l y  
heteroge~neous polymerization to proceed in 
a microscopically ho~nogeneous "solution- 
like" environment. T h e  use of an  organic 
substrate a l lo~ \~s  us to select a sequence of 
fac~le,  high-yield~ng reactions for catalyst 
preparatio~n (making the procedure well suit- 
ed for practical uses) or for the co~nbinator~al  

S. B. Roscoe and J. M. J. Fvechet Department of Chem- 
istry University of Calfornla, Berkeley, CA 34720 USA. 
J. F inJalzer and A J D~as Ba:,+own Polymer Center 
Exxon Chemical Company, 5200 Bayway Dr~ve, Bay- 
town, TX 77520, 2SA 

investigation of a-olefin polymer~zation. W e  
report here a modular polystyrene (PS)- 
based support technology that not only 
yields supported catalysts unusually active a t  
low temperatures but also generates polyeth- 
ylene-co-hexene in the form of discrete, free- 
tlowing, tnillitneter-sked spheres that grow 
in proportion to the po1ymeri:atlon time. 

T h e  f~~nctio~lalisatiol~alzatio of poly~ner resin 
beads provides a n  especially suitable meth- 
od to  tallor a heterogeneous cata lyt~c moi- 
etv 111 much tlne same manner as a homo- 
geneous catalyst. Lesso~ns learned in  solu- 
tion about the  des~gln of a catalytic co~nnlex 
may be applied mire reliably ;o a pol\:iner 
matrlx than to  the  surface of an  inorganic 
support, because a n  organic material can be 
designed to  more closely resemble the  solu- 
t ion environment ( 3 ) .  Numerous routes are 
available for the  functlona1i:ation of solid 
resln beads, and a number of ~ o l v m e r -  

A ,  

bound catalytic systems have been de\.ised 
for several important reactlolls (4), ~nc lud-  
ilng olefin metathesis (5) and Ziegler-Natta 
polymerizatio~ns (6 ,  7). Many of these sys- 
tems exhibit not  onlv different k~net ics ,  but 
also dlffereint reglo- '(8) and enant~o-selec- 
tivities (9 )  from their homogeneous and 
heteroge~neous counterparts. 

T h e  group IV inetallocene catalysts are 
~ e n e r a t e d  from a  neutral nrecursor com- 
plex that is activated by a cocatalyst, such 
as the  combination of a Lewis or Brblnsteii 
acid, to abstract a l~gand from the metallo- 

. cene generating a low-valent catlon, and a 
charge-balancing noncoord~nating counter- 
ion. In  many systems described previously, 
a n  oligomeric product from tlne par t~al  hy- 
drolysis of t r i inethyla lumi~~u~n (methylalu- 
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