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Azo benzene derivatives were incorporated into soluble polymer-bound catalysts by two different approaches. The first was to attach the dye
to the polymer-bound catalysts, using the dye as an innocent spectator to study the phase preference, concentration, and recoverability of
a catalyst. The second approach used an azo dye as a ligand to form an effective soluble polymer-bound Pd(ll) catalyst for Heck reactions.
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The separation step in organic synthesis and catalysis is of‘precipitons” or metal complexing groups can serve a similar
increasing importance in both academic and industrial purpose’®Here we describe the use of dye-labeled soluble
chemistry. This is because using a “phase tag” for a substratepolyacrylamide co- and terpolymers that provide a simple
reagent, or catalyst simplifies reaction workup, product way to monitor separability, concentration, and recovery for
isolation, and catalyst recovery. Such chemistry is important both nonmetallic and metallic soluble polymer-bound cata-
both in high throughput chemistry and in green chemisfry.  lysts.

Fluorous biphasic systems and suppéftagueous biphasic Our group has used polisopropyl-acrylamide)
systems;, soluble polymer supporfs,and dendrimefshave  (PNIPAM) as a soluble polymer support in synthesis and
all been used in this context. Small molecules such as catalysisS!112We have also prepared dye-labeled versions
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(3) Barthel-Rosa, L. P.; Gladysz, J. S&oord. Chem. Re:1999,190, require additional work. For example, ICP analysis for
227.396 Wolf, E.; van Koten, G.; Deelman, B.Ghem. Soc. Red999, residual metal from metallic catalysts is a sensitive and

(4) Bergbreiter, D. E.; Franchina, J. G.; Case, BQrg. Lett.2000,2,

393. Bergbreiter, D. E.; Koshti, N.; Franchina, J. G.; Frels, JABgew. (9) Bosanac, T.; Yang, J.; Wilcox, C. 8ngew. Chem., Int. ER001,
Chem., Int. Ed2000, 39, 1040. 40, 1875.

(5) Cornils, B.J. Mol. Catal. A: Chem1999,143, 1. (10) Ley, S. V.; Massi, A.; Rodriguez, F.; Horwell, D. C.; Lewthwaite,

(6) Bergbreiter, D. EJ. Polym. Sci., Part A: Polym. Cherf001, 39, R. A.; Pritchard, M. C.; Reid, A. MAngew. Chem., Int. EQ2001, 40,
2352. 1053.

(7) Tay, P. H.; Janda, K. DAcc. Chem. Re2000,33, 546. Wentworth, (11) Bergbreiter, D. E.; Case, B. L.; Liu, Y.-S.; Caraway, J. W.
P., Jr.; Janda, K. DChem. Commuril999,1917. Macromoleculesl 998,31, 6053.

(8) Astruc, d.; Chardac, FZhem. Re»2001,101, 2991. Oosterom, G. (12) Huang, X.; Witte, K. L.; Bergbreiter, D. E.; Wong, C.-Bdu. Synth.

E.; Reek, J. N. H.; Kamer, P. C. J.; Van Leeuwen, P. W. N.Avigew. Catal. 2001, 343, 675.
Chem., Int. EJ2001,40, 1828. van Koten, G.; Jastrzebski, J. T. B.JH. (13) Bergbreiter, D. E.; Osburn, P. L.; Frels, J. A.Am. Chem. Soc.
Mol. Catal. A: Chem1999,146, 317. 2001,123, 11105.

10.1021/0l017198s CCC: $22.00  © 2002 American Chemical Society
Published on Web 02/08/2002



quantitative assay but it requires additional steps. Assays for The catalyst loading in the PNIPAM-bound 4-dialkylami-
nonmetallic catalysts and assays that monitor the catalystnopyridine-methyl red terpolymé (PNIPAM-DAAP-MR)
stability independent of catalyst activity are more difficult, was determined byH NMR spectroscopy. The dye loading
especially when catalysts are present at a few mol % or lesswas determined by UV analysi$ax = 430 hm) assuming
We show here that dye-labeled co- or terpolymers containing the polymer-bound methyl red dye has the same extinction
catalysts address these issues. A similar approach usingoefficient as8. The polymeric catalys? is also designed
colored dendrimers as supports in synthesis also recentlyso that it is predominately PNIPAM. Thus, its solubility
appeared? mirrors that of the homopolymer PNIPAM. It is soluble in
To test our ideas, we chose to prepare a soluble ponmer-_C0|d water and in_many polar organic solv_ents but insoluble
bound version of 4-(dimethylamino)pyridine (DMAP), a in hot water or in very nonpolar organic solvents (e.g.,
commonly used organic base that has been previouslyheptane). The polymer hadw of 6.3 x 1¢° (and ani, of
attached to many soluble and insoluble polymer suppbtts, 1.2 x 10°) and thus had a degree of polymerization like

Using the method shown in Scheme 1, we prepared anSimilar polymers studied earliét. . _
The activity of9 was quantitatively assayed using acylation

chemistry typical for DMAPS 1-Methylcyclohexanol reacts

readily with acetic anhydride in the presence of 5 mo9%

using triethylamine as the penultimate base in,CH (eq

1). The initial rates for acylation of this tertiary alcohol using
Me_ OAc
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9 were measured and compared to DMAP. Catalyss
slightly less reactive than DMAP with rates that are about
60% as large as those for DMAP under the same conditions.

Scheme 1. Synthesis of PNIPAM-DAAP-MR
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Catalyst9 was also effective at relatively low catalyst
loadings in acylation of hindered phenols. Kinetic studies
of these reactions too showed similar activity relative to
DMAP. For example, formation of the hindered 2,6-

> Iy dialkylphenyl carbonates (eq 2) was examined, &ngas
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0
about 54% as active as DMAP in this chemistry. Other

phenols too were readily converted into carbonates with the
exception of 2,6-dtert-butylphenol, which was not reactive
with 9 as a catalyst. 3,5-Dtert-butylphenol was, however,
readily acylated usin@ as a catalyst.

While the polymeric cataly€ was not as active as DMAP,
it was fully recyclable. Recovery of polymers such &s
can be effected in several ways. For example, when the
1-methylcyclohexanol reaction mixture was poured into
hexanes, the polyacrylamide catalytprecipitates. This
precipitation is quantitative; UV analysis show$).1% of
9 remains in solution on the basis of the absence of a
detectable absorptionfor the azo dye constituerst. iAfter
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a(a) NaHCQ, PhCHCI, 95% EtOH, reflux, 18 h, 99%; (b)
KOH, MeOH, reflux, 69%; (c) 4-chloropyridine, xylene, reflux,
15 h, 93%; (d) 2 N HCI, K, Pd/C, MeOH, 35 psi, 99%; (e) DCC,
CH,Cl,, 84%; (f) TFA, CHCI,, 68%; (g) CHCIy; (h) i-PrNH,.

analogue of DMAP and attached it to PNIPAM. The loading
of the 4-dialkylaminopyridine catalyst on this polymer was  (14) zhang, J.; Aszodi, J.; Chartier, C.; L'hermite, N.; Weston, J.
ca. 8 mol %. The synthetic scheme was also designed toTetrahedron Lett2001,42, 6683.

introduce ca. 0.02 mol % loading of an azo dye that serves ~ (+2) Scriven, E. F. VChem. Soc. Red 983,12, 129.

) ' (16) Narang, S. C.; Ventura, S.; Ramharack ARS Symp. Sefl.988,
as a colorimetric tag for the soluble terpolymer catalst 364, 72.
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filtration and isolation of the polymeg could be redissolved  with a second heating and cooling cycle allowed us to repeat
in CH,Cl, and used again. It was used through four cycles the process. This process was successfully used five times
in eq 1 with no loss in activity. Complete retention of activity using 2,6-diisopropylphenol in a DMFheptane thermomor-

of the catalysts in these subsequent cycles was determinegbhic system. Similar chemistry using a 90% ethaneater/

by comparison of the initial rates of each reaction with one heptane thermomorphic system produce@0% yields of
another. An advantage of the catal9sh these comparisons  phenyl carbonate in the fifth cycle using (Be®)with both

was that the small physical losses expected for filtration and phenol and 2,6-dimethylphenol. Our recent report shows that
handling of these catalysts (ca. 2% per cycle) do not a similar scheme usingN-octadecylacrylamide polymers
obfuscate the analysis of catalyst recyclability since the allows us to recycle catalysts in a nonpolar phase; so
amount of catalyst in each cycle can be easily and accuratelyextension of this chemistry should provide a way to recycle

quantified by UV spectroscopy.
Recycling of catalyst9 in carbonate formation using

catalysts that form polar or nonpolar produtts.
Titration of the 4-dialkylaminopyridine groups 6fshows

dialkylphenols as substrates was also successful. Usingthat the basic groups in this polymer have a pK9.7. This

solvent precipitation, cataly$twas recycled three times in
eq 2 providing a 90% vyield of both 2,6-dimethyl- and 2,6-
diisopropylphenyl carbonate in each cycle {RMe, 95%,
91%, 94%; R='Pr, 91%, 93%, 89%). We have also been

pKa was estimated using the software program BEST
because polymed is insoluble in water at pH values above
10. The same software and titrimetric analysis yielde&a p
of 9.9 for DMAP, providing further evidence of the similarity

able to use alternative separation schemes (Figure 1) toof the DAAP groups in9 to their low molecular weigh
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Figure 1. Thermomorphic catalysis using heptane insol@l€he
polymeric catalyst is separated adNaN-dimethylformamide-rich
phase. The heptane phase contains the acylation product.

catalyst

recover these acylation catalysts’

Specifically, when we dissolved the catalgstc mol %)
in a liquid/liquid biphasic mixture oN,N-dimethylformamide
(DMF) and heptane (C7) at 2%, we found that this polar
poly(N-isopropylacrylamide)-bound catalyst dissolved se-
lectively in the polar DMF-rich phase. Howevérwas also

analogue DMAP. This experiment also shows that protona-
tion/deprotonation and dissolution/precipitation is another
way to recover this soluble polymeric catalyst.

Besides incorporating a dye into a polymer as an innocent

bystander to facilitate studies of catalyst isolation/separation/
reuse, we also used dyes as both labels and ligands. In this
case, we took advantage of the fact that an azo arene dye
can be designed to serve as a precursor of a Pd(Il) catalyst
ligand. Nitrogen-ligated palladacycles have been used previ-
ously in reactions such as aromatie-B activation, aromatic
hydroxylation and in carboncarbon coupling reactioris.
As shown below, a similar azo dye bound Pd(ll) species is
useful in Heck chemistry. In this case, the dye serves three
roles. It serves as a ligand, as a reporter for catalyst/polymer
recovery, and as a probe of catalyst stability.

O-Methyl 4-(4-nitrophenylazo)phenol, an azo dye with a
strong electron-donating group on one aromatic ring and an
strong electron-withdrawing group on the other, was chosen
as a substrate for CPd palladation to avoid non-ring specific
aromatic palladation. First, a low molecular weight catalyst,

soluble in the homogeneous solvent mixture that resulted 14 \yas prepared using the chemistry in eq 3. Then a similar

on heating this solvent mixture to PC. On cooling of this
thermomorphic mixture back to 2%, this catalyst stayed

in the DMF-rich phase. The polymer was present in a resting
biphasic mixture of heptane (C7) and dimethylacetamide
(DMF) exclusively (>99.5%) in the DMF-rich phase as
measured by UV analysis of the DMF- and C7-rich phases.
This makes it possible to ugein a homogeneous reaction
and to separate it with a liquid/liquid separation after the
reaction. For example, when a substrate phenol ‘&ut 0
reagent were added to the DME7 mixture containing®

and the biphasic mixture was heated, a monophasic solution

formed andd catalyzed the acylation of 2,6-dialkylphenols
by (Boc)O. After 1 h, the mixture was cooled. The phases

separated and the C7-rich phase (the nonpolar phase

containing the relatively nonpoldBoc-derivative of 2,6-
diisopropyl-phenol was separated from the catalyst-contai

(17) Bergbreiter, D. E.; Osburn, P. L.; Sink, E.; Wilson,JAAm. Chem.
Soc.2000,122, 9058.
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ing DMF-rich phase. Addition of fresh heptane and substrates

MeO MeO
Cl
\Pd 2
Na,PdCl, \
=N EtOH N=N (3)
3 h reflux
80%
10
NO NO,

2

azo dye ligand was prepared and coupled to either a poly-
(N-isopropylacrylamide) or a poly(N-octadecylacrylamide)

jaolymer as shown in Scheme 2.

Catalystl0was shown to be active at 0.1 mol % in Heck
chemistry using acrylate Heck acceptors and iodoarenes and

(18) Martell, A. E.; Motekaitis, R. JThe Determination and Use of
Stability Constants, 2nd ed.; VCH Publishers: New York, 1992; p 171.
(19) Dupont, J.; Pfeffer, M.; Spencer,Bur. J. Inorg. Chem2001,8,

1917.
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Scheme 2. Synthesis and Palladation of a PNIPAM-Bound
Azo-Arene Dyé
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13: R = -CH(CH,),, x = 104,y = 6
14: R = -CH,(CH,);cCH,, x = 10, y = 1

a(a) (BocO, CHCl,, 12 h, 89%; (b) MsCI, ChkCl,, TEA, O
— 25°C, 8 h, 89%; (c) HOGH,N=NCsH;NO,, K,COs, acetone,
reflux, 18 h, 72%; (d) TFA, 6 h, 83%; (e) fot0: (i) TEA,
PNIPAM-NASI, THF, 15 h, (ii)i-PrNH,, 4 h, (iii) Amberlyst 15,
THF, 6 h; for11: (i) PNODAM-NASI, TEA, THF, 15 h, (ii) 4 h,
CigH37/NH,, (iii) Amberlyst 15, THF, 6 h; (f) forl2: NaPdCl,
EtOH, 3 h reflux, 98%; fol3: Na,PdCl, THF, reflux, 20 h, 99%.

activated bromoarenes as Heck donors and served as a mod

for polymeric catalysts (eq 4, Table 1). Polymer-bound

QX 0.1 mol% 10
z —>

~
or EtN, DVMF

OR (4
. z

= o
o

versions ofl0—13and 14 were also active Heck catalysts.
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Table 1. Catalytic Activity of 10 in Heck Chemistry (eq 4)

X 4 R temp (°C) time (h) yield (%)
1 H ‘Bu 110 1 >99

1 H ‘Bu 60 14 99ab
Br Ac Me 120 30 93
Br CHO Me 120 30 87
Br H Me 120 72 292

a Conversion determined by GC using diglyme as an internal standard.
b K3PQO, was used as the base.

As was true for9, recovery of these catalysts in one liquid
phase of a thermomorphic solvent mixture could be easily
assayed by UV spectroscopy. However, while polymer
recovery was very high=99.9%), we did observe a small
amount of catalyst decomposition wifl®, 13, or 14. This
makes these palladacycles less suitable than other recyclable
Heck catalysts we have describéd®

The polymeric azo dye ligands also proved useful in
establishing the instability of these polymeric palladacycle
Heck catalysts derived from azo dyes through repetitive
cycles of Heck chemistry. Heating an azo dye-ligated
palladacycle such d@for 24 h at 120°C in DMF containing
triethylamine led to significant decomposition (based on the
observation of Pd(0) formation) and disappearance of the
catalyst absorption peak at 498 nm. Thus, in this case, the
polymeric azo dye not only ligates the catalyst and reports
on the phase location of the polymer, it serves as a reporter
for catalysts’ instability.

In summary, by attaching UV-active compounds onto
polymer-bound catalysts we have been able to obtain “visible
catalysts”. Such catalysts simplify development of new
isolation and recovery procedures for catalysts and provide
a simple probe to assay the extent of catalyst phase
preference and recoverability.
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