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Nonpolar Polymers for Metal Sequestration and Inverted thermomorphic behavior
Ligand and Catalyst Recovery in Thermomorphic
Systems
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. Figure 1. Normal and inverted thermomorphic behavior.
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. ) mixture’1®We here show that changing PNIPAMRsalkyl group

The recovery and reuse o_f homogenepus Catalysts_ls of interesty 4 more lipophilic octadecyl group is enough of a change to
for environmental, economic and practical reasthBiphasic invert the polymer solubility so that the polymer would selectively
systems using ionic liquids; fluorous system3aqueous systenis,  gissolve in the nonpolar phase of a biphasic mixture but stay in
and thermomorphic polar/nonpolar mixtutesl address these  gqytion at elevated temperature. To test this premise and to test
issues. Except in the case of fluorous-phase catalysis whereyq extent to which this polymer would be able to recover a ligand,
!lpophlllc quorous-ph_ase solu_ble I_|p|d ligands are uSedtalysts _we prepared poly{-octadecyl-acrylamideo-N-acryloxysuccin-
in these systems typically reside in the polar phase of the reactlonimide) (PNODAM-c-PNASI). The resulting copolymér contain-

mixtu_res at the point of separation. This poses problems if the ing an active ester was then labeled with an azo dye (eq 1) to
reaction products or byproducts are polar. Catalysts on cross-

linked polymer supports (Merrifield resins) that are always o
insolublé or on soluble polymers that precipitate from solufigh \)J\ ABN Q
can be separated from polar solutions, but these systems have NH(CH,),,CH; —— NH(CH,),,CH,
the disadvantages of a solid/liquid separation or heterogeneous *
(

Q 10
o] Q
reaction conditions. Here we describe a liquid/liquid separation \)ko N? }7;
- O—N
1
0 O 1 o )

benzene

process that relies on the ready tunability of polymer solubility
to separate and recover ligands, metals, and catalysts in the
nonpolar phase of a mixture of polar and nonpolar solvents.

The work described here uses the scheme for biphasic catalyst I NH(CH,),,CH,
recovery we call thermomorphic catalysis (Figure’ 1 this dye ) 10 dye
scheme, a soluble polymer facilitates catalyst recovery and NH(CHy). ggg"nﬁ'exmg o complexing
separation of a catalyst from reaction products. The separation lioand NH(CH,) agent
in these systems relies on two ideas. The first is that many binary ¢ 1 #n{ ligand
and ternary solvent systems exhibit a reversible increase in
miscibility with increasing temperature. The second premise is
that a soluble polymer should have a strong phase preference for
one phase under biphasic conditions. We demonstrated these ideas NCHy, ¢ O—H
with various Rh(l), Pd(0), and Pd(ll) homogeneous catalysts N, X
attached to the soluble polar poNqfsopropylacrylamide) H s Bd s
(PNIPAM) polymer. However, as discussed above, this chemistry N=N PhaP

is limited in that many reaction products or byproducts are polar

and thus not separable from a polar polymer-bound catalyst. For

example, reactions such as Heck carboarbon bond forming H.N

reactions produce salt byproducts that accumulate in the polar, CONH(C; 2N, NsHZ 24 ';HCO(CHz)ﬁNHZ

catalyst-containing phase. Here we show that a nonpolar polymer

support can be designed to quantitatively stay in the nonpolar form PNODAM-2. The producp-methyl red-labeled polymer was

phase of a biphasic mixture (an inverse thermomorphic separation)soluble both in heptane and in hot miscible mixtures of heptane

and that such a polymer is useful both in trace metal and catalystand aqueous ethanol B{N-dimethylacetamide. More importantly,

recovery. under resting (28C) biphasic conditions with these same solvent
Our prior work used polar poly(ethylene oxide) or PNIPAM  mixtures, the dye-labeled polymer was exclusively soluble

polymers in aqueous solutions or in the polar phase of a biphasic(>99.9%) in the nonpolar phase.

The PNODAM-polymerl was successfully treated with other
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Scheme 1.Synthesis of a PNODAM-Bound SC®d(ll) Table 1. Heck Reactions with a PNODAM-Catalyst
Catalyst (PNODAM-5) for Use in Heck Chemistry Aryl lodide Acceptor  Cydle 1 Cycle 2 Cycle 3
] 1 SPh Q OC(CH,)
NH " C}_@*' Z T 9% 94% 99%
0" "0 o
HN"O \ HzN/\/\/\ﬂ/ Q NHCH
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aHeck reactions were carried out at ca. 1 in a monophasic
heptanel,N-dimethylacetamide mixture using 0.2 mol % of PN-
experiment with PNODAM3 and a pH 8 aqueous EtOH solution ODAM-5 (see Supporting Information for a detailed procedure).
containing 8.5 ppm of Ni(OAg)led to>99.4% of the Ni(ll) being ®Yields are yields of NMR pure products.
sequestered in the heptane phase of the penultimate biphasic
heptane/aqueous EtOH mixture0 ppb of Ni(ll) in the aqueous
EtOH).

o}

H,N(CH,);PPh,

These experiments show that PNODAM-bound ligands and ol TFEnNTL HN™ ~o 11
X X ,Et;N, r.t., w

metal complexes are selectively soluble in the nonpolar phase of 4h, 85% yield 1o (CH2PP
a thermomorphic biphasic mixture and that PNODAM-bound v 1 PNODAM-4 )
ligands effectively complex metals. PNODAM is therefore likely Pd(dba), /[Rh(H C=CH,)CI]
to be as useful for catalyst recovery as the PNIPAM ligands we 2 2
used previously:1%1\We verified this using PNODAM to support [PNODAM- 4] ,Pd [PNODAM- 4] ;RhCI
an air- and heat-stable SE®d(Il) Heck catalys€13 prepared
as shown in Scheme 1. The PNODAM-bound S@&S(1I) _o~_-OAc  [PNODAM-4],Pd o Q
catalyst was characterized by solid-st&#& NMR spectroscopy + heptane/90% EtOH-H,0 N =g CH, 3
(the ipso C of the SCS ligand on PNODAMappears at 152.5 P-CHCH,SONa 51, 76, 85 9% yield | -

0) and by*H NMR spectroscopy (the benzyl protons of this ligand
shift to 4.56 from 4.06 on Pd-complex formation). This polymer-
bound catalyst was air stable and active in a thermomorphic
heptanel,N-dimethylacetamide mixture at 1TC.

PNODAM-5 was comparable in activity to a similar PNIPAM-
bound SCS-Pd(ll) catalyst (Table 1}**The catalyst PNODANG
was used for up to nine cycles in formation of cinnamic acid
from iodobenzene (GC conversion in ninth cycle was 90% at 24
h), showing that catalyst recycling was very successful.

Phosphine ligands too can be bound to PNODAM to produce :
useful catalysts. For example, when 3 or 4 equiv of PNODAM- are effective handles for recovery of homogeneous catalyst and

were allowed to react with a Rh(l) or Pd(0) precursor, a solution sequestrat_ion of trace metals in the nonpolar phase OT a biphasic
of a PNODAM-bound Rh(l) hydrogenation catalyst or a PN- solvent mixture. Ongoing work to design more active Heck

ODAM-bound Pd(0) allylic substitution catalyst forms (eq 2). catalysts on this support, to explore the phase selectivity solubility

These catalysts too could be recovered and reused in hydrogena_gf N-alkylacrylamides, and to study other catalysts will be reported

tion of a simple polar alkene like acrylic acid and in the allylic in due course.
substitution reaction shown in eq 3. For example, in this latter

allylic sulfone synthesis, the Pd(0) catalysts could be used through
5 cycles. H_owe_ver unI_lke the stable SEBd(Il) Heck catalyst, gratefully acknowledged. P.L.O. acknowledges the National Science
the phosphine ligands in both these Rh(1) and Pd(0) catalysts weregq nqation for support from a Graduate Research Fellowship Award.
prone to oxidation. For example, the reaction times in eq 3 had The assistance of Dr. Joy Heising with metal analyses and of Dr. R. Taylor
to be gradually increased from cycle 1 to cycle 5 (1 to 52 h) for with solid-state NMR spectra is also gratefully acknowledged.
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complete conversion to occur. In such casé3,NMR spectros-
copy confirmed phosphine oxidation had occurred. In general,
the formation of Pd or Rh metal as a black precipitate was a visual
harbinger of catalyst decomposition. Such adventitious oxidation
limits the utility and useful recyclability of PNODAM-bound
phosphine-ligated catalysts to systems where rigorous oxygen
exclusion is practical.

To summarize, polyacrylamides with hydrophobic alkyl groups
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