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Abstract:

The phase-selective solubility properties of polymer supports
that could be used in thermomorphic and latent biphasic
systems useful in synthesis and catalysis were evaluated using
polymers tagged with either visible dyes or fluorescent probes.
Heptane/DMF, heptane/90% ethanot-water, heptane/ethyl ac-
etate, heptane/ethanol, and heptantgrt-butyl alcohol solvent
mixtures were all studied as examples of thermomorphic or
latent biphasic systems. A range of polymers including poly-
isobutylene (PIB), polytert-butylstyrene) (PTBS), poly(octadecyl
acrylate) (PODA), and poly(octadecyl methacrylate) (PODMA)
were tested for hydrophobic phase-selective solubility. The
results of these studies are compared to prior work with polar
and nonpolar poly(N-alkylacrylamide)s and polystyrene. To-
gether with this prior work, these results show that a wide range
of polymers and solvent mixtures can be used for the recycling
of soluble polymer-bound catalysts, reagents, and sequestrants
using either thermomorphic or latent biphasic separation
strategies.

Introduction

The use of liquid/liquid biphasic systeffsand the
attachment of catalysts, reagents, and sequestrants to in
soluble polymeric suppoitdhave both been recognized as
feasible methods to facilitate organic synthesis through
simplified purifications and through catalyst recovery and
recycling. However, such systems have limitations. For
example, while liquid/liquid biphasic systems allow for
simple separation of a catalyst, reagent, or sequestrant fro
a product, the liquid/liquid interface introduces kinetic
barriers—barriers that hinder the reaction or that require
the use of phase transfer catalysts. Biphasic liquid/solid
systems that rely on the use of insoluble polymeric sup
ports for the separation of a catalyst, reagent, or sequestran
from a product often sacrifice solution-like activity for a
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for oligonucleotide synthesisare both commonly used
industrially and in academic laboratories. Indeed, the avail-
ability of such systems for facilitated chemical synthesis has
ushered in entirely new technologies such as combinatorial
chemistry.

Soluble, linear polymer-supported catalysts, reagents, and
sequestrants are also knof? Such soluble polymer-
supported species often exhibit improved reactivities. Often
these species are recovered by solvent precipitation or
membrane filtratiort*~1> However, solvent precipitation or
membrane filtration often requires the use of additional
solvent in the separation process. In some cases, these
separations are not as simple, fast, selective, and as efficient
as separations using an insoluble resin. Our recent work has
emphasized an alternative strategy based on the fact that
many linear polymers exhibit selective solubility in either
polar or nonpolar solvent§.Such phase-selective solubility
can be exploited in a simple liquid/liquid separation to
recover catalysts, reagents, or sequestrants on soluble
polymers. Moreover, we and others have shown with select
examples that soluble polymers can effect separation of
catalysts from products simply and quantitatively with-
out the introduction of significant additional solveé¥it.1721
This initial work focused on only a few such polymers and
solvent mixtures. The work below uses a variety of other
polymers with dye labels as catalyst surrogates and shows
that many other polymers and solvent mixtures are equally
suitable in such separations. These results show that it is
possible to use many sorts of common polymers to design
highly phase-selective polymers that are well suited for use
in a variety of thermomorphic or latent biphasic solvent
systems.
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Figure 1. Separation schemes using soluble polymers that
employ a monophasic reaction step and a biphasic liquid/liquid
separation step: (a) nonpolar thermomorphic system where a
nonpolar polymer is initially soluble exclusively in the less dense
nonpolar phase of a reaction mixture that becomes miscible
on heating and immiscible on cooling; (b) latent biphasic system
where the solvent mixture is initially a single phase at the cusp
of immiscibility during the reaction but perturbed by the
addition of <10 vol % perturbant (here, water) to form a
biphasic system.

Our group and others have shown that catalytic and
synthetic operations performed in thermomorphi¢ 22 or

water present initially® This latter 1:1 (vol:vol) heptane/
ethanol mixture is monophasic at room temperature. How-
ever, perturbation of this mixture into a 10:9:1 (vol:vol:vol)
heptane/ethanol/water mixture by the addition of 5 vol %
water induces phase separation. A latent biphasic system is
designed so that the reaction mixture is miscible and
monophasic but near the miscibility/immiscibility boundary
so that the addition of a small volume of water (or other
perturbant) is sufficient to make the whole system biph&sic.
Since hundreds of other solvent combinations are thermo-
morphic or can be designed to be latently biphasic, these
strategies together afford one a range of possible reaction
media with various solvent polarities at a range of different
temperatured’

The thermomorphic and latent biphasic solvent systems
are only useful if a reagent, catalyst, or sequestrant can be
readily separated from a product. We have emphasized in
our past work and in the studies below the utility of soluble
polymers in this regard. Some polar low-molecular weight
species would probably work equally well. Whether mac-
romolecules or low-molecular weight species are used, this
past work and earlier work on enzymatic catalysis carried
out in biphasic systems requires that the species to be
recovered have a high selective solubility in one phase of

latent biphasit®2 solvent mixtures address the reactivity the biphasic mixture if the separations are to be pracifcal.

issues experienced with biphasic or heterogeneous reactiondNominally, this phase-selective solubility should be above
In our work, we have emphasized how such systems using100:1. A phase-selective solubility 8500:1 would be more
linear polymers as supports combine the advantages ofdesirable. We also believe that designing systems where a
monophasic reactions and biphasic separation of a productcatalyst is recovered in the nonpolar phase would be more
phase from the catalyst-, reagent-, or sequestrant-containinggenerally useful because most organic products of interest
phase (Figure 1). In either the thermomorphic or latent have some polar character. Polar polymers such as poly-
biphasic systems, the monophasic conditions for the reaction(ethylene glycol) and poly{-isopropylacrylamide) are still
eliminate liquid/liquid or liquid/solid interface limitations that  useful as support:*2However, these polymer supports are
affect reactions in other biphasic systems. The systems weonly useful in reactions where the products are nonpolar.
have developed do require the application of a stimulus or Moreover, if the reaction produces a polar byproduct,
perturbation to induce the system to become biphasic, butrecycling will eventually be compromised because this
this perturbant need only be mild heating or a small amount product will gradually increase in concentration as the polar

of a solvent or a salt additive.

phase is recycled. Using nonpolar phase selectively soluble

A variety of solvents can be used in liquid/liquid polymer supports for the synthesis of polar organic molecules
separations with soluble polymer-supported catalysts. Much ¢ ves these problem&1821\We have shown that at least

of our work to date has used heptane/ethanol/water mixtures

under thermomorphic or latent biphasic conditions. In a
thermomorphic scheme, a 10:9:1 (vol:vol:vol) heptane/
ethanol/water mixture is used. This solvent mixture is
biphasic at room temperature and monophasic &70ut

separates into two phases if allowed to cool to room
temperaturé? A latent biphasic system would use ethanol
and heptane but without any water or with less than 2 vol %
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one class of soluble polymeric supports can be tailored to
exhibit the desirable phase selectivity (often greater than
99.5%) in either polar or nonpolar solvenés.

Here we demonstrate that not only can we vary the
structure of one class of polymer to control phase-selective
solubility but we can also prepare a wide variety of polymers
as nonpolar supports for thermomorphic or latent biphasic
chemistry. Using a variety of solvent systems, the heptane
phase selectively soluble polymers described here can be
separated as is shown by polymers that are modified with
visible dye or fluorophore probes.
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Experimental Section washed with HO (3 x 50 mL) and brine (Ix 50 mL). The

All phase selectivity measurements were performed on a 0rganic phase was dried over Mg§@nd the solvent was
Cary 100 scanning UV/vis spectrophotometer or with a fémoved under reduced pressure. A total yield of 52 § of
Fluorolog 2 spectrofluorometer. Standard curves were pre-Was obtained after drying under vacuum for 24t NMR
pared to determine the range of dye concentrations that(300 MHz, CDC4, 0): 0.75—1.46 (m, 180H), 3.263.32
preserved linearity for quantitative analyses. Where neces-(dd,J = 7.5 and 10.2 Hz, 1H), 3.443.49 (dd,J = 5.4 and
sary, samples were diluted with the appropriate solvent prior 10.2 Hz, 1H).

to measurement. Extinction coefficients were considered to  N.N-Dimethyl-p-aminophenylazobenzoy! Chioride (2).
be unaffected by solvent media, and the phase selectivityN:N-Dimethyl-p-aminophenylazobenzoic &€if8 g, 11.14
preference of a polymer was calculated as a ratio of the MMol) was dissolved in 40 mL of benzene and heated to

absorbance measured for the polymer in each phase of d€flux. Thionyl chloride (0.8 mL, 10.97 mmol) was then
system. added via syringe. The solution was stirred at reflux for 24

Previously reported as well as new thermomorphic and h and then filtered hot. T_he clegr soluti_on was coolegl to room
latent biphasic systems were studied for use in recycling temperature. The resulting solid was filtered and dried under

systems. Heptane/DMF, heptane/90% ethanol, and heptane) 2CUUm, yieiliji.ng 1.1 g of product having mp }7880°C.
ethyl acetate solvent systems were examined for reversible!R (KBr, cm™): 2924, 2859, 1764, 1724, 1603, 1599, 1530,
thermomorphic monophasic/biphasic behavior. These sol- 1369, 1208, 1136, 943, 878, 838, 741, 645, SB2ZNMR

vents were all biphasic cold and monophasic hot. Heptane/(300 MHz, DM_SO'@ 0): 3.09 (s, 6H),_6.88 (d) =9 Hz,
ethanol and heptarteft-butyl alcohol solvent systems were 2H), 7.83 (d.J = 8.7 Hz, 2H), 7.84 (d) = 9 Hz, 2H), 8.06

examined as examples of latent biphasic systems where théd' J :h8'|7 Hé' 2':))'| d Polvisobutvl
initially monophasic system was rendered biphasic by M:at-y R? -Labele Poy|sol gty ene (Plf’_:VIR) ).
addition of an additive (typically water). A solution of1 (1.8 g, 1.8 mmol) in 50 mL of toluene was

General Procedure for Phase Selectivity Studiesince allowed to react witl2 (0.5 g, 1.74 mmol) in the presence

our typical applications of polymer supports involve using g;lth dofhpyrldllne. The reacélon (;Nas sélrreddat reflux fo_rrh
soluble polymers as catalysts or as catalyst supports in and the solvent removed under reduced pressure. The

thermomorphic or latent biphasic solvent systems, polymer rgeosol/dtg(\)/v:sltgkegouplln :'BI'?]O mL of _hex;;me and V\(/ja_shded with
concentrations for the phase-selective solubility studies were?~ " (10x 30 mL). The organic phase was dried over

calculated by determining the quantity of polymer that would MgSQ,, and q tdh? dsplvents v¥er(32 4r(;:]r?ovgd Tn6d7er r(:duced
be necessary in a catalytic reaction if the polymer were to pressure and dried in vacuo for 0 give 1.67 gR)fels

later be used as a catalytic support. Substrate concentration 7\1'8(:223 6r ef5lll(;uf47l7R igg?t’lg?é ig?? 12285591212613916
in the range of 0.20.5 M would commonly require catalyst ’ ' ' ’ ’ ’ ’ ’ ' ’

L1 .
concentrations of 0:22 mol %. The amount of polymer 740;"H NMR (300 MHz, CDC4, 0): 0.80-1.43 (m, 180H),

necessary to support this concentration of catalyst was thenz'06 (m, 1H), 3.07 (s, 6H), 4.644.07 (dd,) = 7.8 and 10.5
y 10 supp y Hz, 1H), 4.17-4.23 (dd,J = 5.7 and 10.5 Hz, 1H), 6.71 (d,

tested for phase s_elect|V|ty. Standar_d curves were flrstJ — 9.3 Hz, 2H). 7.86 (] = 9.3 Hz, 4H), 8.17 (d) = 8.7
prepared to determine the concentration of dyes that pre—HZ 2H)

served the linearity of the absorbance readings. The polymers Bromide-Terminated Polyisobutylene (PIB-Br) (4). A

were dissolved in the heptane phase and the second polarOlution of1 (10 g, 10 mmol) in 100 mL of dichloromethane

phase added after comp[ete sqlvatlon had begn .ol:_)'Famed. I(/‘;vas cooled to GC. A solution of methanesulfonyl chloride
necessary, heat was applied to induce phase miscibility. Once

. ! . (2.3 mL, 30 mmol) and triethylamine (4.3 mL, 31 mmol)
a homogeneous solution was obtained, cooling or the . . .
atwas added to the solution dropwise. The reaction was allowed
tion. Centrifugation with a Jouan CT422 centrifuge was 0 warm to room temperature and stirred for an additional 6
: . ) h. The solvent was removed under reduced pressure and the
applied as necessary to induce complete and timely separa- _ . . . ) .
. ) . ) residue dissolved in 200 mL of 1:1 heptane/acetone contain-
tion. The solvent layers were then isolated and serially diluted . : : .
ith th dominant solvent until the absorb di ing LiBr (9 g, 104 mmol). The reaction mixture was heated
with the predominant solvent until the absorbance reading ,"gq oc for 24 h. The mixture was cooled to room
fell within the previously determined linear range using a

Carv 100 ing UV trophot ; F | temperature and added to 200 mL of hexane. The organic
ary scanning VIS spectrophotometer or Fitorolog phase was then washed successively wig® KL x 50 mL),
2 spectrofluorometer.

; . DMF (5 x 10 mL), and again with O (2 x 20 mL). After
5 Hydr(()jgyl—Tﬁrlmlnl?tjed Zoslylslt_)bl;tylzeréelv(lPlli—.OH). (1%_“: drying over NaSQ,, the solvent was removed under vacuum
orane dimethyl sulfide (8.5 mL of a 2.0 M solution in THF, " 014 9 4 g of41H NMR (300 MHz, CDC}, 8): 0.76—
17 mmol) was added to a solution of PIB (50 g, 50 mmol). 1.49 (m, 180H), 3.28 (ddJ = 6.9 and 9.6 Hz, 1H), 3.37

The solution was stirred for 24 h and then cooled to0 (dd, J = 4.8 and 9.6 Hz, 1H).
prior to the addition of 40 mL of ethanol and 12 mL of 4 N

NaOH. Then 8 mL of 30% kD, was added dropwise, and

the oxidation was allowed to proceed for 2 h. At this point,
3(_)0 mL of HO was added, and the_SO|Ut|0n \_/vas extracted (33) Gilman, H., Ed.Organic Syntheses, 2nd ed.; John Wiley & Sons: New
with hexane (5< 100 mL). The resulting organic phase was York, 1932; Vol. 1.

Phthalimide-Terminated  Polyisobutylene  (PIB-
phthalimide) (5). A mixture of potassium phthalimide (3.0
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0,16.2 mmol) andt (9.0 g, 8.3 mmol) in xylene/DMF (150 General Procedure for Synthesis of Octadecyl Acry-
mL/150 mL) was stirred at 160C for 40 h. The reaction lates (12 and 13)A 500-mL three-necked round-bottomed
was cooled to room temperature, and 300 mL of hexane wasflask with stir bar, addition funnel, and condenser was
added. The nonpolar organic phase was isolated and washedharged with octadecanol (31.427 g, 110.37 mmhuL\-
with H,O (3 x 40 mL) and 90% EtOH (4 25 mL). The  dimethylaniline (10 mL, 86.32 mmol), and 60 mL of
organic phase was then dried over,8@&, and the solvent  dichloromethane. The mixture was warmed to dissolve the
removed in vacuo to yield 8.5 g &'H NMR (300 MHz, alcohol, and a solution of acryloyl chloride (11 mL, 130
CDCl, 9): 0.76—1.49 (m, 180H), 3.42 (dd, = 8.1 and  mmol) in 50 mL of dichloromethane was added dropwise.
13.4 Hz, 1H), 3.54 (ddJ = 6.6 and 13.4 Hz, 1H), 7.68 (dd,  Following addition, the reaction was gently refluxed over-
J=3.0and 5.4 Hz, 2H), 7.82 (dd,= 3.0 and 5.4 Hz, 2H).  pjght. The mixture was cooled and alternately washed with
Amine-Terminated Polyisobutylene (PIB-NH2) (6). A \yater and 10% HCI. The organic phase was dried over
solution of hydrazine hydrate (18 mL, 314 mmol) &(8.0 MgSQ,, concentrated under reduced pressure, and dried
g, 6.97 mmol) in 400 mL of 1:1 ethanol/heptane was heated ;,\,acuo to give 35.09 g of2 as a viscous oil (95%)H
to reflux for 20 h.dThe reacti?n was allo(;/:/jec(ijto (;]OOI toroom \vRr (300 MHz, CDC}, d): 0.88 (t,d = 7.8 Hz, 3H),
temperature, and 50 mL of J@ was added. The organic _
phase was then washed first with® (3 x 40 mL) and égg EZdZJSE)le;EZ%(SmHgHiHA)r1641(t1J (dd6f FOZ.,SzaFr'])(,j
then with 90% EtOH (4x 25 mL). The heptane phase was 17 4 Hz ’1H) 6.39 (ddj = 1.8 ’and 1’7 4 Hz 1|'_|) Octadecyl
dried over NaSO, and the solvent removed under vacuum me.thacr'ylate' :(é)lH NMR '(300 MH.z CIS)C& -6)' 0.80
to yield 7.5 g of6.*H NMR (300 MHz, CDC}, 6): 0.76— (t. J = 6.6 Hz, 3H), 1.18 (s, 28H) 1_’41 7 (m, 4|_'|) i85
1.49 (m, 180H), 2.43 (dd] = 7.5 and 12.4 Hz, 1H), 2.60 (t’ )= 09 and 1 Ha 3H)’405(£1 69 Hz 2H), c s

(dd,J = 5.4 and 12.4 Hz, 1H). B N
Dansyl-Labeled Polyisobutylene (PIB—Dansyl) (7)A (1qH)J =1.5and 1.8 Hz, 1H), 6.01 (dd,= 0.9 and 1.8 Hz,

solution of dansyl chloride (0.337 g, 1.25 mmdad)(0.5 g, . .
0.5 mmol), and triethylamine (3.0 mL, 0.42 mmol) in 20 Amine-Terminated p-Methyl Red (;4)' p-Methyl rgd
mL of chloroform was refluxed for 24 h. The solvent was (7-89 9, 29.3 mmol) was suspended in 225 mL of dichlo-
removed under reduced pressure and the residue taken ufPmethane. To this suspension was added carbonyldiimida-
100 mL of hexane and washed with 90% EtOH %320 zole (10.0 g, 61.67 mmol), resulting in a rapid emission of
mL). The organic phase was dried over MgSthe solvents €Oz The mixture was stirred at ambient temperature for 4
were removed under reduced pressure, and the product dried. and the starting material was observed to dissolve to form
in vacuo for 24 h to give 0.40 g afas a light yellow liquid. @ bright red homogeneous solution. This solution was
IH NMR (300 MHz, CDC}, 0): 0.77—1.39 (m, 180H), transferred to an addition funnel and added dropwise over 3
2.54—2.62 (m, 1H), 2.732.82 (m, 1H), 2.86 (s, 6H), 4.54 hto a solution of 1,6-hexanediamine (13.6 g, 117 mmol) in
(t,J=6.3 Hz, 1H), 7.17 (d) = 7.5 Hz, 1H), 7.52 (m, 2H), 200 mL of dichloromethane. After the addition, the resulting
8.29 (m, 2H), 8.51 (dJ = 8.4 Hz, 1H). solution was allowed to stir for 24 h at room temperature.
Dansyl-Labeled Poly(tert-butylstyrene) (PTBS—Dan-  The reaction was filtered, and the filtrate was washed with
syl) (9). A mixture of N-propyl-5-dimethylaminonaphthalene-  water (10x 60 mL), dried over MgS@ and dried in vacuo
1-sulfonamide (8 (0.0833 g, 0.285 mmol) and potassium to yield 8.57 g of14 as a red solid (80%)H NMR (300
tert-butoxide (0.317 g, 0.283 mmol) in 15 mL of dry DMA  MHz, CDCk, 6): 1.25 (m, 4H), 1.60—1.67 (m, 4H), 2.69
was placed in a flame-dried flask. The reaction was stirred (t, J = 6.6 Hz, 2H), 3.10 (s, 6H), 3.47 (d,= 6.3 Hz, 2H),
under argon for 1 h before the dropwise addition of a solution 6.21 (t,J = 6 Hz, 2H), 6.76 (d,) = 9 Hz, 2H), 7.86 (s, 4H),
of 10:1 polytert-butylstyrene)e-poly(vinyl benzyl chloride) 7.89 (d,J = 9 Hz, 1H).
(PTBS—VBC) (1.0041 g, 0.57 mmol) in 5 mL of DMA. An General Procedure for the Synthesis op-Methyl Red-
additional 5 mL of DMA was added via syringe, and the | abeled Acrylamides (15 and 16)A solution of 14 (1.82
reaction was allowed to stir overnight. The reaction was g 5 mmol) and triethylamine (2 mL, 14 mmol) in 50 mL of
determined complete by phenolphthalein indictor and titration §ichloromethane was added to a 100-mL round-bottomed
with standardized HCI. The mlxture was extracted with 55k Acryloyl chloride (0.60 mL, 7.09 mmol) was then
hexanes (3« 20 mL), washed with DMF (5< 50 mL), and  4qqed dropwise via syringe. The reaction was allowed to
concentrated under reduced pressure. The polymer was takeiir tor 24 h at room temperature before the mixture was

back up m_to ether and wa_shed with water X350 mL). transferred to a separatory funnel and the organic phase was
The organic phase was dried over MgiSahd the ether washed with water. The organic phase was set aside, and
Ej?sr:r;(c))\ll\?ed d lij:gerrn[egfugﬁlgrg][grsnsquri'e;—.h? po(;y_mersv(\;gs tlr_]enthe agqueous phase was washed with dichloromethane until

. rorm, p Ipitated into ML the dichloromethane was colorless. The organic phases were
of methanol, filtered, and dried in vactid.NMR (300 MHz, combined, washed with water 3 50 mL), and dried over

g“['))CIZ 261:4%32&2&? Elnlr]‘|,)22A(r3|_9|)7, gég(lbﬁbf; Slgg:zi) 3.7125(%;5’ MgSQ.. The solvent was removed under reduced pressure,
m 2H) 8.18 (br s ,lH) ‘85 (br. s, 1H) 8.36 (br, S 1H) and the product was dried in vacuo to give 1.95 d.bfas

a red solid (96.5%)H NMR (300 MHz, CDC}, d): 1.30—

(34) Summers, W. A,; Lee, J. Y.; Burr, J. @. Org. Chem1975,40, 1559— 1.7 (m’ 8H)’ 3.11 (S’ GH)' 3.34 (q’: 6.6 HZ’ ZH)’ 3.46 (q
1561. J = 6.6 Hz, 2H), 5.61 (ddJ = 2.1 and 10.2 Hz, 1H), 5.8
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(brt, 1H), 6.28 (ddJ = 2.1 and 17 Hz, 1H), 6.10 (dd,= Table 1. Phase-selective solubility for polyisobutylene
10.2 and 17 Hz, 1H), 6.39 (br t, 1H), 6.76 @= 9 Hz, oligomers in heptane/polar solvent systems

2H), 7.88 (m, 6H). Methyl red-labeled methacrylamitie phase selectivity in

IH NMR (300 MHz, CDC}, 8): 1.2—1.70 (m, 8H), 1.97 (s, polymer polar solvent  nonpolar solvent (%)
3H), 3.11 (s, 6H), 3.33 (q] = 6.9 Hz, 2H), 3.48 () = 6.3 PIB—MR 1000 90% ethanol 4o 99.60
Hz, 2H), 5.31 (s, 1H), 5.68 (5, 1H), 5.9 (br t, 1H), 6.40 (O piB_gansyl 1000  90% ethanol B 99.70
t, 1H), 6.76 (d,J = 9.3 Hz, 2H), 7.88 (m, 6H). PIB—MR 1000 EtOAC 93.75
General Procedure for the Synthesis of Methyl Red- PIB—MR 1000 t-BuOH 99.42
Labeled Poly(octadecyl acrylate)s (17 and 18Benzene PIB—MR 2300 90% ethanol—4D 99.70
(50 mL) was added to a 100-mL three-necked round- P!B—dansyl2300  90% ethanol-8 99.60
bottomed flask and degassed by bubblingfét 3 h. The PIB—MR 2300 EtOAC 92.86
: PIB—MR 2300 t-BuOH 98.59

benzene was then cooled t+6/8 °C. Then12 (2.50 g, 7.7

mmol),15(0.108 g, 1.26 mmol), and AIBN (0.0188 g, 0.114 ) N
mmol) were added to this solid, and any air that was Table 2. Phase-selective solubility for polytert-butylstyrene)

introduced into the flask was removed under vacuum. The " heptane/polar solvent systems

flask was flushed with By and the reaction mixture was | ar solvent phas? SE|e|CtiVittyj)'/1
allowed to warm and melt. The polymerization occurred polymer pofar solven nonpolar solvent (%)
when the mixturg was heated to reflu_x with stirring over 48 prgs_dansyl  90% ethanol—B 99.99
h. After this period of time, the solution was concentrated PTBS—dansyl  100% ethanol 99.99
under reduced pressure, and the residue was dissolved in E%g—gansy: El\élz 98-?3

: ] —dansy tOAC .
100 mL of hexane. The hexane solution was washed first PTBS—dansyl t-BUOH 9908

with DMF until the DMF washings were no longer colored
and finally with water (3<x 50 mL). The water DMF phases

were washed with hexane to remove any polymer. The Table 3. Phase selective solubility for poly(octadecyl
combined hexane phases were then concentrated undefCrylate)s in heptane/polar solvent systems

reduced pressure, and the resulting product was dissolved phase selectivity in

in @ minimum amount of chloroform (approximately 10 mL). polymer polar solvent  nonpolar solvent (%)
Addition of this solution to 400 mL_of methanol _prec_lpltated PODA—MR DME i

the product polymer which was isolated by filtration and popa—MR 90% ethanol—kD >09.95

dried in vacuo to yield 0.7664 g df7 as a bright yellow PODMA-MR  DMF -

solid (31%).'"H NMR (300 MHz, CDC}, 6): 0.88 (t,J = PODMA-MR  90% ethanol—kE0D >99.95

7.8 Hz, 90H), 1.25 (br s, 900H), 1-8..65 (br m, 60H), 3.10

(s, 6H), 4.03 (br t, 60H), 5.5 (br s, 1H), 6.18 (br s 1H), 7.9 Table 4. Previously reported phase-selective solubility values
(br s, 2H). GPC analysis was carried out in THF using for polar phase-soluble polymer supports®

1.84. Methyl red-labeled poly(octadecyl methacrylatie)( polymer solvent system nonpolar solvent (%)
was prepared similarlyH NMR (300 MHz, CDC4, 6): 0.88 ONIPAM_MR? heptane/ DMF 01
651,68 (br m, 60H), 3.10 s, 689, 3,62 (rt, 60K, 5,65 EAIPAU-dansy _hepane/ DN <0001

) ) ! v ! N ! = PNIPAM—MR? heptane/ <0.01
(brs, 1H), 6.1 (br s, 1H), 7.9 (br s, 2H). GPC analysi4d 8f 90% ethanol—HO
was carried out in THF using polystyrene standariik: = PNIPAM—dansyt ggé}tar}[ﬁ/ O <0.01

— — 6 ethanol—
6668, Mw = 12567, PDI= 1.88, PNIPAM—MRac  Et;N/H,0 >99.9 (EtN phase)
PNIPAM—dansy?® EtN/H,O >99.9 (EtN phase)

Results and Discussion PEGspoo—MRd heptane <0.1

% ethanol—
We have reported several examples of nonpolar phase /90% ethanol ~tO

selecuvely soluble ponmers IndUdmg recent reports of p0|y_ aMethyl red-labeled poly{-isopropyl acrylamide) was used as the polyrfter.

(tert-butylstyrene) and polyisobutylene. The goal of this work ti |31a(ns;|/|-|a|;3eled poly(fN—'is%prlopyl acrylgmide) wasd used as tl|1e polymeA )
. :1 (vol:vol) mixture of triethylamine and water produces a solvent mixture that
was to StUdy these polymer supports and other supports in ds monophasic at room temperature but biphasic when watnéddethyl red-

variety of solvent systems. Since the goal of this article was labeled poly(ethylene glycol) with B, = 5000 was used as the polyniér.

to evaluate the generality of separations under thermomorphic

or latently biphasic systems in various media with various included polyisobutylene (PIB), polgit-butylstyrene) (PTBS),
polymers, our synthetic efforts focused on the development poly(octadecyl acrylate) (PODA), and poly(octadecyl meth-
of routes to polymers that are designed so that we canacrylate) (PODMA), and the results for these polymer
incorporate dyes or fluorophores that would serve as easilysupports were compared with similar results for phase
traceable surrogates for a polymer-bound catalyst, reagentselectively soluble poly{-alkylacrylamide)s and polystyrene
or sequestrant. The resulting labeled soluble polymers werein Tables 1—56-18:35.36

then each examined for phase selectivity within several  Polyisobutylene (PIB) oligomers labeled wighmethyl
solvent systems. The soluble polymeric supports studied herered dye for UV/vis spectroscopic analysis and with a dansyl
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Table 5. Previously reported phase-selective solubility values Scheme 2. Synthesis of fluorescently labeled

for nonpolar phase-soluble polymer support$?35.36 poly(tert-butylstyrene) 9
phase selectivity in A =
polymer solvent system nonpolar solvent (%) AIBN ” .
+ —_—

PNODAM-MR®  heptane/ DMF >99.99 1ouene O O
PNODAM—dansy? heptane/DMF >99.99 o4
PNODAM—dansyt heptane/ >99.99 cl

90% ethanol—HO Cl
PS—-MR 2:1 toluene/ 99.5 CH,CH,CH,NH

75% ethanol—HO 1

20 1
d FC-7RITHF >99.9 0=8=0 O O O
d FC-7FH,0 >99.9 O

aMethyl red-labeled poly{-octadecylacrylamide) was used as the polytfer. N '\ﬂ/w c
b Dansyl-labeled poly(N-octadecylacrylamide) was used as the nonpolar poly- H,C™ "CH, 8 0=8=0
merlé ¢ Methyl red-labeled poly(styrene) withl, = 21000 was used as the - =
soluble polyme?® @ Methyl red-labeled polyacrylate polymers containing Teflon DMA, KO-£-Bu 9
“pony-tails,” were used as the nonpolar fluorous phase soluble polymer. In this
case, the solvents mixtures did not become miscible under any conditions
examined although miscibility of fluorous and organic phases is krié##.FC- N
77 is a fluorinated cyclic ether with formulagk;cO. H,C™ "CH,

Scheme 1. Preparation of a dansyl fluorophore-labeled

room temperature in ropriat Ivents or solvent mixtures.
polyisobutylene (PIB) (7) oom temperature in appropriate solvents or solve ures

Unlike PEG they are not separable as solids but are separable

CA80.Cl LB in liquid/liquid systems as discussed below.
- OH EtN, CH,CI, 1:1 acetone:heptane Br ; o
1 o 0°C. 6 h 809C, 24 h n Poly(tert-butylstyrene) polymers with UMWvisible tags
4 have been prepared, and their phase selectivity has been
NK o) described previously. Poly(ert-butylstyrene) polymers with
N MN NHNH,-H,0 fluorescent tags can also be prepared by nucleophilic
1:1 xylene:DMF 5 1:1 ethanol:heptane substitution of the chloride of a polg(t-butylstyrenes-poly-
160°C.40n o reflux, 20 (vinyl benzyl chloride) copolymer witiN-propyl-5-dimethy-

laminonaphthalene-1-sulfonamide (8) (Schemé*2).

Cl_% O 9 i i
o CH, MN_S O Suitable nonpolar phase selectively soluble polymer
MNHZ O N‘CH3 n o Q N,CHa supports can also be made by polymerization of labeled
" W 7 CH, nonpolar monomers. This is the strategy we used earlier with
poly(N-octadecylacrylamide)s. This same strategy in this

fluorophore for fluorescence spectroscopic analyses wereWork has been used to prepare nonpolar phase selectively
prepared from alkene-terminated polyisobutylene oligomers Soluble acrylate polymers. These octadecyl acrylate and
(n = 18 orn = 40) using the chemistry shown in eq 1 and octadecyl methacrylate polymers were prepared by copo-

Scheme 1. lymerization of a dye-labeled acrylamide monomer and

octadecyl acrylate or octadecyl methacrylate, respectively.

T\M 1. BHy-SMe, The acrylates were obtained by reaction of acryloyl chloride
n 2. H,0,, NaOH (10) and methacryloyl chloridel{) with octadecanol (eq

n=180r40 2). The dye-labeled monomers were acquired by reaction of

o y @N/CHS the methyl red-labeled amine with either acryloyl chloride
@,{ CH, or methacryloyl chloride (eq 3). Radical copolymerization
%OH cl 2 1 of these dye labeled acrylamides and the acrylates then
1 toluene, pyridine, reflux, 24 h produced methyl red-labeled poly(octadecyl acrylafer) (
or methyl red-labeled poly(octadecyl methacrylafg)((eq

CH,
e tava )
N CH ' . .
Wo s In all cases the solvent systems were first visually tested
{ |
3

l for their ability to separate into biphasic systems. Equivolume
methyl red mixtures of heptane/DMF and heptane/90% aqueous ethanol
achieve miscibility when heated above @ and reversibly
This chemistry where a terminal functional group was become immiscible on cooling. The triethylamine water
introduced and tagged with a dye is analogous to chemistry systems become biphasic on heating—this mixture has an
used earlier by us in modifying polyethylene oligomers and upper critical solution temperature. The toluene/75% aqueous
has been used by us to prepare polyisobutylene oligomers
with terminal catalysts or Iigand§.37These PIB oligomers (36) Bergbreiter, D. E.; Franchina, J. G.; Case, B. L.; Williams, L. K.; Frels, J.
D.; Koshti, N. Comb. Chem. High Throughput Screeni2@00, 3, 153—
are nonpolar analogues of PEG. They are very soluble at  {g4

(37) Bergbreiter, D. E.; Blanton, J. R.; Chandran, R.; Hein, M. D.; Huang, K.
(35) Bergbreiter, D. E.; Frels, J. D.; Heuze, React. Funct. Polyn2001,49, J.; Treadwell, D. R.; Walker, S. Al. Polym. Sci., Part A: Polym. Chem.
249—254. 1989,27, 4205—4226.
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R CH.OH R a monophasic reaction or in liquid/liquid phase separations
)’\WC' C11-{8N—1(7Cl-|)> A(O_C“HW of polymer-bound catalysts. Reasonable agreement in the
0 Chch i @ measured phase-selective solubility between the dansyl- and

10;R=-H 12:R=-H methyl red-labeled polymers provides evidence that both

11; R =-CH, 13, R = -CH, methyl red and dansyl labeling are effective and accurate
methods to assay the polymer concentration in a given

o) /y@N(CHs)Z solvent.
HLN(CH Nl}‘@’” The heptane phase-selective solubility for the polyisobu-
MN(CH)e tylene support in 90% ethaneH,O systems (>99.5%)
14 (NH,(CH,),;NH-MR) R ) .
10 or 11 A(NH(CHZ)aNH-MR 3) marks these systems as good candidates for recycling of PIB-
CEIthCI O 15R=H bound catalysts. The polyisobutylene support intérebutyl
212 5 = -l .
alcohol/heptane system also provides reasonable phase-
16, R =-CH X T .
? selective solubility in the nonpolar phase. Interestingly,
12and15  _ABN __ 7L T I @ lower-molecular weight PlBo;—MR oligomer exhibits a
e apene 070 07 NHICH ) NH-MR higher phase selectivity than the higher-molecular weight
48 h CigHy; PIB2s0o—MR. This initially unexpected result is a conse-

17;R=-H guence of the fact that these selectivity tests used polymers

18; R =-CH, with dye loadings that were supposed to correspond to

] o catalyst concentrations of 20 mol-96oncentrations that
ethanol mixture is like the heptane/90% aqueous ethanol required roughly twice the amount of polymer in the case

mixture in that it is biphasic at 25C and a single phase at  f the 2300 molecular weight oligomer. Due to the terminal
70°C. In the case of the heptane/ethyl acetate mixture, the t,nctionalization of the PIB oligomers, the dye loading
solvents are miscible at 2% but form a biphasic system  gecreases as the oligomer weight increases, and accurate
upon cooling to—78 °C. This behavior of immiscibility  gejectivity tests require increasing the amount of polymer to
below room temperature has not been exploited in synthesisyaintain the concentration of catalyst surrogate. Thus, while
but is common for many common solvent mixtufés-or a higher-molecular weight PIB oligomer may improve the

the latent biphasic mixtures, the heptane/ethanol mixture CaNphase preference and recyclability of the polymer-bound
be perturbed by the addition of 5 vol % water to induce phase catalyst, an increase in molecular weight is not always

separation, while the heptatet-butyl alcohol mixture only  gegjraple if an increased quantity of polymer would be
becomes biphasic on addition of 60 vol % of a 1:1 methanol/ \eqyired to obtain a sufficient catalyst concentration for

water mixture. _ typical catalytic reactions.

_Phase Se_lectlwty studies were performed on each polymer ™ goih the methyl red-labeled poly(octadecyl acrylate) and
using a variety of solvent systems (see Tables3)l For  5)y(octadecyl methacrylate) have excellent heptane solubil-
the polyisobutylene oligomers (Table 1), heptane sele_ctlwty ity. For both polymersl7 and 18, the dye concentration
for all solvent systems was high. In many cases it was present in the 90% ethaneH,O phase was below the

>99.5%. A lower 93% phase-selective solubility was seen getection limit of the UV/vis spectrophotometer. This result
in the heptane/ethyl acetate mixture. Little variation was seen;nqicates a minimum heptane selectivitye89.9% for both

with the PIB oligomer'sviy. Both oligomers have comparable 17 and18. These results are indicative that bathand 18
phase-selective solubility. The polg(t-butylstyrene (PTBS) 3y serve as viable nonpolar supports for catalysts, reagents,
dansyl der_lvatlve’s heptgne phase selectivity was excellent 5, ¢\ pstrates in heptane/90% ethandbO thermomorphic
(>99.9%) in all solvent mixtures except for the ethyl acetate/ gysiems. These results parallel earlier results for fluorinated
heptane mixture (Table 2). In that latter case, the dansyl acrylate polymers labeled with methyl red and with
derivative9 had a 99.9% phase-selective solubility in the catalystg73%41 However, the observation that these polymers
ethyl acetate phase. Methyl red-labeled PODA and PODMA yrecipitate in the nonpolar heptane-rich phase of a thermo-
_(17 and18, respectively) were examined for phase select|V|t)_/ morphic heptane/DMF system shows that it is important that
in heptane/90% ethanol and heptane/DMF thermomorphic gqypilities be examined in real systems where the nonpolar

systems (Table 3). The dye concentration present in the polarphase contains some of the polar solvent and some product,
phase of both systems fell below the detection limit of the ;5

UV/vis spectrophotometer. In the case of the heptane/DMF
system, both PODAMR and PODMA-MR were observed

to precipitate out of the heptane layer following phase Pol . be desianed for hiah solubil
separation. While these polymers are heptane soluble and olymeric supports can be designed for high solu lity
and phase-selective solubility in both thermomorphic and

soluble in the heated miscible mixture of heptane and DMF, biohasi Simol . f ) h
the heptane phase after cooling is a heptane-rich phase thalf"‘tent Iphasic systems. Simple organic transformations show

contains some DMF. Evidently there is enough DMF present ) :
. . (38) Bergbreiter, D. E.; Franchina, J. Ghem. Commuril997, 1531—-1532.
to make bothl7and18insoluble. Thus, no value was listed  (39) gergbreiter. D. E.: Franchina, J. G.; Case, BOkg. Lett. 2000,2, 393—
for the phase-selective solubility of these polymers in the (40)?3955 ter. . E-+ Koshti, N.: Franchina, 3. G.: Frels, JABgew. Ch
H erg reiter, D. E.; Koshti, N.; Franchina, J. G.; Frels, J£ ew. em.,
heptane phase of a heptane/DMF mixture. These polymers™ = Ed. 200,39, 1040—1042.

might potentially be useful in solid/liquid separations after (41) Chen, W.; Xu, L.; Xiao, JChem. Commur2000, 839—840.

Conclusions
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that common linear polymers can be designed to serve assupports should thus be suitable for liquid/liquid separation
highly hydrophobic soluble supports suitable for potential in thermomorphic or latent biphasic systems for the recovery
recycling of catalysts. Using dye and fluorophore labels as and recycling of catalysts or reagents.

surrogates for catalysts or ligands, we have shown that such

modificqtions can be completed either before or after Acknowledgment

polymerization. These supports can be easily tracked for

phase-selective solubility in thermomorphic or latent biphasic ~ Support of this work by the National Science Foundation
systems by using “catalyst surrogates” such as dyes like(CHE-0010103), the Petroleum Research Fund, and the
p-methyl red for UV/vis analysis or dansyl derivatives for Robert A. Welch Foundation is gratefully acknowledged.
analysis by fluorescence spectroscopy. We have shown that

phase-selective solubility values 6f99.5% can typically

be achieved in the nonpolar phase of mixtures of various
polar and nonpolar solvents with heptane. These new solubleOP034183w

Received for review December 4, 2003.

468 «  Vol. 8, No. 3, 2004 / Organic Process Research & Development





