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Abstract: We have designed and syn-
thesized a polymer-supported material
in which a versatile fluorene-p-xylene-
based receptor is woven onto the back-
bone of polystyrene. This polymer-sup-
ported receptor adopts a m-prismand-
like conformation through a simple C—

cation per receptor site with a remark-
able efficiency that exceeds the binding
abilities of the well-known tris[2.2.2]-p-
cyclophane (or w prismand) by at least
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a factor of 100. More importantly, the
binding event can be readily monitored
by 'H NMR spectroscopy, as well as by
a more sensitive emission spectroscopic
technique in which the quenching of
fluorescence of the receptor moiety is
quantitatively related to the binding of

C bond rotation that results in the
quantitative binding of a single silver

Introduction

The design and syntheses of polymeric materials containing
multiple functional sites continues to attract considerable at-
tention owing to their potential applications in the areas
ranging from catalysis and synthesis to molecular electronics
and nanotechnology.'! The preparation of such polymeric
materials is generally carried out either by polymerization
of a pre-functionalized monomer or by an attachment of the
functional units to a polymeric backbone through a cova-
lent-bond-forming reaction. A number of such materials
using functionalized polystyrenes have been synthesized for
a variety of applications, such as benzoylated polystyrenes
for photochemical polymerization reactions, sulfonated pol-
ystyrenes as acid catalysts, polystyrenes functionalized with
diphenylphosphino groups for the preparation of palladium
and nickel catalysts for C—C bond-forming reactions, and
polystyrenes functionalized with diarylamino groups for the
preparation of electron-transfer catalysts.*™)

We have recently introduced® a versatile fluorene-based
receptor (1), from readily available precursors, that adopts a
n-prismand-like” (or analogous doubly bridged delta-
phane-like"”) conformation through a simple C—C bond ro-
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silver cations.

tation. This conformational adaptability of 1 allows it to
bind a single silver cation with a remarkable efficiency (K
~15000M ") that exceeds the binding abilities of the well-
known tris[2.2.2]-p-cyclophane!’” (or m-prismand) 2 by at
least a factor of 100 (Figure 1).
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Figure 1. Optimized structures of the (almost) isoenergetic conformers of

1 by density functional theory (DFT) calculations at the B3LYP/6-31G*
level and its similarity to the tris[2.2.2]-p-cyclophane (or 7 prismand) (2).

We conjectured that weaving such an efficient silver-
cation receptor onto the polystyrene (PS) backbone would
lead to materials that may possess potentially interesting
physical and chemical properties as well as to the develop-
ment of novel potentiometric and optical silver-ion sen-
sors.®l Moreover, the highly emissive nature of the fluorene
moieties, which constitute the receptor moieties in 3b-PS,
will allow the ready monitoring of the binding events by
emission spectroscopy.

Accordingly, herein we report the synthetic route of incor-
porating receptor unit 3 into the backbone of readily avail-
able poly(4-chloromethylstyrene)® (M, ~20000), through a
simple nucleophilic substitution reaction (Scheme 1). The
binding of the silver cations to the polymer-supported mate-
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Scheme 1. Incorporation of the silver cation receptor 3 onto a polystyr-
ene backbone.

rial was probed by 'H NMR spectroscopy as well as by a
more sensitive emission spectroscopic technique. The details
of these findings are discussed below.

Results and Discussion

Synthesis: Initial attempts to incorporate the receptor unit
3a (R=CH,;) into poly(4-chloromethylstyrene) led to the
formation of a material that was only sparingly soluble in
common organic solvents such as dichloromethane, acetone,
and chloroform. The solubility problem was overcome by re-
placement of the methyl substituent on the 9-position of one
of the fluorene moieties with a long alkyl chain (i.e., 3b, in
which R =n-hexyl) according to Scheme 2. Thus, a one-pot
reaction of fluoranyl anions, generated using z-butyllithium

—78°C, with 1-bromohexane, followed by a further lithia-
tion and reaction with ethyl-4-(bromomethyl)benzoate, af-
forded 4b in excellent yield. Reduction of 4b with lithium

H.__H 1) nBuLi/THF/-78 °C

0‘0 2) 1-bromohexane

3) nBULiTHF/-78 °C
4) E0,C~Omy

1) BBuOK/THF/0 °C

2) @‘\Cl

Scheme 2. Synthesis of the receptor-bound polystyrene 3b-PS and a model compound 3b-X.
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aluminum hydride formed the corresponding benzyl alcohol
Sb, which was transformed into the corresponding benzyl
chloride 6b by a reaction with thionyl chloride in chloro-
form at ~0°C in >80% yield. Reaction of fluoranyl anions,
generated from fluorene and n-butyllithium at —78°C, with
6b finally produced the receptor moiety 3b. The attachment
of receptor 3b to poly(4-chloromethylstyrene) (CI-PS) was
accomplished by its reaction with 3b in THF in the presence
of potassium tert-butoxide as a base at ~0°C in quantitative
yield. The incorporation of receptor 3b onto the backbone
of polystyrene was quantitatively achieved as confirmed by
"H/BC NMR spectroscopy in CDCl; at 22°C (Figure 2).
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Figure 2. The '"H NMR spectra of A) the starting poly-(4-chloromethyl-
styrene) (CI-PS) and B) the receptor-linked polystyrene (3b-PS), which
shows the disappearance of the —CH,Cl signal at 0~4.4 ppm. The
BC NMR spectra of C) monomeric receptor 1 and D) 3b-PS, which dis-
play the similar chemical shifts of the signals in the aromatic region are
also shown.

CHZOH

Soglﬁlg HEL tert-butoxide as a base

(Scheme 2)

Model receptor 3b-X was simi-
larly prepared by reaction of 3b
with a-chloro-p-xylene in THF
in the presence of potassium

Monitoring of Ag™ binding by

0 THF/-78 °C
LI . ‘ . 0 + . .
H “ @ ) CH.GI 'HNMR spectroscopy: The

binding of silver cations to the
polymeric receptor 3b-PS was
monitored by the changes in
the '"H NMR spectrum of 3b-
PS in CDCl; (0.04 mm per re-
ceptor unit) caused by an incre-
mental addition of a concentrat-
ed solution of silver trifluoro-
methanesulfonate (0.4 mm) in a
CDCly/[D4]methanol (1:1) mix-
ture. Notably, the addition of
the Ag™® solution to 3b-PS re-
sulted in significant shifts of the
aromatic signals up to the addi-
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tion of one equivalent of Ag*
per receptor unit, as shown in
Figure 3A.  Moreover, the
'"HNMR spectrum remained
unchanged upon further addi-
tion of the Ag* solution (i.e.,
beyond 1equiv per receptor
unit), as shown in Figure 3B.

It is noteworthy, based on
our previous studies,® that if
the silver cation binds in the A-
shaped cavity, formed by the
two fluoranyl rings (labeled 'b’)
and one inner xylene moiety
(labeled ’a’), the chemical shift
of the outer xylenic protons (la-
beled ’c’) should be largely un-
affected. Unfortunately, the
"HNMR spectra displayed in
Figure 3A did not show a clear
distinction between the two sets
of xylenic protons (labeled as
’a’ and ’c’) due to the extensive
overlapping and broadening of
the signals. Therefore, we em-
ployed model compound 3b-X
to probe the Ag™ binding event
in 3b-PS as follows.

A similar 'HNMR spectral
titration of 3b-X in CDCI,
(0.04 mm) by an incremental ad-
dition of a solution of Ag*
(0.4 mm) in CDCly/
[D4]methanol (1:1) showed sig-
nificant chemical shift changes
(up to the addition of 1 equiv of
Ag* solution) in the 'H NMR
signals arising from two fluo-
ranyl rings and one inner
xylene ring (see Figure 4A). As
expected, the signals arising
from the outer xylenic ring (la-
beled as ’c’) remained un-
changed (see Figure 4A and B).
Such an observation confirms
that the A-shaped cavity is com-
prised of two fluoranyl and one
interconnecting xylene ring in
the receptor 3b-X, whereas the
outer xylene ring (labeled as
’c’) does not participate in the
Ag*t complexation (Scheme 3).

As shown in Figure 3, the
'"HNMR spectral changes for

3b-PS upon complexation with silver cations were rather
similar to those observed for the model receptor 3b-X (see
Figure 4). In both polymeric receptor 3b-PS and model re-
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Figure 3. A) Partial 'H NMR spectra of 3b-PS in CDCI; (0.04 mm) obtained upon an incremental addition of a
0.4 mm solution of Ag*CF;SO;™ in CDCly/[D ]methanol (1:1) at 22°C. B) A plot of changes in the chemical
shifts of xylenic protons (from Figure 3A) against the added equivalents of Ag*CF;SO;™ per receptor unit of

3b-PS.
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Figure 4. A) Partial '"H NMR spectra of 3b-X in CDCl; (0.04 mm) obtained upon an incremental addition of a
0.4 mm solution of Ag™CF;SO;™ in CDCly/[D,]methanol (1:1) at 22°C. B) A plot of changes in the chemical

shifts (from Figure 4A) of the inner xylenic protons (’a’: @) and outer xylenic protons (’c’:

equivalents of added Ag™ solution at 22°C.
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A) against the

ceptor 3b-X, the fluorene protons merge together at o
~7.2-7.3 ppm while the inner xylenic protons shift up-field
(by 0x0.25 ppm); such a similarity in the spectral changes
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fact that the timescales for NMR and emission measure-
ments, as well as the sensitivity of these two techniques are
vastly different. It is conceivable that the dynamic nature of
the Ag" binding to 1, 3b-X, 3b-PS may result in a certain
percentage of the host fluorene moieties being distant from

Scheme 3. The encapsulation of Ag™ inside the A-shaped cavity, which is
formed by the two fluoranyl rings and one inner xylene moiety.

lends support to the fact that the polymer-supported recep-
tor moieties undergo a similar conformational change to the
model receptor 3b-X upon complexation with silver cations
(Scheme 3).

Monitoring of Ag™ binding by emission spectroscopy: First-
ly, the characteristic emission and excitation spectra of solu-
tions of various receptors, 1, 3b-X, and 3b-PS, in dichloro-
methane at 22°C are shown in Figure 5. It is noteworthy
that the excitation/emission spectra of 1, 3b-X, and 3b-PS
were characteristically similar to those observed for the
parent fluorene,'” therefore suggesting that the emission
characteristics of the fluorene moieties are not altered by
their incorporation into the polystyrene framework.

As shown in Figure 6, the emission arising from the solu-
tions of 1, 3b-X, and 3b-PS in dichloromethane was instan-
taneously quenched upon exposure to a solution of Ag*t
CF;SO;™ in methanol at 22°C. For example, >90% of the
emission (at A=318nm) of 1 (or 3b-X or 3b-PS) was
quenched by the incremental addition of one equivalent of a
solution of silver trifluoromethanesulfonate in methanol
(1.0x107*m) to a solution of 1 (or 3b-X or 3b-PS) in di-
chloromethane (6.36 x 10~°m per receptor unit).

Interestingly, roughly ~10% emission of the fluorene
moieties in various receptors was only quenched when an
excess of Ag* solution (i.e., ~1.5equiv) was added. This
observation is in contrast to our 'H NMR spectroscopic ti-
trations (Figures 3 and 4), which showed that there was no
change in the 'H NMR spectra beyond the addition of one
equivalent of silver cations. Moreover, unlike the '"H NMR
spectroscopic titrations with silver cations, the changes in
emission intensities were not proportional to the number of
equivalents of added Ag* solution (compare Figures 3, 4,
and 6). Such an observation is tentatively reconciled by the
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Figure 6. Left: Emission spectra of receptors A) 1, B) 3b-X, and C) 3b-
PS in dichloromethane (6.36x 107°M) upon an incremental addition of a
1x107*m solution of Ag*CF,SO;" in methanol at 22°C. Right: Plots of
changes in the emission intensity of D)1, E)3b-X, and F)3b-PS at
318 nm against the added equivalents of a solution of AgTCF;SO;™ per
receptor unit at 22°C.
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Figure 5. Emission (—) and excitation (-—-) spectra of a 6.36x 10~°m solution of receptors A) 1, B) 3b-X, and C) 3b-PS in dichloromethane at 22°C

obtained by excitation at 270 nm.
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the guest silver cations during the emission measurements.
None the less, only a modest excess of Ag* (i.e., 1.5 equiv)
was necessary to fully quench the entire emission of the flu-
orophores in various receptors (i.e., 1, 3b-X, and 3b-PS).

Conclusion

In summary, we have designed and synthesized a conforma-
tionally adaptable silver receptor from readily available
starting materials and have shown that it can be easily
woven onto the backbone of polystyrene. The polymer-sup-
ported receptor 3b-PS binds quantitatively one equivalent
of Ag* per receptor unit, as monitored by 'H NMR spec-
troscopy. Also, the Ag* binding can be monitored by emis-
sion spectroscopy. Moreover, a comparison of the 'H NMR
spectral changes in 3b-PS to monomeric 1 and 3b-X sug-
gests that the receptor moieties undergo similar conforma-
tional changes into A-shaped cavities for efficient capture of
silver cations. We are presently exploring the solid-state
properties of these polymer-supported receptors for poten-
tial materials applications as well as their usage in organic
synthesis.!""

Experimental Section

General: Fluorene, 1-bromohexane, n-butyllithium, silver trifluorometha-
nesulfonate, ethyl-4-(bromomethyl)benzoate, o-chloro-p-xylene, potassi-
um fert-butoxide, thionyl chloride, lithium aluminum hydride, chloroform,
hexanes, tetrahydrofuran, and ethyl acetate were commercially available
from Aldrich and were used as received unless otherwise specified.

Anhydrous tetrahydrofuran (THF) was prepared by refluxing the com-
mercial THF over lithium tetrahydroaluminate under an argon atmos-
phere for 24 h followed by distillation. The dry THF was then stored
under an argon atmosphere in a Schlenk flask equipped with a Teflon
valve fitted with Viton O-rings. Dichloromethane was repeatedly stirred
with fresh aliquots of concentrated sulfuric acid (~10% by volume) until
the acid layer remained colorless. After separation, the solution was
washed successively with water, aqueous sodium bicarbonate, water, and
saturated aqueous sodium chloride, and dried over anhydrous calcium
chloride. The dichloromethane was distilled twice from P,Os under an
argon atmosphere and stored in a Schlenk flask equipped with a Teflon
valve fitted with Viton O-rings. The hexanes and toluene were distilled
from P,Os under an argon atmosphere and then heated at reflux over cal-
cium hydride (12 h). After distillation from CaH,, the solvents were
stored in Schlenk flasks under an argon atmosphere.

Preparation of 4b: Under an argon atmosphere, nBuLi (2.5M in hexanes,
12mL) was added dropwise to a cooled (—78°C) solution of fluorene
(5.0 g, 30 mmol) in anhydrous THF (100 mL). After 10 min of stirring, 1-
bromohexane (4.2 mL, 30 mmol) was added and the mixture was stirred
for an additional 15 min before it was left to warm to room temperature.
[Note that it is critical to maintain the temperature at —78°C throughout
the addition of 1-bromohexane and for an additional 15 min to avoid the
formation of 9,9-dihexylfluorene.] The resulting reaction solution was re-
cooled to —78°C, and nBuLi (2.5™ in hexanes, 12 mL) was added drop-
wise to afford a dark-orange mixture, which was stirred for an additional
10 min. Solid ethyl-4-(bromomethyl)benzoate (7.29 g, 30 mmol) was
added to this mixture and the cooling bath was removed. The resulting
mixture was stirred for 1 h and the reaction was quenched by pouring it
onto water (200 mL). The organic layer was separated and the aqueous
layer was extracted with dichloromethane (3 x 100 mL). The combined or-
ganic extracts were dried over anhydrous magnesium sulfate, filtered,
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and evaporated under reduced pressure to afford a brown-colored syrup.
The crude material was purified by flash chromatography on silica gel
using hexanes as an eluent to afford 4b as a clear oil (10.2 g, 83%).
'HNMR (300 MHz, CDCly): 6=0.55 (m, 2H), 0.75 (t, 3H), 1.07 (m,
6H), 1.28 (t, 3H), 2.12 (m, 2H), 3.22 (s, 2H), 4.26 (q, 2H), 6.64 (d, 2H),
7.29 (m, 8H), 7.51 ppm (m, 2H); “C NMR (75 MHz, CDCl,): 6 =14.50,
23.006, 26.03, 30.07, 32.06, 33.49, 46.98, 47.85, 51.75, 61.03, 120.13, 123.64,
127.04, 127.36, 128.22, 128.56, 130.19, 140.06, 143.06, 150.62, 166.80 ppm.

Preparation of 5b: Lithium aluminum hydride (1.3 g, 35 mmol) was
added carefully to a solution of ester 4b (9.0 g, 26.0 mmol) in THF
(75 mL). The resulting suspension was heated at reflux for 2 h and cooled
to room temperature. H,O (1.4 mL), 15% aqueous sodium hydroxide
(1.4 mL), and H,0O (4.2 mL) were added successively and slowly to this
mixture to afford a white slurry, which upon stirring, separated the inor-
ganic component into a solid mass. The organic layer was separated by a
simple filtration and the solid mass was triturated with dichloromethane
(3x100 mL). The combined organic layers were dried over anhydrous
magnesium sulfate and filtered. Evaporation of the solvent under re-
duced pressure afforded 5b as a colorless oil (8.0 g, 90%), which was
used in the next step without further purification. "H NMR (300 MHz,
CDCl;): 0=0.58 (m, 2H), 0.75 (t, 3H), 1.05 (m, 6H), 2.11 (m, 2H), 3.14
(s, 2H), 4.45 (d, 2H), 6.64 (d, 2H), 6.93 (d, 2H), 7.29 (m, 6H), 7.54 ppm
(m, 2H); "C NMR (75 MHz, CDCl,): 6 =14.27, 22.83, 23.96, 29.95, 31.71,
39.26, 46.60, 56.08, 65.32, 119.94, 123.90, 126.06, 126.89, 127.12, 130.67,
137.06, 138.49, 141.16, 149.59 ppm.

Preparation of 6b: With the aid of a dropping funnel, a solution of thio-
nyl chloride (1.9 mL, 26 mmol) in chloroform (50 mL) was slowly added
to a cold (=0°C) solution of alcohol 5b (8.0 g, 21.6 mmol) in chloroform
(100 mL). The resulting mixture was stirred for an additional 30 min at
0°C and at room temperature for 10 h. The reaction was quenched by a
slow addition of 5% aqueous NaHCO; (150 mL). The organic layer was
separated and the aqueous layer was extracted with dichloromethane (3 x
100 mL). The combined organic extracts were dried over anhydrous mag-
nesium sulfate, filtered, and evaporated under reduced pressure to afford
6b as a white solid (6.1 g, 73 %), which was sufficiently pure and was
used in the next step without further purification. M.p. 64-66°C;
'HNMR (300 MHz, CDCly): 6=0.58 (m, 2H), 0.75 (t, 3H), 1.06 (m,
6H), 2.11 (m, 2H), 3.14 (s, 2H), 4.37 (s, 2H), 6.62 (d, 2H), 6.94 (d, 2H),
7.27 (m, 6H), 7.53 ppm (m, 2H); *CNMR (75 MHz, CDCl,): 6 =14.34,
22.89, 24.03, 30.00, 31.79, 39.27, 46.50, 46.69, 56.09, 120.04, 123.90, 126.99,
127.24, 127.63, 130.85, 135.11, 138.02, 141.20, 149.50 ppm.

Preparation of 3b: nBuLi (2.5M in hexanes, 6.3 mL) was added dropwise
to a pre-chilled (—78°C) solution of fluorene (2.6 g, 15.7 mmol) in anhy-
drous THF (75 mL). After 10 min of stirring, solid 6b (6.1 g, 15.7 mmol)
was added and the mixture was stirred for 15 min at —78°C. The cooling
bath was removed and the reaction mixture was stirred for an additional
1 h. The resulting mixture was poured onto water (200 mL) and the aque-
ous layer was extracted with dichloromethane (3x100mL). The com-
bined dichloromethane extracts were dried over anhydrous magnesium
sulfate, filtered, and evaporated under reduced pressure to afford a color-
less solid. The crude material was purified by flash chromatography on
silica gel using hexanes as an eluent to afford 3b as a white solid (6.0 g,
73%). M.p. 54-56°C; "H NMR (300 MHz, CDCl;): 6=0.58 (m, 2H), 0.74
(t, 3H), 1.07 (m, 6H), 2.14 (m, 2H), 2.84 (d, 2H), 3.18 (s, 2H), 4.00 (t,
1H), 6.50 (d, 2H), 6.76 (d, 2H), 6.86 (d, 2H), 7.27 (m, 10H), 7.57 (m,
2H), 7.69 ppm (d, 2H); *CNMR (75 MHz, CDCl,): d=14.34, 2291,
24.13, 30.04, 31.79, 39.34, 40.04, 46.85, 49.04, 56.40, 119.84, 119.97, 123.97,
125.37, 126.83, 126.95, 127.15, 127.25, 128.35, 130.26, 135.55, 137.43,
140.99, 141.43, 147.15, 149.71 ppm.

Preparation of 3b-X: Under an argon atmosphere, potassium tert-butox-
ide (0.9 g, 8.0 mmol) was added to a cold (~0°C) solution of 3b (1.1 g,
2.0 mmol) in anhydrous THF (40 mL). After 10 min of stirring, a-chloro-
p-xylene (0.3 g, 2.0 mmol) was added and the mixture was stirred for
15 min at 0°C. The cooling bath was removed and the reaction mixture
was stirred for an additional 8 h at room temperature. The resulting mix-
ture was poured onto water (50 mL) and the aqueous layer was extracted
with dichloromethane (3x50 mL). The combined dichloromethane ex-
tracts were dried over anhydrous magnesium sulfate, filtered, and evapo-
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rated under reduced pressure to afford a pale-yellow solid. The crude
material was purified by recrystallization from dichloromethane/metha-
nol to afford 3b-X as a white crystalline powder (1.0 g, 80% ). M.p. 144—
146°C; 'H NMR (300 MHz, CDCly): 6=0.52 (m, 2H), 0.78 (t, 3H), 1.00~
1.20 (m, 6H), 1.95 (m, 2H), 2.11 (s, 3H), 2.88 (s, 2H), 3.13 (s, 2H), 3.20
(s, 2H), 6.27 (q, 4H), 6.54 (d, 2H), 6.73 (d, 2H), 7.05 (d, 2H), 7.17-7.30
(m, 10H), 7.40 (m, 2H), 7.56 ppm (d, 2H); *C NMR (75 MHz, CDCl,):
0=14.29,21.21, 22.87, 23.97, 29.97, 31.68, 38.25, 44.36, 45.71, 46.78, 55.92,
56.81, 119.71, 119.73, 124.00, 124.98, 126.35, 126.74, 126.96, 127.05, 128.07,
129.20, 129.29, 130.30, 134.38, 134.78, 135.02, 135.38, 141.01, 141.03,
148.70, 149.81 ppm.

Preparation of 3b-PS: Under an argon atmosphere, potassium tert-butox-
ide (0.8 g, 7.0 mmol) was added to a solution of 3b (1.1 g, 2.0 mmol) in
anhydrous THF (40 mL) cooled to 0°C. After 10 min of stirring, solid
poly(4-chloromethylstyrene) (0.23 g, 1.5 mmol) was added and the mix-
ture was stirred for 15 min at 0°C. The cooling bath was removed and
the reaction mixture was stirred for an additional 12 h at room tempera-
ture and then heated to reflux for 12h. The resulting solution was
poured onto water (100 mL) and the aqueous layer was extracted with di-
chloromethane (3x100 mL). The combined dichloromethane extracts
were dried over anhydrous magnesium sulfate, filtered, and evaporated
under reduced pressure to afford a yellow solid. The crude material was
purified by flash chromatography on silica gel using 50% ethyl acetate/
hexanes as an eluent to afford 3b-PS as a white foam (0.8 g, 84%).
'HNMR (300 MHz, CDCL): 6=0.52 (m, 2H), 0.77 (m, 3H), 1.02 (m,
8H), 1.58 (m, 1H), 1.90 (m, 2H), 2.92 (m, 6H), 6.24 (m, 6H), 7.12 (m,
12H), 7.52 ppm (m, 6H); *C NMR (75 MHz, CDCL,): 6=14.24, 22.86,
2391, 30.01, 31.76, 38.28, 46.62, 55.86, 56.87, 119.74, 123.89, 126.93,
129.17, 134.91, 140.29, 148.70, 149.82 ppm.
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