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Synthesis of a New Fluoro-Wang Resin for Solid-Phase Reaction
Monitoring by °F NMR Spectroscopy

Joseph M. Salvino;* Sharmila Patel, Mark Drew, Paul Krowlikowski, Edward Orton,
N. Vassant Kumar, Thomas Caulfield, and Richard Labaudiniere

Lead Discaery Department, Rhone Poulenc Rorer, 500 Arcola Road, CallégePennsylania 19426

Receied August 31, 2000

A new fluoro-Wang resin is presented which facilitates solid-phase reaction monitoring ‘8SiNMR.

The resin is easily synthesized and amenable to scale-up. The method described herein compliments single-
bead FT-IR and®*C NMR techniques. This method allows monitoring of solid-phase reactions even if the
resin bound intermediate is unstable to the cleavage conditions. In addition, this is a useful tool to study
reaction kinetics on the solid phase.

Solid-phase organic synthesis has emerged as a powerfuscheme %
tool for the synthesis of chemical librariesA major F 0 F O
drawback to solid-phase chemistry is the difficulty to directly /@){ i i /@)LOH il iv
monitor a desired chemical reaction on resin. Standard PN T
analytical techniques for reaction optimization are available HO o ° 2

once the reaction product is cleaved from the solid support.
However, the typically harsh conditions necessary to remove

F F
the reaction product from the solid support may introduce ._Q_\OO_( . @ D ‘o@—\
OMe OH
3 4

1

impurities and undesired side products, thus not revealing a

true indication of the reaction that is being monitored. Both

IR and NMR analytical techniqués have been used to _“Key: (i) MOM-CI, NaOH,TI:I_F, rtto 80°C, 1 h, 93%; (ii) NaOCI(,) HO,

directly monitor the progress of a reaction on the solid phase. ﬁ/:g)r(%?;h?r(e)s(i:r{, ggg%ﬁéj‘% o'\ﬂec??é E;C('\})rfzﬁ"' T1|-2||:r,]'2513°0g,/02' r(1I.V)
In this report we present 4-(methanol)-3-fluorophenoxy-

methyl-copolystyrene-1%-divinylbenzene resin, a new fluoro- Scheme 2

Wang resin. This resin facilitates monitoring the progress o F

of a solid-phase reaction usiig~ NMR. The advantages ®° F _i__>./ \E:[/O o i

of using®F NMR to monitor a solid-phase reaction include \©;0\H P~

high sensitivity, wide spectral dispersion, and simple spectra 4 © 0

(one line per nonequivalent E)This is a nondestructive ./o F ®° .

technique applied after washing the resin in the usual manner \©;o « . \@Ow)@

of workup. Nonfluorinated solvents are transparent to the -

technique, thus eliminating a rigorous drying procedure. © 6 s F
The fluoro-Wang resin is efficiently synthesized and 6 7 \©/

amenable to large-scale synthesis (Scheme 1). MOM protec-

o F
tion of the phenolic oxygen i, followed by oxidation, gives ‘ L \CQO y ’07‘/\@
the acid2. Deprotection under acid conditions in the presence ——» —

of methanol, followed by alkylation of Merrifield resin, gives o °=§\©/F ° o:f',\@/F
3. LAH reduction of3 gives the fluoro-Wang resi.
A study of a multistep reaction sequence demonstrates the 8 9

utility of the fluoro-Wang as a tool to facilitate on-resin aKey: (i) diethylphosphonoacetic acid, 2,6-dichlorobenzoyl chloride,
nalvsi heme 2). Th iethviph hon i id waganhydrous pyridine, DMF, 28C, 8 h; (i) lithium bis(trimethylsilyl)amide,

Ia aysis (Sﬁ il €2) us, d e.t yfp” ospho Oacet(.: ac d. haS?'HF, 0—25°C, 60 min, then filter under argon, add benzaldehyde (4 equiv),
oaded to the uorq-Wang resin, followed by reaction wit 60% cyclohexane in THF 28C, 24 h; (iii) 3-fluoro-phenylthiol, DMF,

benzaldehyde to give resin bound acrylételreatment of DBU (cat.), 65°C, 12 h; (iv) mCPBA, dioxane, 25C, 12 h; (v) 30% TFA

6 with 3-fluoro-phenylthiol under basic conditions gave the in CHCl2, 25°C, 1 h.

sulfide 7. Oxidation with mCPBA gave. Treatment of the

resin8 with TFA yielded9.5 1% NMR was used to monitor

the progress of the reaction, and where appropriate, resin

intermediates were cleaved and confirmed by standard
methods.
Using resin3 (Scheme 1) as a baseline, tH& NMR

T Current Address: Adolor Corporation, 371 Phoenixville Pike, Malvern, spec_tra shows a singl_et r’:_tﬂ.06 ppm,_ correspondin_g to the
PA 19355. fluorine on the aromatic ring of the linker. Reduction to the
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alcohol under LAH conditions provides the fluoro-Wang Experimental Section
resin4. The fluorine signal shifts te-118 ppm and the signal
at—106 ppm completely disappears, confirming completion
of the reaction. Loading diethylphosphonoacetic acid!to

pr(_)vides the phosphonate loaded résifihe fluorine signal spectral width was 100 000 Hz, and the chemical shifts were
sh|fts from—118 ppm to—116 ppm. To explore the use Of, referenced relative to CFQlising the transmitter frequency.
this technique as a means to monitor the rate of conversion spectra were acquired using a nanoprobe in which the
of resin4 to resin5, six samples of resin were examined at sample was oriented at the magic angle (Said was spun
various time points in the reaction. The first time point was at a rate of 10061500 Hz. The samples were prepared by
taken immediately after the reagents were mixed togetherswelling 1-2 mg of resin with about 4@L of deuterated
with resin 4. Surprisingly, the reaction appears to have i aihyiformamide (DMF)H NMR spectra were recorded
proceeded about 50% to completion. After 1 min it is in 5 mm tubes on a 300 MHz spectrometer in CP@iless
apparent that the signal atl16 ppm is increasing and the  ,0yise stated. FT-IR were recorded at 4 mesolution

signal at—118 ppm is decreasing in height. The height ratio , 5 ghectrometer interfaced to an InspectiR attenuated total
of the signals is .abou't 60:40. The ratio of the S|gnals |s'ab0ut reflectance microscope with Si sampling optics. Solvents
80:20 after 5 min, with the signal at116 ppm INcreasing — ysed were EM Science of OmniSolv distilled grade unless
in size. After 10 min, the ratio of the signals is about 95:5, specified otherwise. The following abbreviations are used:

and almost all of the starting material represented by the pp = dichloromethane. DME: dimethylformamide, THF
signal at—118 ppm is converted to product signal-at16 — tetrahydrofuran. ' '

ppm. This was surprising to us since we wrongly assumed 2-Fluoro-4-methoxymethoxybenzoic Acid. (2).To a

the re.act|on to proceed slowly, over &e.h period. Th|s . suspension of sodium hydride (6.05 g, 151.2 mmol, 60 wt
experiment clearly shows that this particular reaction is o, ;- ail) in dry THF (150 mL) under an inert atmosphere
complete in 30 min or less. (nitrogen) was slowly added 2-fluoro-4-hydroxyacetophenone
The next reaction in this sequence was the Horner (23.3 g, 151.2 mmol) in dry THF (150 mL). The solution
Emmons condensation &fto 6 (Scheme 2). The fluorine  \yas heated to reflux for 1 h. The solution was then cooled
signal did not show any significant shift at this point. This o ropom temperature, and chloromethyl methyl ether (12.0
eVidentIy defines the distance limit from the fluorine on the mL, 144 mmo') in dry THF (50 mL) was added dropwise
linker of six carbon atoms, where a shift in th& NMR over 15 min. The solution was refluxed for 1 h. The solution
signal is no longer apparent. Rediiwas then treated with  was poured into water (500 mL) and extracted with ether (3
3-fluoro-phenyl thiol (Scheme 2). THeF NMR spectranow  x 150 mL). The combined extracts were dried over MgSO
shows two signals for resi: one at—116 ppm for the  and evaporated in vacuo to give a brown liquid. 2-Fluoro-
fluoro-Wang linker fluorine atom, and another-at12 ppm  4-methoxymethoxyacetophenone was obtained as a colorless
for the 3-fluoro-phenyl moiety. Note that the Michael |iquid (27.8 g, 93%) after column chromatography (silica;
reaction is not easily monitored by th% NMR technique, hexane:ethyl acetate, 5:1, VAWWH NMR 6 7.82 (1H, t,J =
but it may be followed easily by FT-IR due to the shiftin g7 Hz), 6.72-6.82 (2H, m), 5.17 (2H, s), 3.44 (3H, s), 2.54
the carbonyl stretch from about 1710 chto 1730 cnt’ (3H, s);13C NMR 6 194.71, 194.66, 165.56, 162.72, 162.56,
However, oxidation of the polymeric sulfid@ to the  162.18, 131.86, 119.74, 119.57, 112.66, 104.28, 103.91,
polymeric sulfone8 may be monitored using thiSF NMR 94.56, 56.62, 31.49, 31.39; MBVz = 198 [M']. To a
technique. Theé®F NMR spectra of8 shows two signals:  solution of 2-fluoro-4-methoxymethoxyacetophenone (20.0
one at—116 ppm corresponding to the fluoro-Wang linker g 101 mmol) in dioxane (100 mL) was added sodium
fluorine atom and another at111 ppm. The shift from-112 hypochlorite solution (200 mL, 1013%). The solution was
ppm to—111 ppm confirms the completion of the oxidation heated at 70C for 5 h. After this time a further amount of
of sufide 7 whose signal at-112 ppm disappears, and a sodium hypochlorite solution (100 mL, +13%) was added,
new signal for sulfond appears at-111 ppm. To confirm  and heating continued overnight. The solution was cooled
the results of thé®F NMR, the resin bound products were and extracted with ether (R 200 mL). The aqueous layer
cleaved from the resin and characterized by standardwas acidified (concentrated HCI; pH 2—3) and extracted
methods. with ether (3x 200 mL). The combined extracts were dried
In summary, this new fluoro-Wang resin facilitates solid- over MgSQ and evaporated in vacuo to giZeas an off-
phase reaction monitoring usid% NMR. The resinis easily ~ white solid (19.9 g, 99%)H NMR ¢ 7.85 (1H, t,J = 8.8
obtained and provides a useful tool to monitor loading and Hz), 6.70-6.79 (2H, m), 5.12 (2H, s), 3.38 (3H, $§C NMR
other chemical transformations on the solid phase. This ¢ 205.33, 167.19, 167.14, 166.52, 163.84, 163.68, 163.09,
method compliments other useful analytical methods such134.66, 113.08, 113.02, 105.51, 105.16, 95.50, 56.65; MS
as single-bead FT-IR andC NMR for directly observing m/z = 200 [M*].
the progress of solid phase reactions. This method should 4-(Methylformate)-3-fluorophenoxymethyl-copoly(sty-
facilitate analysis of solid-phase reactions, particularly if the rene-1% divinylbenzene) Resin (3).To a solution of
resin bound intermediate is unstable to the cleavage condi-2-fluoro-4-methoxymethoxybenzoic aci@) (19.9 g, 100
tions. This new resin should also facilitate the study of mmol) in methanol (200 mL) was added concentrated
reaction kinetics and aid in the transfer of chemistry hydrochloric acid solution (0.5 mL, catalytic). The solution
optimized on loose resin to IRORI microkans. was heated at reflux overnight. The solution was evaporated

General Procedures!®F NMR spectra were obtained on
an NMR spectrometer operating at'dh frequency of 470.2
MHz. The'H nanoprobe was tuned #F frequency. Typical
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in vacuo to give methyl-2-fluoro-4-hydroxybenzoate as an
off-white solid (16.9 g, 100%)*H NMR (CDsOD) ¢ 7.78
(1H, t,J = 8.7 Hz), 6.63 (1H, ddJ = 2.1, 8.5 Hz), 6.52
(1H, dd,J = 2.3, 12.9 Hz), 3.83 (3H, s}*C NMR (CDs-
OD) 6 205.58, 167.65, 167.60, 167.03, 166.79, 166.46,

166.38, 165.19, 165.09, 165.03, 164.93, 163.61, 163.36,
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MeOH (2 x 20 mL), DCM (2x 20 mL), and EO (2 x 20
mL), and dried in vacuo overnightF NMR (DMF) 6 —116
ppm.

A resin sample (50 mg) was cleaved with 50% TFA in
DCM (2 mL) for 1 h atroom temperature and washed with
the cleavage solution (3« 1 mL). The washes were

134.96, 134.61, 112.48, 110.78, 104.34, 104.30, 52.34; MScombined and evaporated in vacuo to afford 7.8 mg (99%

m/z = 170 [M*], 139 [M — OMe)"]. To a suspension of
Merrifield resin (5.0 g, 8.9 mmol, loading 1.78 mmol/g) and
cesium carbonate (30.0 g, 89 mmol) in dry DMF (80 mL)
was added methyl-2-fluoro-4-hydroxybenzoate (7.57 g, 44.5
mmol) in dry DMF (40 mL). The suspension was mechani-
cally stirred at 80°C overnight. The mixture was cooled,
filtered, and washed with DMFX3), THF, 1 N HCI (3:1,
x3), THF:HO (3:1, x3), THF (x3), and MeOH &«3). The
resin was dried in vacuo overnight to give 6.2 g of relin
%F NMR (CDCk) 6 —106 ppm; IR (G=0) 1717 cm™.
Elemental analysis: % E 2.35, which corresponds to a
loading of 1.24 mmol/g.

4-(Hydroxymethyl)-3-fluorophenoxymethyl)-copoly(sty-
rene-1% divinylbenzene) Resin (4)The resin3 (6.2 g, 7.7
mmol, loading 1.24 mmol/g) was swelled in dry THF (30
mL) with gentle agitation for 15 min. To the suspension was
added lithium aluminum hydride solution (44.5 mL, 44.5
mmol, 1.0 M solution in THF). The resin was agitated for 2
h. The mixture was filtered and washed with THk3J),
THF: H,O (3:1, x3), MeOH (x3), THF (x3), and CHCI,
(x3). The resin was dried in vacuo overnightt NMR
(DMF) 6 —118 ppm; IR (G=0) 1717 cm? disappears.
Elemental analysis: % E 2.03, which corresponds to a
loading of 1.1 mmol/g.

4-O-(Benzyldiethylphosphonoacetate)-3-fluorophenoxy-
methylcopoly(styrene-1%-divinylbenzene) Resin (5)lu-
orinated Wang resin (2.0 g, 2.1 mmol, loading 1.1 mmol/g)
was swelled in dry DMF (40 mL) with gentle agitation for

yield) of 3-phenyl-acrylic acid. MS (ESkwz = 148 [M +
H]*; LC area (U\0)= 95%;'H NMR (CDsOD) ¢ 7.66 (d,
1H, J = 16.0 Hz), 7.38-7.59 (m, 5H), 6.47 (d, 1H) =
16.0 Hz).

3-(3-Fluoro-phenylsulfanyl)-3-phenyl-propionic Acid
3-Fluorophenoxymethylcopoly(styrene-1%-divinylben-
zene) Resin (7)Resin6 (500 mg, 0.53 mmol) was swelled
in dry DMF (10 mL) for 15 min. To the suspension were
added 3-fluorothiophenol (684 mg, 5.35 mmol) and DBU
(0.08 mL, 0.535 mmol). The resin was agitated for 12 h at
65 °C under nitrogen. The resin was filtered and washed
with DMF (2 x 20 mL), THF:HO (1:1, 2x 20 mL), THF
(2 x 20 mL), MeOH (2x 20 mL), DCM (2 x 20 mL), and
Et,O (2 x 20 mL) and dried in vacuo overnightF NMR
(DMF) 6 —112 ppm and-116 ppm.

A resin sample (50 mg) was cleaved with 50% TFA in
DCM (2 mL) for 1 h atroom temperature and washed with
the cleavage solution (3« 1 mL). The washes were
combined and evaporated in vacuo to afford 10.1 mg (98%
yield) of 3-(3-fluoro-phenylsulfanyl)-3-phenyl-propionic acid.
MS (ESI)m/z= 276 [M + H]*; LC area (ELS)= 98%;'H
NMR (CDsOD) 6 6.91-7.58 (m, 9H), 4.69 (t, 1H) = 7.7
Hz), 2.90 (d, 2HJ = 7.7 Hz).

3-(3-Fluoro-benzenesulfonyl)-3-phenyl-propionic Acid
3-Fluorophenoxymethylcopoly(styrene-1%-divinylben-
zene) Resin (8)Resin7 (200 mg, 0.21 mmol) was swelled
in dioxane (10 mL) for 15 min and then was treated with
MCPBA (369 mg, 2.1 mmol). The resin was agitated for 12

10 min. To the suspension were added in successionp gt ambient temperature under nitrogen. The resin was

diethylphosphonoacetic acid (2.09 g, 10.7 mmol), anhydrous
pyridine (1.7 g, 21.4 mmol), and 2,6-dichlorobenzoyl chloride
(2.2 g, 10.7 mmol) at room temperature. The mixture was
stirred at ambient temperature for 12 h, during which time
the reaction mixture turned a red color. The resin was then
filtered and washed with DMF (X 50 mL), DMF:H0O (1:
1, 3 x 50 mL), THF:HO (1:1, 3x 50 mL), THF (3x 50
mL), MeOH (3 x 50 mL), DCM (3 x 50 mL), and E{O (3
x 50 mL). The resin was dried in vacuo overnighe NMR
(DMF) 6 —116 ppm; IR (G=0) 1747 cm?™.

3-Phenyl-acrylic Acid 3-Fluorophenoxymethylcopoly-
(styrene-1%-divinylbenzene) Resin (6)Resin5 (500 mg,
0.53 mmol) was swelled in dry THF (10 mL) for 15 min at
room temperature and then cooled under nitrogen t€ 0
for 15 min. LIHMDS (1 M in THF, 1.34 mL, 1.34 mmol)

filtered, washed with DMF (2< 20 mL), THF: HO (1:1,
2 x 20 mL), THF (2x 20 mL), MeOH (2x 20 mL), DCM
(2 x 20 mL), and E£O (2 x 20 mL), and dried in vacuo
overnight.'®F NMR (DMF) 6 —111 ppm and-116 ppm.
3-(3-Fluoro-benzenesulfonyl)-3-phenyl-propionic Acid
(9). A sample of resi8 (50 mg) was cleaved with 50% TFA
in DCM (2 mL) for 1 h atroom temperature and washed
with the cleavage solution (X 1 mL). The washes were
combined and evaporated in vacuo to afford 16.3 mg (99%
yield) of 9. MS (ESI)m/z= 308 [M + H]*; LC area (ELS)
= 85%;'H NMR (CDsOD) 6 7.16-7.64 (m, 9H), 4.79 (1H,
g,J = 9.9 Hz), 3.36 (1H, ddJ) = 16.4, 4.8 Hz), 3.11 (1H,
dd,J = 16.4, 9.9 Hz).

Acknowledgment. The authors thank Dr. S. -Y. Tang

was added, and the reaction mixture was brought to roomand Ms. J. Dreibelbis for LC/MS analysis.

temperature over 30 min. The reaction was filtered under
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was added to the reaction vessel followed by the addition of
benzaldehyde (136 mg, 1.28 mmol) in 1 mL of THF. The
mixture was shaken for 12 h on an orbital shaker under
nitrogen. The resin was filtered, washed with DMFX20
mL), THF (2 x 20 mL), THF: HO (1:1, 2 x 20 mL),

1%F NMR spectra

of 3, 4, conversion of4 to 5, 5, 6, 7, and8 and*H NMR
spectra of 2-fluoro-4-methoxymethoxyacetophenone, 2-fluoro-
4-methoxymethoxybenzoic acid)( and methyl-2-fluoro-4-
hydroxybenzoate are available. This material is available free
of charge via the Internet at http://pubs.acs.org.



180 Journal of Combinatorial Chemistry, 2001, Vol. 3, No. 2

References and Notes

@)

@)

®)

Thompson, L. A.; Ellman, J. AChem. Re. 1996 96, 555—
600. (b) Obrecht D.; J. M. Villalgorddsolid-Supported
Combinatorial and Parallel Synthesis of Small-Molecular-
Weight Compound LibrariesElsevier Science Ltd.: UK
1998. (c) Bunin, B. AThe Combinatorial IndexAcademic
Press: San Diego, 1998. (d) On the Internet, see: http://
www.combinatorial.com.

Yan, B.; Kumaravel, G.; Anjara, H.; Wu, A.; Petter, R. C;
Jewell, C. F.; Wareing, J. R. Org. Chem1995 60, 5736.
(b) Yan, B.; Sun, Q.; Wareing, J. R.; Jewell, C.F.Org.
Chem.1996 61, 8765. (c) Li, W.; Yan, B.J. Org. Chem.
1998 63, 4092.

Egner, J. E.; Bradley, MDrug Discaery Today1997, 2
(3), 102-109. (b) Keifer, P. ADrug Discaery Todayl997,

2 (11), 468-478. (c) Luo, Y.; Ouyang, X.; Armstrong, R.

(4)

(6)

Salvino et al.

W.; Murphy, M. M. J. Org. Chem1998 63, 8719-8722.
(c) Svensson, A.; Fex, T.; Kihlberg, Jetrahedron Lett.
1996 37, 7649-7652. (d) Shapiro, M. J.; Kumaravel, G.;
Petter, R. C.; Beveridge, Rletrahedron Lett.1996 37,
4671-4674.

Drew, M.; Orton, E.; Krolikowski, P.; Salvino, J. M.; Kumar,
N. V. J. Comb. Chen00Q 1, 8. (b) Stones, D.; Miller, D.
J.; Beaton, M. W.; Rutherford, T. J.; Gani, Detrahedron
Lett 1998 39, 4875-4878. (c) Svensson, A.; Bergquist, K.-
E.; Fex, T.; Kihlberg, JTetrahedron Lett1998 39, 7193—
7196. (d) Hochlowski, J. E.; Whittern, D. N.; Sowin, T. J.
J. Comb. Chem1999 1, 291-293.

Salvino, J.; Kiesow, T. J.; Darnbrough, S.; Labaudiniere, R.
J. Comb. Chem1999 1, 134-139.

CCO000076R



