CHEMISTHY

Article

Subscriber access provided by American Chemical Society

Synthesis of Non-Peptidyl 0,0-Difluoromethylenephosphonic
Acids on a Soluble Polymer Support
Gabriel Hum, Justyna Grzyb, and Scott D. Taylor

J. Comb. Chem., 2000, 2 (3), 234-242+ DOI: 10.1021/cc9900596 * Publication Date (Web): 15 April 2000
Downloaded from http://pubs.acs.org on March 20, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of Combinatorial Chemistry is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/cc9900596

234 J. Comb. Chem2000, 2, 234—242

Articles

Synthesis of Non-Peptidyla,o-Difluoromethylenephosphonic Acids on
a Soluble Polymer Support

Gabriel Hum, Justyna Grzyb, and Scott D. Taylor*

Department of Chemistry, Usrsity of Waterloo, 200 Umersity Avenue West,
Waterloo, Ontario, Canada, N2L 3G1

Receied October 11, 1999

The polymer-supported syntheses of a series of biaryl derivatives bearingotitifluoromethylenephos-

phonic acid group is reported. Non-cross-linked polystyrene (NCPS) was used as the support which enabled
the reactions to be carried out under homogeneous conditions and reactions to be followed using conventional
% NMR. Synthesis of the biaryl phosphonic acids was initiated by attaching mono-ethyl estexs- of
difluorophosphonic acid4&1 and 12 to 3% alkylhydroxy-modified NCPS via a phosphate ester linkage.
Suzuki reaction conditions were developed which allowed for the formation of a series of polymer-bound
biaryl phosphonates at ambient temperature. Removal of phosphonic acids from the support and cleavage
of the ethyl protecting group was achieved in a single step using TMSI or TMSBYr. Yields of the phosphonic
acids ranged from 43 to 89% and, in most cases, were obtained in a purit9996), after cleavage from

the support, that was sufficient for biological screening.

Introduction Scheme 1

Recently, there has been tremendous interest in the
development of inhibitors of protein tyrosine phosphatases
(PTPs):2 PTPs are enzymes that catalyze the hydrolysis of
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phosphate groups from phosphotyrosine residue in proteins. lm"d‘f“'y' ring
Interest in developing inhibitors of these enzymes stems from

the recent discoveries that these enzymes are essential for Ho_g_CF @/ Y rusarorus 9 v
the regulation of a wide variety of crucial cellular processes on © g;,CFZ‘@

such as cell growth factor signaling, insulin signaling, fuel
metabolism, and cytokine signaling to name but a $éw.
Much of the work on the development of reversible PTP
inhibitors has focused on incorporating non-hydrolyzable
phosphotyrosine mimetics into peptidyl PTP substratese
mimetic that has proven to particularly effective is thet-
difluoromethylenephosphonic acid (DFMP) moiety. For
example, certain peptides bearing difluoromethylenephos-
phonyl phenylalanine @Pmp, 1) are nanomolar inhibitors

of PTP1B and can bind up to 2 10 times better than the
analogous peptide bearing methylenephosphonyl phenyl-
alanine2.'2¢However, in general, peptide-based inhibitors

Consequently, wé&9 as well as other grougs;*"i have
begun examining non-peptidyl compounds as PTP inhibitors.
Preliminary studies in our groép’ and other&bdfi have
shown that even simple aryl derivatives bearing the DFMP
group can be relatively good inhibitors of PTPs. For example,
we have found that then-biphenyl DFMP 3 is a good
inhibitor of PTP1B K| of 17 uM) and is 17-fold more potent
that just phenyl DFMP¢ As part of our program to prepare
non-peptidyl inhibitors of PTPs, we became interested in
developing polymer-supported methodologies that would
allow for the rapid synthesis of aromatics bearing the DFMP
group® The specific methodology we wished to develop is
outlined in Scheme 1. An appropriately functionalized aryl

s Fos o,o-difluoromethylenephosphonic acidl is attached to a
Fo PO hydroxy-modified polymer support via a phosphate ester

F linkage. After further functionalization of the aryl ring,
6 removal of the ethyl protecting group and cleavage of the
00C™ "NH, Ph phosphonic acid from the support would be accomplished
2Roh : in a single step using TMSBr or TMSI. We wished to use a

“liquid phase® approach in which the reactions are carried
make for poor therapeutics due to inadequate bioavailability. out on a “soluble” polymer in a homogeneous solution. This

10.1021/cc9900596 CCC: $19.00 © 2000 American Chemical Society
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R POOEY, K _PO(OEY),
F F
R=l
—
PO(OEt), *
1. 2.2 equiv. NaHMDS, 8 !
THF, -78 °C (0]
2. 2.5 equiv. NFBS, OEt), F |':L_0H
THF, -78 °C <

Scheme 2
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Scheme 3

5 equiv
Cl Na"O-(CH2)0THP

. ay O—(CH2)4—OTHP
10 mol% n-BuyNI 14

3% chioromethylated

1
NCPS DMF, i, 12h

R PO(
R F F OEt THF/6M HCI (4:1) O—(CH)}4—OH
5 R=31 R=Br_ 1. NaOH reflux 36 h 15
6, R=3-Br 2. H*
7, R=4-Br
R R 5 equiv EL.N 0 R
9, R = 3-Br (78%) 11, R = 3-Br (94% 25qufv11 or12 O
10,R= 4-Br (80%) 12 R= 4-Br 292%3 2 equiv DIAD 0—(CHz)—0-P~CF;
2 equiv PPh; OFEt

THF, 4h
approach has certain advantages over the more common ,
conventional solid phase methodologies such as faster z-{ }-sen: o O
reaction ratesand facile monitoring of the reaction using  1ansn e Tatie 2 \ o_(CH2)4_O_¢",_CF2 G Y
conventional solution NMR. In our case, all chemical 20 mol% PHCNLRICE OEt X
H f e 19 (meta series)
transformations on the _polymer.support could _be monitored 2 20 (para serios)
by °F NMR. °F NMR is a particularly attractive method
z
L

for monitoring the reactions sinééF is a sensitive nucleus
[0}
HO-P-CF Q
! X

16, R = m-Br
17, R = p-Br

1. 4 equiv TMSI, CH,Cl,, 4h, 1t
or 10 equiv TMSBr,

and has a very broad frequency rafig€onsequently, CH,Cly reflux 48 h
chemical transformations even fairly remote from the fluo- : on

rines would result in a change in tH& NMR chemical shift. 3. et 21a-21n (meta series, see Table 2)

To ascertain if this would be a feasible approach for 22a-22n (para series, see Table 2)

synthesizing DFMP-bearing compounds, we chose to prepare ] ) ) o

a series of biaryl DFMP’s using a Suzuki reaction, a reaction e>.<cellent ylglds by basic hydrolyss followed by aC|d|f|c§t|on.
that has been used extensively in polymer-supported syn-Sincé multigram quantities oll and 12 were readily
theseg,as a model reaction for aryl functionalization. Here ©btained, it was decided to develop all of the Suzuki
we report this is indeed a very powerful approach for the Chemistry using these bromo derivatives.

rapid construction of this class of compound. Polymer Synthesis and Loading Poly(ethylene glycol)
(PEG) is perhaps the most commonly used support for liquid-

phase organic synthesis (LPGSlowever, we chose not
Syntheses of Monophosphonic AcidsFor our studies,  to use PEG since we were concerned about the stability of
multigram quantities of either the iodo or bromo substituted this polymer to some of our reaction conditions (such as
phosphonic acidd (X = Br or |) were required. lodo arenes  TMSI or TMSBI). Therefore, non-cross-linked polystyrene
undergo Suzuki couplings more readily than their bromo (NCPS) was used as the polymer support. NCPS is soluble
counterparts. However, the large scale synthesis of the iodoin polar aprotic solvents such as THF, &H,, CHC,
derivatives proved to be impractical for a number of reasons. EtOAc, DMF, and benzene but insoluble in highly polar
Burke and co-workers have reported the synthesis of diethyl- protic solvents such as MeOH or EtOH. Thus, the NCPS-
[(4-iodophenyl)(difluoro)methyl]phosphonate in 60% yield supported reactions can be carried out under homogeneous
by reacting the corresponding-ketophosphonate with 5  conditions in a wide range of solvents and then rapidly
equiv of DASTI? However, other researchers have recently purified by precipitating out the polymer in MeOH or EtOH
reported that this reaction can explode upon scal&-up. ~ followed by filtration. NCPS has been employed for the
addition, the requirement of 5 equiv of DAST makes this Polymer-supported synthesis of peptides, oligonucleotide, and
procedure prohibitively expensive. We have recently reported oligosaccharidésand has recently been employed by Janda
that aryl DFMPs can be constructed by electrophilic fluo- and co-workers for the polymer-supported total synthesis of
rination of a-carbanions of benzyl phosphonates using Prostaglandins Eand k' and by Enholm for the prepara-
N-fluorobenzene sulfonimide (NFSI) as fluorinating agént.  tion of polymer-bound stannane reagetits.
We attempted to use this procedure for preparing the Functionalized NCPS was prepared in which a linear
iodoareneB by subjecting diethyl 3-iodobenzylphosphonate spacer separates the polystyrene from the site of attachment
(5) to a solution of 2.2 equiv of NaHMDS in THF followed of the phosphonic acid (Scheme 3). Thus, 3% chloromethy-
by electrophilic fluorination of the resulting carbanions using lated NCP$*'5was reacted with 5 equiv of the sodium salt
2.5 equiv of NFSI (Scheme 2). However, significant loss of of the monoprotected didl3 in the presence of a catalytic
iodine occurred during the electrophilic fluorination, resulting amount of n-BuNI in DMF at room temperature for 12 h.
in low yields and the product being contaminated with the The DMF was removed, the crude polymer was dissolved
noniodinated material which we could not remove. Nonethe- in CH,Cl,, washed with brine, and concentrated. This
less, in contrast to the iodo derivative, both the 3-bromo and concentrated solution was added slowly to a solution of cold
4-bromo arene8 and10were readily obtained in good yield MeOH/H;O (4:1) to give purel4. Ninety-six percent of the
(78—80%) from benzyl phosphonatés and 7 using the functionalized polymer was recovered. The hydroxy-modi-
electrophilic fluorination procedure (Scheme 2). Diesters  fied polymerl5was obtained by refluxind4 in a solution
and 10 were converted into the monoesters and 12 in of THF/6 M HCI (4:1) for 36 h. In this case, purkb was

2. MeOH/H,0

Results and Discussion
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obtained simply by adding the crude reaction mixture directly Table 1. Effect of Catalyst on the Room Temperature
to cold MeOH/HO (4:1) (95% recovery of polymer}H Suzuki Cross-Coupling Reactichsf 9 with PhB(OH)

NMR analysis of the above crude reaction mixtures indicated  entry catalyst percent conversii¥b)
that each reaction proceeded in quantitative yields and that

) 1 Pd(dppexl, 48
the yield of pure polymer product was reduced only by the 2 Pd(acac) 3
small loss of polymer that occurred during the precipitation i Ealzgf% 18%
and filtration process. _ _ M (PHPLPACh 46
Two approaches for attaching phosphonic dcicand12 6 (EtP)LPdCh 29
to polymer15 were considered. One was to convittand 7 PdChdppf 75
12to the acid chlorides and then react this with polyrh&r 8 Pddbay 76
ok 9 Pd(OAC) 100
The other was to attach the phosphonic acid directly5o 10 Pd(dppe) 39
via a Mitsunobu reactiot ¢ We chose to use a Mitsunobu 11 Pd(PPh)4 7
reaction since the phosphonic acids could be used directly 12 (PhCN)PdCh 100

without prior conversion to the acid chloride, and this a1 equiv of9, 3 equiv of PhB(OHy, 3 equiv of KCOs, 20 mol
reaction is known to proceed in high yields under very mild % catalyst in DMF for 24 h at room temperatufe?ercent
conditions and has been used very successfully for solid conversion ofd into biaryl product as determined B% NMR.

phase peptidylphosphonate synthésldsing the Mitsunobu 1416 2. vields and Purities of Biaryl Phosphonic Acids

conditions developed by Campbell and co-work&rén after Cleavage fron19 or 20
which the_ alc_ohol is _the limiting reagent (2 equiv of biaryl el biaryl yield®
phosphonic acid, 2 equiv of DIAD, 2 equiv of P(BI equiv boronic acid product (purity)® product (purity)P
of EtsN, 1 equiv of15, in THF at room temperature), we g, x —y—7z—n 21a  82(97) 22a 89 (98)
found that11 and 12 could be attached t&5 to give the 18b, X =Y =H,Z=Ph 21b  83(91) 22b 61 (96}
polymer-supported phosphonatesand 17 in quantitative 18 X=H,Y=2Z= 2lc  77(98) 22c  64(97)
. L . 1 19 CH=CH—CH=CH®
yields in jug 4 h asjudged by!H NMR and ' NMR 18d. X = Me, Y = Z = H 21d  71(98) 22d 67 (98)
(Scheme 3). Puré6 and 17 were obtained by adding the 18 X=Y =H,Z=Me 2le  70(99) 22e 66(99)
crude reaction mixture to a solution of cold MeOHH ﬁf XX=_YY=_HHZZ—_Et 5 gif ;i (gg) ggf ZZ (gg)
(4:1) (96% recovery of polymer). Only a single polymer- 18#)( —y ;H,'Z;Meg(O) Sib 6o ESO; Soh 90 5913
bound species was detected by b#thand°F NMR. 18i, X =Z=H, Y =CF; 21i  68(97) 22i 54(97)
1 i i 18, X=Y =H,Z=CR 21j  43(99) 22j  74(98)
Suzgkl Cogplmgs Ideally, we wished to perf_orm the_ Sk X=Z—H.Y=F 2Tk 66(98) 22k  81(98)
Suzuki reactions at room temperature and with readily 18.X=Y=H Z=F 21 75(98) 221 75 (99)

available reagents and catalysts. A number of reportsi18m X = Y=Hz=cl 2lm  72(99) 22m 75(99)
describing room temperature Suzuki couplings on aryl 180 X=H,Y=Cl,Z=F 2In 75(96) 22n  77(96)
bromides have appeared in the literattffed1® However, aYields are calculated starting frof®.  Determined by NMR

these procedur&&— require either toxic and/or expensive and HPLC. The lowest value obtained by these methods is reported.
additives (TIOH}®>¢ or solvents (EtOH) that were incom-  ©2-Naphthyl boronic acidt The amount of material obtained

. . o . corresponded to a 61% yield. However, due to solubility problems,
patible W_lth the homogeneous cqndltlons that we desweq forthe purity of this compound was determined by HPLC only.
the reactiort® Nevertheless, we first attempted the coupling
of model diester9 with phenylboronic acid using the the (PhCN)PdCh-catalyzed reaction being slightly faster
conditions developed by Campi et!&!.(5 mol % Pd(OAc), (complete with 21 h). Lowering the catalyst loading to less
1 equiv of boronic acid, and either Ba(QHIK.CO;s, or Na- than 20 mol % with any of these three catalysts resulted in
CO;, except degassed DMF was used as solvent instead oincomplete reaction after 24 h. The phosphine-bearing
degassed aqueous EtOH). The reaction was monitored bycatalysts that we employed for these studies did not go to
19 NMR. Although this reaction yielded the desired biaryl completion within 24 ° This is consistent with the results
product, the reaction was slow and only 25% complete after of Campi et al® who also found that high yields of biary!
24 h. In order to have the reaction go to completion within product can be obtained at ambient temperature when
24 h at room temperature, we found that, in addition to palladium catalysts not involving phosphine ligands are
increasing the amount of boronic acid (3 equiv), the amount employed?® Further studies with these three catalysts indi-
of catalyst had to be increased to 20 mol %. Under thesecated that other solvents that are compatible with NCPS
conditions, the biaryl product was obtained in quantitative (benzene, toluene, THF, DME) were less effective than DMF
yields and no other products were detected. To determine ifand organic bases, such agNEtwere less effective than
other catalysts were more effective than Pd(QAd)?2 K2CQs.
reactions were set up, each of which contained 20 mol % of =~ The room temperature Suzuki reaction conditions (DMF,
a different Pd catalyst, 1 equiv &, 3 equiv of phenyl 3 equiv of boronic acid, 3 equiv of 0;, 20 mol %
boronic acid, 3 equiv of solid ¥CO;, and DMF as solvent,  (PhCN}PdCL) worked out in solution with model estér
and the reactions were monitored ¥ NMR. The results ~ worked equally well with polymer-bound aryl bromid&g
of this study are shown in Table 1. Under these conditions, and 17. Thus, a variety of boronic acids (Table 2) were
it was found that complete conversion®fo biaryl product coupled tol6 and17 at room temperature, yielding a series
could be accomplished at room temperature within 24 h using of polymer-bound biaryl derivatives of tyd& and19. Each
either PdCJ, Pd(OAc), or (PhCN)PdCb as catalysts, with  reaction was followed b¥’F NMR 2* For those boronic acids
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that contained electron withdrawing groupsg;t(ifluoro- m-triphenyl derivative21b (91% pure by HPLC), and the
methyl, p-fluoro), the reaction was 100% complete within two acetyl derivative®1h (80% pure by HPLC) an@2h
3—6 h. For boronic acids bearing electron donating groups (91% pure by HPLC). In addition, biaryl derivativa2b
(p-methyl, p-ethyl, p-tert-butyl), quantitative conversion proved to be insoluble in organic and aqueous solutions, and
required 24 h. The reaction witbrmethylbenzene boronic  its purity could only be determined by HPLC (96% pure)
acid was also complete within 24 h, indicating that the and could not be evaluated for biological activity.

reaction is not strongly effected by steric factors although  In summary, we have prepared a series of biaryl DFMP
this may not be the case if substituents larger than a methylderivatives using a liquid phase methodology. The approach
group are present at the ortho position. After removal of the described here is particularly powerful since it allows for
palladium catalyst, pure polymer-bound biaryl product was the direct monitoring of the polymer-supported reactions
obtained by adding the crude reaction mixture directly to using conventionaPF NMR. In addition, the overall process
cold MeOH/HO (4:1). No loss of the phosphonate from the is rapid and relatively straightforward. The majority of the
support occurred during the reaction or during the workup biaryl products obtained after cleavage from the support did
as determined b¥F NMR of the filtrate of the precipitated  not require any further purification for biological evaluation.
polymer. It was found that, when working with small The approach outlined here for the polymer-supported
amounts of polymer (500 mg or less), recovery of the synthesis of aryl DFMP derivatives may also find use for
polymer-bound products from the filter was more difficult, the rapid development of DFMP-bearing inhibitors of other
and in several cases, less than 95% of the polymer wasenzymes besides PTPs.

recovered. Thus, although the above Suzuki couplings were

quantitative in most cases (only a single polymer-bound Experimental Section

species was evident BYF NMR), the amount of recovered General. Boronic acids were purchased from Lancaster

polymer varied from 85 to 95%. Synthesis Inc. (Windham, NH). All other reagents were

Removal from the Support. The phosphonic acids were purchased from Aldrich Chemical Co. (Milwaukee, W4}l
removed from the support and deprotected in a single SIePNMR, 19F NMR, and®P NMR spectra were recorded on a

by reacting the polymer-bound biaryls with 4 equiv of TMSI y/arian Gemini-200 or Varian-300 spectrophotometer 31

In CH?C'_Z at room temperature for 4 h. TMSBr could also  \vR spectra were proton decoupled, and chemical shifts
be used; however, this required a 48 h reflux inCH. are reported in parts per million relative to 85% phosphoric
The resulting TMS phosphonate esters were converted t0,ciq (external). Chemical shifts fdfF NMR spectra are
the free acids by adding a QEI? solution of the crude  enorted in parts per million (ppm) relative to trifluoroacetic
reaction mixture to MeOH/bO (4:1) followed by stirring ¢y (external standard). Electrospray mass spectra were
for 12 h. Filtration followed by concentration of the filtrate  5iained using a Micromass Platform mass spectrometer.
yielded the phosphonic acid2Xa-21nand22a-22r). *H Electron impact (EI) were obtained on a Micromass 70-S-
NMR analysis of the concentrated filtrate indicated that the 555 mass spectrometer. Analytical and preparative HPLC
product was contaminated with small amount; _of polymer 4 performed using a Waters LC 4000 system equipped
as well as what appeared to be small quantities of alkyl \yith 5 \iydac 218TP54 analytical C-18 reverse phase column
halides of type23which resulted from cleavage of the spacer . 4 Vydac 218TP1022 semipreparative reverse phase

column and a Waters 486 tunable absorbance detector set at

Rao~r 254 nM. For both analytical and preparative HPLC, the
23, Rz oHoroTMs following mobile phase gradient system was used (solvent

A: acetonitrile; solvent B: water with 0.1% TFA modifier):
arm from the polymer during the TMSI or TMSBr reaction. 0 min: 10% A; 6 min: 10% A; 16 min: 100% A; 26 min:
Thus, the crude filtrate was dissolved in 0.1 N NaOH and 100% A; 36 min: 10% A; 51 min: 10% A.
washed with CHCl,. The solution was then acidified to pH Diethyl (3-lodobenzyl)phosphonate (5) 3-lodobenzyl
~0.5, and the phosphonic acid was extracted with diethyl bromide (2 g, 6.74 mmol, 1 equiv) and triethyl phosphite
ether and the ether layer concentrated. The residue wag5.84 mL, 5.6 g, 33.7 mmol, 5 equiv) were combined in
dissolved in an aqueous solution containing 2.5 equiv ofNH benzene (2 mL). The reaction was refluxed for 16 h. The
HCO; and then repeatedly lyophilized to give the desired solvent and excess triethyl phosphite was removed in vacuo.
phosphonic acids as their ammonium salts ir-89% yield Column chromatography (1:1 hexane/EtOA&¢,= 0.3) of
starting from15. 'H NMR analysis of the concentrated ether the crude residue yieldeslas a yellow oil (2.31 g, 97%):
layer before conversion to the ammonium salts showed no*H NMR (CDCls) 6 7.57 (2H, m, Ar-H), 7.25 (1H, dJ =
traces of contaminating linker arm or polymer. Indeed, NMR 5.9 Hz, Ar—H), 7.00 (1H, t,J = 8.1 Hz, Ar—H), 4.00 (4H,
(*H, °F, and®'P) and HPLC analysis of the ammonium salts m, CH,), 3.04 (2H, d,J = 21.9 Hz), 1.22 (6H, t) = 7.4
indicated that the majority of the biaryl products were Hz, CHs); 3P NMR (CDCE) 6 3.36;C NMR (CDCk) 0
obtained inremarkably high purity with 21 of the 28 138.64 (d), 135.89 (d), 134.22 (d), 130.02 (d), 129.00 (d),
compounds being 97% pure or better. Three of the other 94.05 (d), 62.13 (d), 33.36 (dcp = 138.2 Hz), 16.27 (d);
seven acids were obtained in 96% purity. Most of the acids MS m/z (relative intensity) 354 (100), 217 (97), 227 (50);
could be used directly for biological screenfAgvithoutany ~ HRMS calcd for GiH1603PI 353.9882, found 353.9879.
further purification. However, three of the acids required Diethyl (3-Bromobenzyl)phosphonate (6)To a solution
further purification by HPLC before biological testing: the of 3-bromobenzyl bromide (25.0 g, 100 mmol, 1 equiv) in
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benzene (50 mL) was added triethyl phosphite (85.7 mL,
83.1 g, 500 mmol, 5 equiv), and the mixture refluxed for 16
h. Solvent was removed, anél was obtained as a pure
colorless oil by vacuum distillation (29.1 g, 95%): bp 70
°C, 0.050 mm;*H NMR (CDCls) 6 7.40 (2H, m, A~H),
7.21 (2H, m, Ar-H), 4.04 (4H, m, CH), 3.11 (2H, dJ =
20.5 Hz, CH), 1.26 (6H, t,J = 7.3 Hz, CH); 3P NMR
(CDClg) ¢ 23.28;°C NMR (CDCk) 6 134.31 (d), 132.71
(d), 129.83, 128.35 (d), 122.37, 62.06 (d), 33.55X¢h =
139.1 Hz), 16.18 (d); M3z (relative intensity) 109 (100),
169 (73), 306 (49); HRMS calcd for,@H,60sPBr 306.0020,
found 306.0014.

Diethyl (4-Bromobenzyl)phosphonate (7)Compounds

Hum et al.

Ethyl Hydrogen [(3-Bromophenyl)(difluoro)methyl]-
phosphonate (11)To a suspension & (4.72 g, 13.8 mmol,
1 equiv) in HO (36 mL) was added a solution of NaOH
(10 M, 2.3 mL, 23.4 mmol, 1.7 equiv). The reaction was
stirred at 55°C for 4 h until it became homogeneous. After
cooling to room temperature, the crude reaction was washed
with ether (2x 50 mL). The aqueous layer was acidified to
pH 0.5-1.0 with 6 M HCI, extracted with CKCl, (4 x 100
mL), dried (MgSQ) and concentrated to give putd as a
pale yellow oil which solidified upon standing as a waxy
solid (4.08 g, 94%): mp 50C; *H NMR (CDCl) ¢ 10.86
(1H, s, OH), 7.70 (1H, s, ArH), 7.62 (1H, d,J = 7.3 Hz,
Ar—H), 7.50 (1H, d,J = 8.7 Hz, Ar—H), 7.33 (1H, tJ =

was prepared from 4-bromobenzyl bromide in the same 8.1 Hz, Ar—H), 4.16 (2H, m, CH)), 1.32 (3H, tJ = 7.3 Hz,

manner as described f@& Column chromatography (1:1
hexane/EtOAcR: = 0.5) of the crude residue yielded pure
7 as a colorless oil in 95% yield*H NMR (CDCly) 6 7.43
(2H, d,J = 8.1 Hz, Ar—H), 7.17 (2H, t,J = 8.1 Hz, Ar—
H), 4.00 (4H, m, CH), 3.08 (2H, d,J = 21.9 Hz, CH),
1.25 (6H, t,J = 7.3 Hz, CH); 3P NMR (CDC}) 6 23.19;
13C NMR (CDCk) 6 131.56, 131.50, 131.47, 131.34, 130.88
(d), 120.81 (d), 62.10 (d), 33.27 (dep = 138.2 Hz), 16.29
(d); MS vz (relative intensity) 169 (100), 109 (90), 306 (49);
HRMS calcd for GiH160sPBr 306.0020, found 306.0011.
Diethyl Difluoro(3-bromophenyl)methylphosphonate
(9). A solution of6 (5.7 g, 18.6 mmol, 1 equiv) in dry THF
(40 mL) was cooled to-78 °C. NaHMDS (1 M in THF,

CHg); **F NMR (CDCk) 6 —33.83 (d,Jrp = 119.1 Hz);3P
NMR (CDCl) 6 3.75 (t,Jpr = 118.3 Hz);}3C NMR (CDCk)

0 134.71 (br dt) 133.89, 129.90, 129.44 (br dt), 125.07 (br
dt), 122.42, 116.84 (dt)cr = 262.6 Hz,Jcp = 224.2 Hz),
65.36 (d), 16.07 (d); M®n/z (relative intensity) 205 (100),
314 (37), 109 (20); HRMS calcd forgd;¢0sFPBr 313.9519,
found 313.9517.

Ethyl Hydrogen [(4-Bromophenyl)(difluoro)methyl]-
phosphonate (12) Compoundl2 was prepared from0 in
the same manner as described Tar Pure12 was obtained
without further purification as a pale yellow oil, which
solidified on standing as a waxy solid in 92% yield: mp 58
°C; 'H NMR (CDCl) 6 11.61 (1H, s, OH), 7.58 (2H, d}

41.0 mL, 41.0 mmol, 2.2 equiv) was added dropwise over 5 = 8.1 Hz, Ar-H), 7.42 (2H, d,J = 8.1 Hz, Ar-H), 4.12

min. The solution was stirred for 1 h, and NFSi (13.4 g,
43.0 mmol, 2.3 equiv) dissolved in dry THF (40 mL) was

(2H, m, CH), 1.31 (3H, t,J = 7.0 Hz, CH); 1%F NMR
(CDCl) 2?-34.38 (dJer = 119.0 Hz);3P NMR (CDCE)

added dropwise to the reaction mixture. The reaction was ??3.60 (t,Jor = 119.8 Hz);3C NMR (CDCk) 6 131.69,

allowed to react at-78 °C for 1 h and then quenched with

128.03, 125.52, 117.42 (dice = 262.6 Hz,Jcp = 224.7

water (250 mL). Solvent was removed under reduced Hz), 65.32 (d), 16.13 (d); M3z (relative intensity) 205

pressure and the aqueous layer extracted withGLH4 x
100 mL), dried (MgS@), and concentrated leaving a yellow
oil. Column chromatography (Gi€l,, R = 0.5) of the crude
residue yielded pur® as a yellow oil (4.95 g, 78%)H
NMR (CDCl) 6 7.74 (1H, s, Ar-H), 7.52 (2H, t,J = 8.8
Hz, Ar—H), 7.33 (1H, t,J = 8.1 Hz, Ar—H), 4.19 (4H, m,
CHy), 1.32 (6H, t,J = 7.3 Hz, CH); **F NMR (CDCk) ¢
—33.18 (d,Jep = 114.5 Hz);3'P NMR (CDCE) 6 3.68 (t,
Jpr=113.7 Hz);*3C NMR (CDCE) 6 135.05 (br dt), 133.80,
129.90, 129.37 (br t), 124.99 (br t), 122.41, 117.20 Jek,
= 264.5 Hz,Jcp = 217.8 Hz), 64.74 (d), 16.16 (d); M®/z
(relative intensity) 109 (100), 205 (54), 342 (25); HRMS
calcd for G1H140sF,PBr 341.9832, found 341.9846.

Diethyl Difluoro(4-bromophenyl)methylphosphonate
(10). CompoundlOwas prepared frord in a same manner
as described fo®. Column chromatography (9.8:0.2 GH
CIl,/EtOAc) of the crude residue yielded pur@as a yellow
oil in 80% yield: *H NMR (CDCl;) ¢ 7.60 (2H, dJ= 7.3
Hz, Ar—H), 7.49 (2H, dJ = 8.8 Hz, Ar—H), 4.21 (4H, m,
CH,), 1.33 (6H, t,J = 7.4 Hz, CH); **F NMR (CDCk) ¢
—32.86 (d,Jep = 115.9 Hz);3'P NMR (CDCE) 6 3.58 (t,
Jpr=115.2 Hz);3C NMR (CDCk) 6 131.67, 127.96 (br t),
125.41, 117.72 (dtJcr = 263.5 Hz,Jcp = 218.7 Hz), 64.70
(d), 16.19 (d); MSm/z (relative intensity) 205 (100), 109
(71), 342 (39); HRMS calcd for H;40sF,PBr 341.9832,
found 341.9828.

(100), 126 (37), 314 (26); HRMS calcd forgld,00sF,PBr
313.9519, found 313.9523.

Coupling of 13 to 3% Chloromethylated NCPS (14).
To a suspension of sodium hydride (0.48 g, 20 mmol, 5
equiv) in dry DMF (60 mL) was addet3?3 (3.5 g, 20 mmol,
5 equiv) and the mixture was stirred afQ for 2 h. Then
3% chloromethylated non-cross-linked polystyrene (NCPS,
0.3 mmol/g, 10 g, 4 mmol, 1 equit¥ and n-BuNI (0.148
g, 0.40 mmol, 0.10 equiv) were added, and the mixture was
stirred at room temperature for 12 h. The DMF was removed
in vacuo, and the resulting crude polymer was dissolved in
CH,CI, (100 mL), washed with brine (& 50 mL), dried
(MgSQy), and concentrated in vacuo. The residue was
redissolved in CEKCl, (60 mL) and added dropwise to a
solution of cold HO/MeOH (600 mL, 1:4). The precipitate
was collected by filtration, washed with cold,®/MeOH
(150 mL, 1:4), and vacuum-dried to gitd as a white fluffy
solid (9.7 g, 96% polymer recovered). No other polymer-
bound species were detected'byNMR. 'H NMR (CDCls)
0 4.65 (1H, br s, CH—-0), 4.45 (2H, br s, ArCH,), 3.85
(2H, br s, CH—0O—THP) 3.5 (4H, br s, ©CH,—CH,—).
Signals in the range of 7-3%.2 and 2.3-1.2 overlap with
that of the NCPS. Consequentif NMR assignments were
not attempted for any signals which fell in these two regions
for this or any subsequent polymer-bound species described
below.
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Removal of THP Group from 14 (15).Polymer14 (4 g,
1.2 mmol) was dissolved in a mixture of THF/6 M HCI (30
mL, 4:1) and refluxed for 36 h. The reaction mixture was
added to a cold solution of J@/methanol (250 mL, 1:4).
The resulting precipitate was collected by filtration, washed
with cold H,O/methanol (100 mL, 1:4), and dried under high
vacuum to give polymef5 as a white solid (3.9 g, 95%
recovery of polymer):'H NMR (CDCl) 6 4.47 (2H, br s,
Ar—CH,—0), 3.68 (2H, br s, €,0H), 3.51 (2H, br s;-O—
CH,—CH,—). The loading was determined to 0.3 mmol/g

Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 339

mixture was concentrated in vacuo, and the residue was
subjected to high vacuum for several hours. The residue was
dissolved in CHCI, (2.5 mL) and added dropwise to a
solution of HO/methanol (25 mL, 1:4) and stirred for 12 h.
The suspension was filtered, and the filtrate was concentrated
in vacuo. To remove trace amounts of polymer and other
organic impurities, the following wash procedure was
performed. The crude reaction product was dissolved in a
NaOH solution (9 mL, 0.1 M solution) and washed with £H

Cl; (3 x 8 mL). The solution was acidified to pH 0-3..0

as determined using NMR methods similar to that described with 5 N HCI, extracted into diethyl ether (6 10 mL), and

in ref 13b.

Attachment of 11 and 12 to Polymer 15 (16 and 17).
To a solution of1l or 12 (2 equiv), triphenyl phosphine
(2 equiv), and DIAD (diisopropylazidodicarboxylate, 2 equiv)
in dry THF (5 mL) was added a solution of polynies (~1
equiv of free hydroxyl group) and triethylamine (5 equiv)
in dry THF (25 mL). The mixture was stirred at room
temperature fo4 h and then added dropwise to a solution
of cold H,O/methanol (300 mL, 1:4) which resulted in the
precipitation of the polymer. The precipitate was collected
by filtration and dried under high vacuum which yielded
polymer 16 or 17 as a white powder (96% recovery of
polymer): Polymeil6: *H NMR (CDCl) 6 4.43 (2H, br s,
Ar—CH,—0), 4.25 (4H, br m, Ck—0—P), 3.47 (2H, br s,
O—CH,); *F NMR (CDCk) 6 —32.29 (d,Jep = 112.9 Hz).
Polymerl7: *H NMR (CDCL) 6 4.45 (2H, br s, Ar-CH,—
0), 4.23 (4H, br m, CR-0—P), 3.49 (2H, br s, ©CH,);
1% NMR (CDCk) 6 —32.51 (d,Jrp = 116 H2z).

General Method for Suzuki Cross-Coupling on Poly-
mers 16 and 17 (General Structure 19 and 22Polymers
16 or 17 (400-500 mg, ~1 equiv polymer-bound aryl
bromide), arylboronic acidl8a—18n, 3 equiv), KCO; (3
equiv), HO (10 equiv), and (HsCN),PdC} (0.2 equiv)

concentrated to give the phosphonic acid products. The
phosphonic acids were dissolved in an aqueous solution (2
mL) containing NHHCGO; (2.5 equiv). The solution was
frozen and then lyophilized. The lyophilization procedure
was repeated until a constant weight was obtained. This
yielded the phosphonic acids as white to slightly off-white
ammonium salts. See Table 2 for yields and purities.
(3-Phenylphenyl)(difluoro)methylphosphonic Acid, Am-
monium Salt (21a).Yield: 69.6 (mg/g);'"H NMR (D,0) &
7.38-7.86 (9H, br m, Ar-H); **F NMR (D;0O) 6 —27.77
(d, Jrp = 93.1 Hz);3P NMR (D;0) 6 5.39 (t,Jpr = 93.9
Hz); ESMS m/z (relative intensity) 283 (100). HPLC
retention time= 16.4 min. Purity: 97% (HPLC).
(3-(4-Biphenyl)phenyl)(difluoro)methylphosphonic Acid,
Ammonium Salt (21b).Yield: 98.2 (mg/g)iH NMR (D;0)
0 7.52-7.94 (13H, br m, Ar-H); 1% NMR (D;0) 6 —27.84
(d, Jrp = 94.6 Hz);3P NMR (D;0) 6 5.32 (t,Jpr = 94.6
Hz); ESMS m/z (relative intensity) 359 (100). HPLC
retention time= 18.0 min. Purity: 91% (HPLC).
(3-(2-Naphthyl)phenyl)(difluoro)methylphosphonic Acid
(21c). Yield: 85.2 (mg/g);*H NMR (D;0) 6 7.56-8.27
(11H, br m, Ar-H); F NMR (D,0) 6 —27.90 (d,Jrp =
97.7 Hz);3'P NMR (D;0) 6 5.32 (t,Jpr = 95.4 Hz); ESMS

were placed in a round-bottom flask flushed with argon and Mz (relative intensity) 333 (100). HPLC retention tinve
were dissolved in DMF (3 mL) that had been deoxygenated 17.3 min. Purity: 99% (HPLC).

via three freezepump—thaw cycles. Then 40QL of the
reaction mixture was withdrawn and placed in an argon
flushed NMR tube, which was attached to a 1&baker.
The reaction progress was monitored v#& NMR until

(3-(2-Methylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (21d). Yield: 70.9 (mg/g);
H NMR (D20) 6 7.41-7.68 (8H, br m, Ar-H), 2.32 (3H,
s, CHy); 1%F NMR (D;0) 6 —27.44 (d,Jep = 94.7 Hz);3P

100% conversion was observed. The reaction mixture wasNMR (D20) 6 5.39 (t,Jer = 93.9 Hz); ESMSWz (relative

transferred to microcentrifuge tubes and centrifugedy
min in an Eppendorf microcentrifuge) to remove the pal-

intensity) 297 (100). HPLC retention time 16.8 min.
Purity: 98% (HPLC).

ladium catalyst. The supernatant was concentrated, dissolved (3-(4'-Methylphenyl)phenyl)(difluoro)methylphos-

in CH.Cl, (3 mL), and added to a solution of cold,®/
methanol (30 mL, 1:4). The precipitated polymers of type
19 and 20 were collected by filtration. Percent recovery of
19 and 20 varied from 85 to 95%. Only a single polymer-
bound species was evident B NMR. In general, thé%F
NMR chemical shift of polymers bearing the biaryl products
differed by about +2 ppm from that of starting polymers
16 and17.

General Method for Cleaving the Phosphonic Acids
from Polymers of Type 19 and 20 (21a21n, 22a-22n).
To a solution of the polymer-bound biaryl derivatives of type
19 and 20 (~400-500 mg,~1 equiv of polymer-bound
phosphonate) in dry Ci€l; (3 mL) was added TMSI (4
equiv) or TMSBr (10 equiv). The reaction was stirred for 3
h (TMSI) or refluxed for 48 h (TMSBr). The crude reaction

phonic Acid, Ammonium Salt (21e).Yield: 69.9 (mg/g);
H NMR (D20) 6 7.27-7.84 (8H, br m, Ar-H), 2.31 (3H,
s, CHy); 1% NMR (D;0) 6 —27.47 (d,Jep = 93.1 Hz);3P
NMR (D20) 0 5.54 (t,Jpr = 92.4 Hz); ESMS/z (relative
intensity) 297 (100). HPLC retention time 16.8 min.
Purity: 99% (HPLC).
(3-(4'-Ethylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (21f). Yield: 74.9 (mg/g);
H NMR (D20) 6 7.11-7.85 (8H, br m, ArH), 2.45 (2H,
unres m, CH), 1.03 (3H, t,J = 7.4 Hz, CH); F NMR
(D20) 6 —28.41 (d,Jep = 99.2 Hz);3'P NMR (D,O) 6 5.09
(t, Jpr = 98.4 Hz); ESMS/z (relative intensity) 311 (100).
HPLC retention time= 17.7 min. Purity: 99% (HPLC).
(3-(4'-tert-Butylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (21g). Yield: 91.1(mg/g);
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H NMR (D,0) 6 7.58-7.85 (8H, br m, Ar-H), 1.29 (9H,
s, CH); %F NMR (D,0) 6 —29.41 (d,Jrp = 102.2 Hz)3P
NMR (D20) 6 4.75 (t,Jpr = 102.3 Hz); ESMSWz (relative
intensity) 339 (100). HPLC retention time 18.1 min.
Purity: 99% (HPLC).
(3-(4'-Acetylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (21h). Yield: 67.3 (mg/g);
IH NMR (D;0) 6 7.46-7.80 (8H, br m, Ar-H), 2.45 (3H,
s, CHy); %F NMR (D;0) 6 —29.43 (d,Jep = 102.3 Hz)3P
NMR (D,0) 6 4.54 (t,Jpr = 102.3 Hz); ESMSWz (relative
intensity) 325 (100). HPLC retention time 15.8 min.
Purity: 80% (HPLC).
(3-(3-Trifluoromethylphenyl)phenyl)(difluoro)meth-
ylphosphonic Acid, Ammonium Salt (21i). Yield: 78.9
(mg/g); *H NMR (D,0) 6 7.50-7.98 (8H, br m, Ar-H);
1% NMR (D;0) 6 16.16 (s),—27.74 (d Jep = 93.1 Hz);3'P
NMR (D20) 6 5.39 (t,Jpr = 93.1 Hz); ESMSW/z (relative
intensity) 351 (100). HPLC retention time 17.4 min.
Purity: 100% (HPLC).
(3-(4-Trifluoromethylphenyl)phenyl)(difluoro)meth-
ylphosphonic Acid, Ammonium Salt (21)). Yield: 49.9
(mg/g); *H NMR (D20) 6 7.58-7.84 (8H, br m, A-H);
% NMR (D;0) 6 16.29 (s),—28.94 (d,Jrp = 100.2 Hz);
3P NMR (DO) 6 4.88 (t, Jor = 99.2 Hz); ESMSm/z
(relative intensity) 351 (100). HPLC retention tirwe17.5
min. Purity: 99% (HPLC).
(3-(3-Fluorophenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (21k). Yield: 66.7 (mg/g);
IH NMR (D0) 6 7.83 (1H, s, Ar-H), 7.40-7.67 (6H, br
m, Ar—H), 7.08 (1H, tJ = 5.1 Hz, Ar—H); **F NMR (D,0)
0 —27.78 (d,Jrp = 93.0 Hz),—35.24 (s);3'P NMR (D,0O)
0 5.41 (t,Jpr= 93.1 Hz); ESMSWz (relative intensity) 301
(100). HPLC retention time= 16.5 min. Purity: 98%
(HPLC).
(3-(4'-Fluorophenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (211). Yield: 75.8 (mg/g);
IH NMR (D20) 6 7.45-7.80 (7H, br m, ArH), 7.15 (1H,
t, J = 8.8 Hz, Ar—H); 1% NMR (D;0) 6 —27.72 (d,Jep =
93.1 Hz),—37.51 ()P NMR (D,0) 6 5.49 (t,Jpr = 93.1
Hz); ESMS m/z (relative intensity) 301 (100). HPLC
retention time= 16.4 min. Purity: 96% (HPLC).
(3-(4-Chlorophenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (21m).Yield: 76.2 (mg/g);
IH NMR (D20) 6 7.26-7.74 (8H, br m, Ar-H); **F NMR
(D20) 6 —28.95 (d,Jrp = 100.7 Hz);3P NMR (D:0O) 6
4.86 (t,Jpr = 99.2 Hz); ESMSV/z (relative intensity) 317
(100). HPLC retention time= 16.9 min. Purity: 99%
(HPLC).
(3-(3-Chloro-4'-fluorophenyl)phenyl)(difluoro)me-
thylphosphonic Acid, Ammonium Salt (21n).Yield: 83.5
(mg/g); 'H NMR (D20) 6 7.22-7.74 (6H, br m, A~H),
7.18 (1H, t,J = 8.8 Hz, Ar—H); 1F NMR (D;0) 6 —28.18
(d, Jrp = 96.1 Hz),—40.45 (s);3*P NMR (D,O) 6 5.22 (t,
Jer = 94.6 Hz); ESMSm/z (relative intensity) 335 (100).
HPLC retention time= 17.0 min. Purity: 96% (HPLC).
(4-Phenylphenyl)(difluoro)methylphosphonic Acid, Am-
monium Salt (22a).Yield: 85.2 (mg/g);*H NMR (D20) ¢
7.69 (6H, s, Ar-H), 7.38-7.52 (3H, br m, Ar-H); **F NMR
(D20) 6 —27.50 (d,Jrp = 94.6 Hz);3'P NMR (D;0) 6 5.49
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(t, Jpr = 93.8 Hz); ESMS1/z (relative intensity) 283 (100).
HPLC retention time= 16.3 min. Purity: 98% (HPLC).

(4-(4-Biphenyl)phenyl)(difluoro)methylphosphonic Acid,
Ammonium Salt (22b). Yield: 72.3 (mg/g); NMR data
could not be obtained due to solubility problems. ESIM3
(relative intensity) 359 (100). HPLC retention tin/e19.1
min. Purity: 96% (HPLC).

(4-(2-Naphthyl)phenyl)(difluoro)methylphosphonic Acid,
Ammonium Salt (22c).Yield: 70.8 (mg/g)H NMR (D,0)
0 7.55-8.18 (11H, br m, Ar-H); *°F NMR (D;0O) 6 —29.17
(d, IJrp = 100.7 Hz);*'P NMR (D;O) ¢ 4.81 (t,Jpr = 101.5
Hz); ESMS m/z (relative intensity) 333 (100). HPLC
retention time= 17.4 min. Purity: 97% (HPLC).

(4-(2 -Methylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22d). Yield: 66.9 (mg/g);
H NMR (D20) 6 7.26-7.66 (8H, br m, Ar-H), 2.19 (3H,
s, CH); %F NMR (D20) 6 —27.80 (d,Jrp = 94.6 Hz);3'P
NMR (D20) 0 5.43 (t,Jpr = 94.7 Hz); ESMS/z (relative
intensity) 297 (100). HPLC retention time 16.9 min.
Purity: 98% (HPLC).

(4-(4-Methylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22e).Yield: 65.9 (mg/g);
IH NMR (D,0) 6 7.60-7.68 (6H, br m, Ar-H), 6 7.33 (2H,
d,J = 8.8 Hz, Ar—H), 2.34 (3H, s, CH); %F NMR (D;0)
0 —27.31 (dJep = 93.0 Hz);3'P NMR (D;O) 6 5.78 (t,Jpr
= 92.3 Hz); ESMSW/z (relative intensity) 297 (100). HPLC
retention time= 17.0 min. Purity: 99% (HPLC).

(4-(4'-Ethylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22f). Yield: 78.1 (mg/g);
IH NMR (D,0) 6 7.34-7.68 (8H, br m, Ar-H), 2.65 (2H,
unres m, CH), 1.18 (3H, t,J = 7.4 Hz, CH); F NMR
(D20) 6 —27.27 (d,Jrp = 91.6 Hz);3'P NMR (D;0) 6 5.60
(t, Jrr = 92.4 Hz); ESMSWz (relative intensity) 311 (100).
HPLC retention time= 17.5 min. Purity: 96% (HPLC).

(4-(4' -tert-Butylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22g).Yield: 72.0 (mg/g);
'H NMR (D20) 6 7.57—7.74 (8H, br m, Ar-H), 1.30 (9H,
s, CHy); 1%F NMR (D;0) 6 —27.78 (d,Jep = 94.6 Hz);3P
NMR (D20) 6 5.37 (t,Jpr = 94.6 Hz); ESMSMz (relative
intensity) 339 (100). HPLC retention time 18.2 min.
Purity: 98% (HPLC).

(4-(4'-Acetylphenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22h).Yield: 97.5 (mg/g);
H NMR (D20) 6 7.74-8.00 (8H, br m, Ar-H), 2.62 (3H,
s, CHy); 1% NMR (D;0) 6 —27.45 (d,Jep = 91.6 Hz);3'P
NMR (D20) 6 5.66 (t,Jpr = 93.1 Hz); ESMSMz (relative
intensity) 325 (100). HPLC retention time 15.8 min.
Purity: 91% (HPLC).

(4-(3-Trifluoromethylphenyl)phenyl)(difluoro)meth-
ylphosphonic Acid, Ammonium Salt (22i). Yield: 62.7
(mg/g); *H NMR (D20) 6 7.60-8.00 (8H, br m, Ar-H);
F NMR (D20) 6 16.11 (s),—27.47 (d,Jep = 94.7 Hz);3'P
NMR (D20) 6 5.54 (unres t); ESM&Vz (relative intensity)
351 (100). HPLC retention time 18.7 min. Purity: 97%
(HPLC).

(4-(4-Trifluoromethylphenyl)phenyl)(difluoro)meth-
ylphosphonic Acid, Ammonium Salt (22j). Yield: 85.9
(mg/g); *H NMR (D,0O) 6 7.71-7.85 (8H, br m, ArH);
19F NMR (D20) 6 16.29 (s),—27.56 (d,Jrp = 93.0 Hz);3'P
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NMR (D20) 6 5.49 (t,Jpr = 92.3 Hz); ESMS/z (relative
intensity) 351 (100). HPLC retention time 16.7 min.
Purity: 97% (HPLC).

(4-(3 -Fluorophenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22k). Yield: 81.9 (mg/g);
IH NMR (D20) 6 7.41-7.69 (7H, br m, Ar-H), 7.11 (1H,
t, J = 2.9 Hz, Ar—H); *F NMR (D;0) 6 —27.59 (d,Jrp =
91.5 Hz),—35.23 (s);3'P NMR (D,0) 0 5.47 (t,Jpr = 93.1
Hz); ESMS m/z (relative intensity) 301 (100). HPLC
retention time= 16.5 min. Purity: 99% (HPLC).

(4-(4'-Fluorophenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22l). Yield: 75.8 (mg/g);
IH NMR (D,0) 6 7.67 (6H, s, Ar-H), 7.20 (2H, t,J = 8.8
Hz, Ar—H); %F NMR (D;0) 6 —27.35 (d,Jrp = 93.1 Hz),
—37.32 (s)'P NMR (D;0) 6 5.58 (t,Jpr = 93.1 Hz); ESMS
m/z (relative intensity) 301 (100). HPLC retention tinve
16.6 min. Purity: 99% (HPLC).

(4-(4'-Chlorophenyl)phenyl)(difluoro)methylphos-
phonic Acid, Ammonium Salt (22m).Yield: 79.4 (mg/g);
H NMR (D;0) 6 7.39-7.63 (8H, br m, Ar-H); **F NMR
(D20) 6 —28.35 (d,Jep = 99.2 Hz);3*'P NMR (D:0) 6 5.11
(t, Jpp= 97.7 Hz); ESMS1/z (relative intensity) 317 (100).
HPLC retention time= 17.1 min. Purity: 99% (HPLC).

(4-(3-Chloro-4'-fluorophenyl)phenyl)(difluoro)me-
thylphosphonic Acid, Ammonium Salt (22n).Yield: 85.9
(mg/g); *H NMR (D0) 6 7.52-7.77 (6H, br m, Ar-H),
7.27 (1H, tJ = 9.6 Hz, Ar—H); 1F NMR (D;0) 6 —27.67
(d, Jep = 93.1 Hz),—40.28 (s);3'P NMR (D,0) ¢ 5.43 (t,
Jee = 93.9 Hz); ESMSnVz (relative intensity) 335 (100).
HPLC retention time= 17.4 min. Purity: 98% (HPLC).

Acknowledgment. We thank the Natural Sciences and
Engineering Research Council of Canada and Merck Frosst

Canada Inc. for financial support.

Supporting Information Available. *H andF NMR
spectra and HPLC chromatograms2ffa—21n and 22a—

22n. This information is available free of charge via the

Internet at http://pubs.acs.org.

References and Notes

(1) For some examples of peptide-based PTP inhibitors, see: (a) Burke,
T. R.; Kole, H. K.; Roller, P. P. Potent Inhibition of Insulin Receptor
Dephosphorylation By a Hexamer Peptide Containing the Phospho-

tyrosyl Mimetic F(2)PmpBiochem. Biophys. Res. Comm994
204, 129-134. (b) Kole, H. K.; Ye, B.; Akamatsu, M.; Yan, X;

Barford, D.; Roller, P. P.; Burke, T. R. Protein Tyrosine Phosphatase
Inhibition by a Peptide Containing the Phosphotyrosyl Mimetic,

O-Malonyltyrosine.Biochem. Biophys. Res. Commur995 209,

817—-822. (c) Chen, L.; Wu, L.; Otaka, A.; Smyth, M. S.; Roller, P.
R.; Burke, T. R.; den Hertog, J.; Zhang, Z.-Y. Why is Phosphono-
difluoromethyl Phenylalanine a More Potent Inhibitory Moiety than
Phosphonomethyl Phenylalanine toward Protein Tyrosine Phos-

phatasesBiochem. Biophys. Res. Comb®95 216, 976-984. (d)
Burke, T. R.; Ye, B.; Akamatsu, M.; Ford, H.; Kole, H. K.; Wolf,
G.; Shoelson, S. E.; Roller, P. R!-@-[2-(2-Fluoromalonyl)]e-

tyrosine: A Phosphotyrosyl Mimic for the Preparation of Signal

Transduction Inhibitory Peptidet Med. Chem1996 39, 1021~

1027. (e) Akamatsu, M.; Roller, P. R.; Chen, L.; Zhang, Z.-Y.; Ye,
B.; Burke, T. R. Potent inhibition of Protein Tyrosine Phosphatase

by Phosphotyrosine-Mimic Containing Cyclic Peptid@&org. Med.

Chem.1997, 5, 157-163. (f) Desmarais, S.; Jia, Z.; Ramachandran,
R. Inhibition of Protein Tyrosine Phosphatases PTP1B and CD45

by Sulfotyrosyl PeptidesArch. Biochem. Biophy4.998 354, 225—
231.

Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 241

(2) For some examples of reversible, non-peptidyl PTP inhibitors, see:
(a) Kole, K. H.; Smyth, M. S.; Russ, P. L.; Burke, T. R. Phosphonate
Inhibitors of Protein-Tyrosine and Serine/Threonine Phosphatases.
Biochem. J1995 311, 1025-1032. (b) Burke, T. R.; Ye, B.; Yan,

X.; Wang, S.; Jia, Z.; Chen, L.; Zhang, Z.-Y.; Barford, D. Small

Molecule Interactions with Protein-Tyrosine Phosphatase PTP1B and

Their Use in Inhibitor DesigrBiochemistryl996 35, 15989-15996.

(c) Frechette, R. F., Ackerman, C.; Beers, S.; Look, R., Moore, J.

Novel Hydroxyphosphonate Inhibitors of CD45 Tyrosine Phos-

phataseBioorg. Med. Chem. Lettl997 7, 2169-2172. (d) Yao,

Z.-3.,; Ye, B.; Wu, X.-W.; Wang, S.; Wu, L.; Zhang, Z.-Y.; Burke,

T. R. Structure-Based Design and Synthesis of Small Molecule

Protein Tyrosine Phosphatase 1B InhibitoBsoorg. Med. Chem

1998 6, 1799-1810. (e) Taylor, S. D.; Kotoris, C. C.; Dinaut, A.

N.; Wang, Q.; Ramachandran, C.; Huang, Z. Potent Non-Peptidyl

Inhibitors of Protein Tyrosine Phosphatase B&org. Med. Chem

1998 6, 1457-1468. (f) Wang, Q.; Huang, Z.; Ramachandran, C.;

Dinaut, A. N.; Taylor, S. D. Naphthalerefo-Difluoromethylene-

phosphonates] as Potent Inhibitors of Protein Tyrosine Phosphatases.

Bioorg. Med. Chem. Let1.998 8, 345-350. (g) Kotoris, C. C.; Chen,

M.-J.; Taylor, S. D. Novel Phosphate Mimetics for the Design of

Non-peptidyl Inhibitors of Protein Tyrosine Phosphata&isorg.

Med. Chem. Lett1998 8, 3275-3280. (h) Li, Z.; Yeo. S-L.; Pallen,

C. J.; Ganesan, A. Solid Phase Synthesis of Potential Protein Tyrosine

Phosphatase Inhibitors via the Ugi Four-Component Condensation.

Bioorg. Med. Chem. Letl.998 8, 2443-2446. (i) Taing, M.; Keng,

Y.-F.; Shen, K.; Wu, L.; Lawrence, D. S.; Zhang, Z.-Y. Potent and

Highly Selective Inhibitors of the Protein Tyrosine Phosphatase 1B.

Biochemistry1999 38, 3793-3803. (j) Yokomatsu, T.; Murano, T.;

Umesue, |.; Soeda, S.; Shimeno, H.; Shibuya, S. Synthesis and

Biological Evaluation of,a-Difluorobenzylphosphonic Acid Deriva-

tives as Small Molecule Inhibitors of Protein Tyrosine Phosphatase

1B. Bioorg. Med. Chem. Lettl999 9, 529-532.

For a recent review on PTPs, see: Zhang, ZGht. Rev. Biochem.

Mol. Biol. 1998 33.

Elchebley, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.; Collins,

S.; Loy, A. L.; Mormandin, D.; Cheng, A.; Himms-Hagen, J.; Chan,

C.-C.; Ramachandran, C.; Gresser, M. J.; Tremblay M. L.; Kennedy,

B. P. Increased Insulin Sensitivity and Obesity Resistance in Mice

lacking the Protein Tyrosine Phosphatase-1B G&uiencel999

283 1544.

(5) Recently, Ganesan and co-workers have constructed DFMP-bearing
peptidomimetics using an Ugi four-component condensation reaction
on Rink resin. See ref 2h.

(6) For a review of liquid phase organic synthesis, see: Gravert, D. J.;
Janda, K. D. Organic Synthesis on Soluble Polymer Supports: Liquid-
Phase Methodologie€hem. Re. 1997 97, 489-509.

(7) (a) Narita, M.; Itsuno, S.; Hirata, M.; Kusano, K. Liquid Phase Peptide
Synthesis by Fragment Condensation on Soluble Polymer Support.
I. Efficient Coupling and Relative Reactivity of a Peptide Fragment
with Various Coupling AgentsBull. Chem. Soc. Jpnl978 51,
1477-1480. (b) Maher, J. B.; Furey, M. E.; Greenberg, L. J.
Improved Solid-Phase Peptide Synthesis on Non-Cross-linked Resins.
Tetrahedron Lett1971, 27—28.

(8) For an example of the use 8F NMR for monitoring reactions on
Tentagel see: Svensson, A.; Fex, T.; Kihberg, J. Us¥INMR
Spectroscopy to Evaluate Reactions in Solid-Phase Organic Synthesis.
Tetrahedron Lett1996 37, 7649-7652.

(9) Lorsbach, B. A.; Kurth, M. J. CarberCarbon Bond Forming Solid-
Phase Reaction€hem. Re. 1999 99, 1549-1581.

(10) Smyth, M. S.; Burke, T. R. Enantioselective Synthesis efBdc
and B-Fmoc Protected Diethyl 4-Phosphono(difluoromethyl)-
Phenylalanine: Agents Suitable for the Solid-Phase Synthesis of
Peptides Containing Non-hydrolyzable Analogues of O-Phospho-
tyrosine.Tetrahedron Lett1994 35, 551-554.

(11) Yokomatsu, T.; Murano, T.; Suemune, K.; Shibuya, S. Facile
Synthesis of Aryl(difluoromethyl)phosphonates through CuBr-Medi-
ated Cross Coupling Reactions of [(Diethoxyphosphinyl)difluoro-
methyl]zinc Bromide with Aryl lodidesTetrahedronl997 53, 815—

822.

(12) (a) Taylor, S. D.; Kotoris, C. C.; Dinaut, A. N.; Chen, M.-J. Synthesis
of Aryl(Difluoromethylenephosphonates) via Electrophilic Fluorina-
tion of a-Carbanions of Benzylic Phosphonates with N-fluoroben-
zenesulfonimideTetrahedron1998 54, 1691-1714. (b) Taylor, S.

D.; Dinaut, A. N.; Thadani, A. T.; Huang, Z. Synthesis of Benzylic
Mono(a,a-Difluoromethylenephosphonates) and Benzylic &je¢
Difluoromethylenephosphonates) via Electrophilic Fluorinatibet-
rahedron Lett 1996 37, 8089-8092.

—
w
~

4

=



242

Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 3

(13) (a) Chen, S., Janda, K. D. Total Synthesis of Naturally Occurring

Prostaglandin > on a Non-Cross-linked Polystyrene Support.
Tetrahedron Lett1998 39, 3943-3946. (b) Chen, S.; Janda, K. D.
Synthesis of Prostaglandin, BMethyl Ester on a Soluble-Polymer
Support for the Construction of Prostaglandin Librarle#Am. Chem.
Soc.1997 119 8724-8725.

(14) Enholm, E. J.; Gallagher, M. E.; Moran, K. M.; Lombardi, J. S;

Schulte, J. P. An Allyl Stannane Reagent on Non-Cross-Linked
PolystyreneOrg. Lett.1999 1, 689-691.

(15) The percentage of chloromethyl groups was determined by NMR

using the method of Janda and co-workers. See ref 13b.

(16) (a) Mitsunobu, O.; Eguchi, M. Preparation of Carboxylic Esters and

an

Phosphoric Esters by the Activation of AlcohoBull. Chem. Soc.
Jpn. 1971, 44, 3427-3430. (b) Campbell, D. A. The Synthesis of
Phosphonate Esters, an Extension of the Mitsunobu Readti@mg.
Chem.1992 57, 6331-6335. (c) Campbell, D. A.; Bermak, J. C.
Phosphonate Ester Synthesis Using a Modified Mitsunobu Condensa-
tion J. Org. Chem1994 59, 658-660.

Campbell, D. A.; Bermak, J. C.; Burkoth, T. S.; Patel, D. A Transition
State Analogue Inhibitor Combinatorial Library. Am. Chem. Soc.
1995117, 5381-5382.

(18) (a) Anderson, J. C.; Namli, H. Ambient Temperature Unsymmetrical

(19)

Biaryl Synthesis Using Suzuki Methodolog®ynlett1995 765—
766. (b) Anderson, J. C.; Namli, H. Roberts, C. A. Investigations
into Ambient Temperature Biaryl Coupling Reactiostrahedron,
1997, 15123-15134. (c) Uenishi, J.-l.; Beau, J.-M.; Armstrong, R.
W.; Kishi, Y. Dramatic rate Enhancement of Suzuki Diene Synthe-
sis: Its Application to Palytoxin Synthesis. Am. Chem. So4987,

109 4756-4758. (d) Campi, E. M.; Jackson, W. R.; Marcuccio, S.
M.; Naeslund, C. G. M. High yields of Unsymmetrical Biaryls via
Cross Coupling of Arylboronic Acids with Haloarenes using a
Modified Suzuki-Beletskaya Procedute.Chem. Soc., Chem. Com-
mun 1994 2395.

While these studies were in progress, Buchwald and co-workers
reported room temperature Suzuki couplings of aryl bromides in high
yield using 3 equiv of CsF, 2 mol % of Pd(OA¢cknd 3 mol % of

(20)

(1)

(22

(23)

Hum et al.

an electron-rich and sterically encumbered phosphine ligand (not
commercially available) in dioxane. See: Old, D. W.; Wolfe, J. P.;
Buchwald, S. L. A Highly Effective Catalysts for Palladium-
Catalyzed Cross-Coupling Reactions: Room Temperature Suzuki
Couplings and Amination of Unactivated Aryl Chloridek. Am.
Chem. S0c1998 120, 9722-9723. Very recently, Buchwald has
improved this methodology using a more readily available and
effective phosphine ligand. See: Wolfe, J. P.; Buchwald, S. L. A
Highly Active Catalyst for the Room-Temperature Amination and
Suzuki Couplings of Aryl Chloride&\ngew. Chem., Int. Ed. Engl.
1999 38, 2413-2416.

Although our studies and those by Campi et al. suggest that the room
temperature Suzuki coupling does not proceed very readily with
certain phosphine-bearing catalysts, recent studies by Buchwald et
al. indicate that Suzuki coupling on aryl bromides and aryl chlorides
can indeed proceed very well at room temperature in the presence
of catalytic quantities of certain electron-rich and sterically demanding
phosphine ligands and Pd(OAcHee ref 19.

IH NMR was of little or no use for following these reactions since
most of the protons of the biaryl products appear in the aryl region
which were obscured by the polymer. In general, e NMR
chemical shift of polymers bearing the biaryl product® énd20)
differed by about +2 ppm from that of starting polymerk6 and

17.
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in this report will be reported in due course.
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