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Our laboratory recently reported the development of novel prodrug chemistry for the intracellular delivery
of phosphotyrosine mimetics. This chemistry has now been adapted for the synthesis of a prodrug that
delivers the nonhydrolyzable difluoromethylphosphonate moiety intracellularly. Activation of the prodrug
generates a difluoromethylphosphonamidate anion that undergoes subsequent cyclization and hydrolysis
with atyz = 44 min. A highly potent and selective inhibitor of protein tyrosine phosphatase 1B (PTP1B)
with a nanomolak; has been reported, but this bis(difluoromethylphosphonate) lacks potential utility due

to its exceedingly low membrane permeability at physiological pH. A prodrug of this inhibitor has been
synthesized and evaluated in a cell-based assay. The prodrug exhibits nanomolar PTP1B inhibitory activity
in this assay, confirming the efficacy of intracellular phosphonate delivery using this prodrug approach.

Introduction CF,PO3H,

Protein tyrosine phosphorylation is linked to cellular signaling 0 J\/©/
processes that in turn control a host of fundamental cellular H\)L
functions, including growth, differentiation, metabolism, pro- /©/\’( H CONH,
gression through the cell cycle, migration, apoptosis/survival, H204PF,C “cooH 1a
and immune respongelhe level of protein tyrosine phospho-
rylation is regulated by the action of proteityrosine kinases CIH,C)e. Me
(PTKSs) and proteintyrosine phosphatases (PTPs). Perturbation Fz"?"
of the balance between these enzymes disrupts cell function O:N C-P=0
and has been implicated in a variety of disease states, including = o
diabetes, obesity, and canééiConsequently, cellular pathways o= H 9 _
regulated by tyrosine phosphorylation offer a rich source of key N\_)I\N CONH, L ©
targets for developing novel therapeutiéshe potential of such _C-’ m \ H

. O=P—C COOH NO,

targeted therapeutics has been well-demonstrated by the suc- 'R, b

, . N
cessful treatment of human chronic myelogenous leukemia and Me” “(CH,),Cl
gastrointestinal stromal tumors with the PTK inhibitor Glee¥ec,  Figyre 1. Structures of PTP1B inhibitata and its prodrugLb.
which targets Bcr/Abl or c-kit aberrantly activated in the

malignancies. active sitet212The most useful and potent pTyr surrogate thus
As observed with the PTKSs, deregulation of PTP activity also far devised for PTPs is phosphonodifluoromethyl phenylalanine
contributes to the pathogenesis of a number of human diséases. (F.Pmp)1314 Although RPmp likely interacts in the desired
Since no formal functional linkage exists between the PTKs inhibitory fashion with all PTPs, the molecular scaffolds to
and PTPs, any single PTP could catalyze the dephosphorylationyhich the difluorophosphonate is attached should render the
of proteins phosphorylated by more than one PTK. Thus, inhibitors PTP selective. Indeed, a number of potent and
inhibitors of the PTPs are expected to have therapeutic valueselective difluorophosphonate-based PTP1B inhibitors have been
with unique modes of action. However, therapeutics based ondescribed5-17
PTPs were not seriously considered until recently. Progress in - p1p1B is implicated as a key negative regulator of insulin
this area was initially stifled by the fact that the active site (i.e., 5pq leptin signaling. In two landmark papers, it was shown that
pTyr binding site) is highly conserved among the large number prp1g deficient mice are more sensitive to insulin, have
of PTPs, making it difficult to achieve inhibitor selectivity. improved glycemic control, and are resistant to diet induced
Fortunately, PTP substrate specificity studies have shown thatobesity.lf‘vlgThe phenotype of PTP1B knockout mice suggests
pTyr alone is not sufficient for high-affinity binding, and  hat an inhibitor of this PTP may address both obesity and
residues flanking the pTyr are important for PTP substrate jngyjin resistance, thereby presenting a unique therapeutic
recognition’® These results suggest that unique PTP sub-pockets gy norunity. Understandably, PTP1B is highly coveted by the
that border the active site may be targeted to enhance inhibitor o maceutical industry and constitutes a first example of a PTP
affinity and selectivity. Major efforts have been made to develop it 4 physiological function that makes it an ideal drug target

nonhydrolyzable pTyr surrogates aimed to occupy the PTP o therapeutic intervention in very common human diseases,
type Il diabetes and obesit§.

*(?I‘?rrsSp%’ging daU‘hOdr- Tel.: (765) 494-1403; fax (765) 494-1414;  The most potent and selective PTP1B inhibitor reported is
e'T?urdl?éCUniV%gitT'e - compoundla (Figure 1), which features anPmp residue

* Indiana University School of Medicine. linked to a second aryl difluorophosphonate gréupat physi-
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ologic pH, compoundawould be expected to be highly ionized F,Q (CHy)CI Fo -
and have exceedingly low membrane permeability. Indeed, g C -P-N h C -PO;~
. . 4b — | s —_— —
compoundla is not cell permeable and exhibits no cellular ©/ O_ Me ©/
activity.2! To enhance penetration across the cell membrane, 5 6
cell permeable derivatives dfa were prepared by coupling it aReagents and conditions: (a) P(QEGHCE; (b) diethylaminosulfur
to either the cell penetrating peptide (D)-Argia a disulfide trifluoride, 0°C to rt, 20 h; (c) SOG| DMF (cat); (d) CHNH(CH2)4CI-HClI,
bridge?? or to a highly lipophilic fatty acid* While these cell ~ DIEA, CHzClz, =20 °C; (€) nitrofurfuryl alcohol, LIHMDS, THF,—78

°C; (f) BnOH, n-BuLi, —78 to—40°C, 3 h; (g) B, Pd-C; and (h) cacodylate

permeable analogues have enabled important validation ofbuﬁer’ bH 8.5, 37°C.

PTP1B as a therapeutic target and delineation of the roles of
PTP1B in various signaling pathwa¥s* they are unlikely to trifluoride (DAST)?! afforded difluoromethylphosphonat

be suitable for the ultimate development of useful therapeutic This compound was refluxed with thionyl chioride to generate

agents. the labile phosphonyl dichloride, which was used without further

Since a number of organophosphonate-based prodrugs havey rification. Sequential addition &-methylN-(4-chlorobutyl)-
advanced to the clinic and beyoffdwe sought to apply &  amine to give monochlorida followed by reaction with the

prodrug strategy to improve the in vivo efficacy of compound |iihiym salts of the appropriate alcohols gave compouds
la Previous attempts to improve cellular delivery of SH2 ;.44 in good overall yields.

d_omain targeFed_ peptides with phosphonate ester prodrugs have sip \yR Kinetics Study. The intracellular activation of
yielded very limited succes8.Our Iaboratory has devgloped a  prodrug4acan be modeled in vitro by catalytic hydrogenolysis
noyel prodrug appr oach that has been appllsd to the intracellular ¢ benzyl estedtb. Thus,4b was subjected to hydrogenolysis
delivery of nucleotides and aryl phosphates? Given the large o5 1ting in its quantitative conversion to phosphonamidate anion
number (5) of_negatlv_e charges at physiologic PH, inhiblar 5 (as determined by'P NMR). This anion was immediately
represents an interesting challenge for prodru_g delivery. We ha‘_’etaken up in 0.4 M cacodylate buffer/GEN, and its conversion
extended our prodrug technology to investigate the syntheS|sto difluoromethylphosphona®(Scheme 2) was monitored by
and activation of difluoromethyl phosphonate prodrugs and the s15 R at 37°C over 2 h. The®P triplet at—15 ppm
_syn_thesis of prodrugb. Studies withilb i_n a cell-based system corresponding to phosphonamid&eslowly disappeared and
indicate that our prodrug strategy prpwdes an excellent solution o replaced by a new triplet 20 ppm corresponding to the
to the drug delivery problem associated with organophospho- phosphonate; this conversion proceeds with a half-life )

nate-based PTP inhibitors. of 44 min. This contrasts with, values of 2-21 min (T = 37
°C, pH= 7.2-7.4) for phosphoramidate analogues=xO or
NH, Scheme 1%%29 It is not unexpected that the strongly
Chemistry. The prodrug strategy is outlined in Scheme 1. electron-withdrawing Cfgroup retards the cyclization of the
The nitrofurfuryl delivery group in prodrud\ imparts lipo- difluoromethylphosphonamidate The t;, of 44 min under
philicity to enhance uptake into the cell. Once in the cell, the model physiologic conditions is not pharmacologically prohibi-
molecule undergoes sequential enzymatic reduction of thetive for phosphonate delivery, so our attention was directed to
nitrofurfuryl group and cleavage to yield phosphonamid&te  the synthesis ofb.
The nitrogen can now participate in an intramolecular cyclization — Target Molecule SynthesisConstruction ofLb requires the
resulting in intermediateC, which hydrolyzes spontaneously  synthesis of two prodrug building blockkl, derived from
to deliver the phosphorylated drug. The efficacy of this approach 4-iodophenylacetic acid, ari®b, derived fromN-Fmoc-{)-4-
has been demonstrated for=XO and X=NH, but the effect  jodophenylalanine. Scheme 3 details installation of the difluo-
of a difluoromethyl moiety (X= CF,) on the prodrug strategy ~ romethylphosphonate ester moiety into the corresponding
was unknown. Therefore, a model study was carried out initially aromatic precursors. Copper-catalyzed coupling of aryl iodides
to assess the synthetic approach and the activation process offaand7b with the organocadmium reagent derived from diethyl
a representative difluoromethyl analogue. bromodifluoromethylphosphonate as described by @abar
Model Studies.Compoundsta and4b were synthesized as  provided diethyl difluoromethylphosphona@sand8b in good
shown in Scheme 2. Synthesis 44 allowed development of  yields. Conversion of the phosphonate esters to the reactive
methods necessary to install the masking and delivery groupsphosphony! dichlorides was accomplished by reaction with
onto a difluoromethylphosphonate framework. Compodhd TMSBr and treatment of the resulting silyl phosphonate
would provide the necessary precursor for chemical kinetic intermediate with oxalyl chlorid& This procedure was a vast
studies that would demonstrate the viability of the difluoro- improvement over the prolonged reaction with thionyl chloride
methyl group in prodrug activation. Arbuzov reaction of benzoyl utilized for the synthesis of the model compounds (Scheme 2).
chloride with triethylphosphifé followed by fluorination of the Installation of the masking and delivery groups as described
ketophosphonate by treatment with excess diethylaminosulfur for the synthesis ofia provided the ester protected prodrugs

Results and Discussion
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12a, R = COH With the two requisite building block$1 and12b in hand,
9|: 12b, R = CONH, the target molecule was then assembled. The main challenge
a Reagents and conditions: (a) Cd, BHBFO)(OE, TMSCI, CuCk was to retain_ the somewhat Iabilg nitrofu_rfuryl groups during
(b) TMSBr. CHCly; (c) oxalyl chioride, CHCl: P CI-bN‘H(CH2)4(’3|~HCI,’ Fhe two required Emoc deprotectlong. B.rlef exposure to DBU
DIEA, CH,Cl,, —20 °C; (e) nitrofurfuryl alcohol, LIHMDS, THF,~78 in CH.Cl, at 0°C with careful TLC monitoring effected removal
°C; (f) Mez;SnOH, DCE, 8C°C; and (g) DIC, NHS, NEFHCGO;, THF. of the Fmoc group without modification of the nitrofurfuryl
group. Although solid phase synthesis can be used in the
. . construction oflb, the inability to monitor Fmoc deprotection,
10aand10b. Selective hydrolysis of the methyl esters proved e sirongly acidic conditions required for cleavage from the
to be problematic. Standard lithium hydroxide hydrolysis at 0 resin, and the potential need for scaleup synthesis led us to
°C resulted in decomposition. Alternative reagents such as pyrsye a solution phase approach for the synthesis of acyl
(NH4),COs, KoCOs, Ba(OH), and CsCO; resulted either in - gipeptide1b.
recovery of starting ester or in decomposition. Other ester groups  The convergent synthesis db is outlined in Scheme 4.
were investigated to no avail. Surprisingly, treatment of the prytected aspartate8 was deprotected by treatment with DBU/
benzyl ester analogue corresponding @b with TMSI resulted CH,Cl, at 0 °C for 25 min. The resulting aminoester was
in clean removal of the nitrofurfuryl group, leaving the benzyl cqypled to11 using PyBOP/DIEA to yield acyl aspartatda
ester intact. Attempts to cleave either the methyl or the benzyl i, 6504 yield. The methyl ester group @#lawas hydrolyzed
esters via enzymatic hydrolysis resulted in recovery of the ysing LiOH/H,O to give the corresponding carboxylic adidb
starting material. Attempted deprotection of the phenacyl ester iy 689 yield. Compound.2b was treated with DBU/ChCI,
analogue ofLlOb** resulted in decomposition as well. Reaction 4t g°C to remove the Fmoc group, and coupling of the resulting
of the propargyl ester analogue b with tributyltin hydride amino amide tdl4b was achieved in 47% yield using PyBOP
appeared to be effective but was not reproducible. Protecting and DIEA. Finally, the:-butyl ester moiety oL5was hydrolyzed
groups such as allyl and 2,4-dimethoxybenzyl did not survive \ith TFA/CH,CI, to give the desired acyldipeptide prodriiy
the reaction with TMSBr and could not be employed. Ultimately, in 82% yield.
it was found that lithium hydroxide added Carefu”y in small Bi0|ogica| Evaluation. Compound]_adisp|ays &K value of
increments over short reaction times led to methyl ester 2 4 nM for PTP1B and exhibits several orders of magnitude of
hydrolysis providing the desired acids. Subsequently, it was selectivity in favor of PTP1B against a panel of PTP3he
discovered that reaction with trimethyltin hydrox#én DCE negatively charged difluorophosphonate functional groups in
at 80°C provided the free acids cleanly. This method is reported compoundla participate in key active site and near active site
to avoid epimerization sometimes experienced with LiOH and interactions that are responsible for the high PTP1B potency
is compatible with many commonly used protecting groups. To and selectivity displayed byla.3637 Masking the negative
confirm that chiral integrity was preserved throughout the charges in the difluorophosphonate groups would lead to a
esterification and de-esterification reactions, methyl e&tevas decrease in inhibitory activity of compourich. As expected,
subjected to hydrolysis by both the LiOH and the §88OH the prodruglb did not exhibit significant inhibition of the
methods. The carboxylic acids obtained were analyzed on aPTP1B-catalyzed reaction even at concentrations as high as 20
chiral HPLC column and were compared to authentic samplesyM, a nearly 4 orders of magnitude loss in activity in
of (L)- and f)-N-Fmoc-iodophenylalanine. No trace ab){ comparison with the unmodifietia. We predict that, upon entry
amino acid was observed from either hydrolysis process. Finally, inside the cell, the prodrug will undergo sequential enzymatic
the Fmoc protected amino acid was converted to the primary and spontaneous chemical transformation, regenerating the
amide using standard NHS-carbodiimide coupling chemistry. PTP1B inhibitory specie&a.
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Figure 2. Concentration dependence of prodrlgon insulin signaling in HepG2 cells. Subconfluent HepG2 cells were treated with a range of
concentrations of prodrugb (0, 5, 20, and 100 nM) or 200 nM of the cell permeable fatty acid conjugated derivative (@bmpoundil 2%) for

1 h, which was followed ¥ a 5 min treatment with (lanes 2, 4, 6, and 8) or without (lanes 1, 3, 5, 7, and 9) 100 nM insulin. Cell lysates were
subjected to SDS-PAGE, and the resolved proteins were transferred to nitrocellulose membranes, which were blocked with anti-freosphho-IR
anti-phospho-ERK1/2 antibodie8-Actin was used as a loading control.

Insulin mediated activation of the insulin receptor (IR) observed at 100 nMb (2.1- and 1.6-fold increase for frand
produces a wide array of cellular responses, including enhancedERK1/2, respectively). As a positive control, treatment of the
phosphorylation of the insulin receptBr(IRS) subunit and the HepG2 cells with a known cell permeable fatty acid conjugated
extracellular signal regulated protein kinase 1 and 2 (ERK1/ la derivative (compound! in Figure 2) K = 26 nM for
2) 3839 previous studies have demonstrated that PTP1B servesPTP1B) led to similar increases in fRand ERK1/2 phospho-
as a negative regulator of the insulin activated signaling rylation (2- and 1.6-fold, respectively) at a concentration of 200
pathways by catalyzing the dephosphorylation gf.IRonse- nM (~8x the K;) (Figure 2). These results suggest that the
quently, inhibition of PTP1B activity should enhance insulin prodrug strategy is very effective in promoting cellular uptake
signaling. For example, |Rphosphorylation in the liver of the  of difluoromethyl phosphonates and that the liberated PTP1B
PTP1B knockout mice is prolonged 2-fal#ll° The antisense inhibitor has ready access to the cytoplasmically oriented protein
mediated reduction of PTP1B in rat hepatoma cells generates aarget.
2.3-fold increase in the phosphorylategBIRvel *° In addition, To investigate how fast it would take the prodrug to exert its
significant enhancements in fRphosphotyrosine levels have biological effect, HepG2 cells pretreated with 20 nM prodrug
been reported with a fatty acid conjugated derivativelaf 1b for various time intervals were stimulated with or without

(identified as compoundl in Figure 2)* 100 nM insulin for 5 min. As shown in Figure 3, a 35% increase
To assess the efficacy of the prodrug delivery strategy, we in the insulin induced IR phosphorylation was observed when
determined the cellular effects of compoudt on insulin the cells were pretreated with the prodrug for only 5 min.

signaling in human hepatoma HepG2 cells. The cells were Preincubation of the cells with the prodrug for 20 and 60 min
exposed to prodru@b over a selected range of concentrations generated 1.7- and 2-fold increases in the insulin inducéd IR
for 1 h and subsequently treated either with or without insulin  phosphorylation, while the ERK1/2 phosphorylation was in-
(1200 nM) for 5 min. Cell lysates were resolved by SDS-PAGE creased by 25 and 50%, respectively. Prolonged incubation (2
and the resolved proteins were transferred to nitrocellulose h) with 20 nM prodrug only led to a modest increase in cellular
membranes and probed with both anti-phosph8-(RY1162/ activity (a 2.1-fold increase in |R phosphorylation and no
pY1163) and anti-phospho-ERK1/2 antibodies. As shown in further increase in ERK1/2 phosphorylation) (data not shown).
Figure 2, prodrudb can increase the insulin induced activation These results are in general agreement with the observed
of both IRG and its downstream targets ERK1/2. The maximal conversion half-life ,2) of 44 min for model prodrugtb in
effect of 1b in HepG2 cells appears to peak around 20 nM. At solution. The fact that the biological effects produced by the
20 nM (~8x theK; of 1a for PTP1B), prodrudlb enhanced prodrug at a concentration only a few times over Kisare

the phosphorylation levels of fRand ERK1/2 by 1.9- and 1.3- identical to those observed in PTP1B deficient mice, cells treated
fold, respectively. A somewhat more pronounced effect was with PTP1B antisense oligo, or a cell permeable PTP1B inhibitor
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Figure 3. Time course of prodru@b delivery. Subconfluent HepG2 cells were preincubated with 20 nM protlbufigr various amounts of time.
Subsequently, the cells were stimulated without (lanes 1, 3, 5, and 7) or with (lanes 2, 4, 6, and 8) 100 nM insulin for 5 min. Cell lysates were
subjected to SDS-PAGE, and the resolved proteins were transferred to nitrocellulose membranes, which were blocked with anti-ghrespho-IR

anti-phospho-ERK1/2 antibodie8-Actin was used as a loading control.

indicates that the conversion of the prodriig to PTP1B
inhibitor 1ais nearly complete in the cellular environment.

Conclusion

We have extended our prodrug technology to investigate the
synthesis and activation of difluoromethyl phosphonates and
the synthesis of PTP1B prodrddp. Studies withlb in human
HepG2 cells indicate that our prodrug strategy provides an
excellent solution to the drug delivery problem associated with

from the mass spectrometry laboratory at Purdue University, West
Lafayette, IN.

All anhydrous reactions were carried out under an atmosphere
of argon. All organic solvents were distilled prior to use unless
otherwise specified. Flash chromatography using silica gel grade
60 (230-400 mesh) was carried out for all chromatographic
separations. Thin layer chromatography was performed using
Analtech glass plates precoated with silica gel (250 nm). Visualiza-
tion of the plates was accomplished using UV and/or Hanessian's
Stain (5.0 g of Ce(Sg)., 25.0 g of (NH)M07),4:4H,0, 450 mL of

organophosphonate-based PTP inhibitors. The cell-based studiesi,0, and 50 mL of HSO,) followed by heating.

in this paper show that prodrutp can potentiate the insulin
signaling pathway. Future studies will assess the utility of
prodruglb for the treatment of diabetes and obesity.

Experimental Procedures

Materials and Methods. All NMR spectra were recorded using
a 300 MHz Bruker spectrometer equippedhnat5 mmmultinuclear
probe unless otherwise specifiétd chemical shifts are reported
in parts per million from tetramethylsilane unless otherwise
specified.3P NMR spectra were obtained using broadbaHd
decoupling, and chemical shifts are reported in parts per million
using 1% triphenylphosphine oxide/benzeigeas the coaxial
reference (triphenylphosphine oxide/toluatadras a chemical shift
of +24.7 ppm relative to 85% phosphoric acid). Variable temper-
ature 3P NMR kinetics experiments were controlled using the
variable temperature unit of a Bruker 250 MHz spectrometer.
Multiplicities of 23C NMR peaks ofLb were determined from DEPT

Antibodies and Chemicals.Polyclonal insulin receptor (IR}
subunit dual-phospho-specific (pYpY1162/1163) antibody was
purchased from BioSource International (Camarillo, CA); polyclonal
anti-phospho-ERK1/2 antibody, secondary anti-mouse, as well as
anti-rabbit IgG(H+ L) conjugated with HRP were obtained from
Cell Signaling Technology. Human insulin, sodium orthovanadate,
iodoacetic acid, and Nonidet P-40 were from Sigma (St. Louis,
MO).

Cell Lines and Tissue Culture The human hepatoma cells
(HepG2) were obtained from ATCC (HB-8065). HepG2 cells were
grown and maintained in Minimum Essential Medium (MEM,
Eagle) with 2 mML-glutamine, 1 mM sodium pyruvate, and 10%
fetal bovine serum in a 5% GGnvironment.

Immunoblotting. The 66-80% confluent HepG2 cells were
starved fo 5 h in MEM without serum. Then, cells were treated
for 1 h with a range of concentrations of prodriig, followed by
stimulation with or without 100 nM insulin for 5 min. The

experiments employing standard pulse sequences. HPLC analysisncubation was terminated by removing the fluid, and the cells were
was done using a Beckman System Gold equipped with a 168 washed by cold PBS. Cells were scraped and lysed with the lysis
detector set at 310 nm, a 126 solvent module, and Econospherebuffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1% NP-40, 10
C18 and phenyl columns from Alltech Associates. A normal-phase mM sodium pyrophosphate, 5 mM iodoacetic acid, 10 mM NaF, 1
Chiralcel OD column from Daicel Chemical Industries (ODOOCE- mM EDTA, 2 mM orthovanadate, 5 mg/mL leupeptin, 5 mg/mL
FF028) was also employed. Mass spectral analysis was obtainedaprotinin, 0.1 mg/mL PMSF, and 1 mM benzamidine). After 30
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min lysing on ice, the cell lysate was centrifuged at 15 000 rpm
for 15 min. The total cellular proteins were separated by SDS-
PAGE and transferred electrophoretically to nitrocellulose mem-
branes, which were then immunoblotted by anti-phosph®-dR

anti-phospho-ERK1/2 antibodies. To control for equal sample

loading, the membrane was also probed with anti-actin antibody.

Journal of Medicinal Chemistry, 2007, Vol. 50, N®14

hexane as eluent to provice(0.18 g, 57%) as a pale yellow oil.
R = 0.33, 20% EtOAc/hexanéH NMR (CDCl): 6 7.62 (2H,
d); 7.54-7.45 (3H, m); 3.48 (2H, t); 3.223.03 (2H, m); 2.80 (3H,
d); 1.71-1.54 (4H, m);3P NMR (CDCk) 6 +3.40 (t); HRMS
(C12H16ClF,NOP) calcd 330.0393, found 330.0403 .
O-Nitrofurfuryl N-Methyl-N-(4-chlorobutyl) Difluorometh-

The blots were developed using the Western blot detection kit ylphenylphosphonamidate (4a)5-Nitrofurfuryl alcohol (0.05 g,
(Upstate) according to the manufacturer’s instructions. Western 0.35 mmol, 1.1 equiv) and 4-(phenylazo)diphenylamine (3 mg) in

blotting images were analyzed with Image J (NIH).

In Vitro Inhibition Studies with Prodrug 1b . ICsq values for
prodruglb were determined for PTP1B in the following manner.
At fixed substratep-nitrophenyl phosphate (pNPP) concentration
(2 mM at theK)), the initial rate at variousb concentrations was
measured by following the production @knitrophenol as de-
scribed®® All experiments were performed at 3C in 50 mM 3,3-
dimethylglutarate buffer, pH 7.0, containing 1 mM EDTA with an
ionic strength of 0.15 M adjusted with NaCl.

31P NMR Kinetics. A 3P NMR kinetics experiment was carried
out at 37°C on a 250 MHz Bruker NMR using the Bruker variable
temperature unit to control the probe temperature. Compdind
(7.7 mg, 0.021 mmol) in 1 mL of THF was treated with a
suspension of Pd/C, 10% (5 mg), in 1 mL of THF. A balloon filled
with H, was applied to the flask. After 5 min, the suspension was
filtered through two pieces of filter paper, and the filtrate was
concentrated until the solvent had just evaporated (Bath 30
°C). Sodium cacodylate buffer (0.4 M, 0.5 mL) was added to the
resulting oil, and the time of dilution was noted. Triethylamine (0.5

THF (2.2 mL) was cooled te-78 °C with stirring under an Ar
atmosphere. A 1.0 M solution of lithium bis(trimethylsilyl)amide
was added dropwise via syringe until the color of the reaction
mixture changed from orange to violet. This required 0.41 mL (0.41
mmol, 1.2 equiv) of base. This mixture was stirred-at8 °C for

15 min while a solution o8 (0.11 g, 0.34 mmol, 1 equiv) in THF
(2.2 mL) under an Ar atmosphere was prepared and cooled &

°C. The alkoxide solution was transferred rapidly by cannula to
the solution of3, and the resulting mixture was maintained-at8

°C for 10 h. The reaction mixture was quenched with 5 mL of
saturated NHCI solution, and the aqueous phase was extracted 3
times with E;O (10 mL each). The combined organic extracts were
washed with brine, dried over BB, and concentrated to an amber
oil. The crude material was purified by flash column chromatog-
raphy using gradient elution (25%, 50% EtOAc/hexane) to provide
4a (0.13 g, 88%) as a light amber ol = 0.31, 50% EtOAc/
hexane!H NMR (CDCl): ¢ 7.55 (2H, d); 7.42 (3H, m); 7.20
(1H, d); 6.53 (1H, d); 5.00 (2H, m); 3.49 (2H, t); 2.95 (2H, m)
2.65 (3H, d); 1.7+1.56 (4H, m);3'P NMR (CDCk) 6 —10.40

mL) was added to adjust the pH to 7.68, and the sample was (dd); HRMS (G7H2oCIF:N,OsP) calcd 459.0664 (M- Na)*, found
immediately inserted into the spectrometer. The elapsed time from 459.0664.

addition of buffer was noted at the start of acquisition. Spectra were

acquired every 2.5 min for 30 min, then every 5 min for 30 min
and every 10 min for 1 h. A pH of 7.14 was recorded at the end of

O-Benzyl N-Methyl- N-(4-chlorobutyl) Difluoromethylphen-
ylphosphonamidate (4b) Compounddb was obtained in 70% yield
using the procedure described for the synthesisoBenzyl alcohol

the experiment. The relative concentrations of reaction intermediateswas substituted for nitrofurfuryl alcohol, and BuLi was used instead
were determined by measuring the peak areas, and the relativeof lithium bis(trimethylsilyl)amide. The crude product was purified
concentration for each reactant or product at any given time is by flash column chromatography (10% EtOAc/hexane) to dive
represented as a percent of the total. The phosphonamidate aniorf0.090 g, 70%),R: = 0.54, 50% EtOAc/hexane!H NMR

derived from4b disappeared according to first-order kinetics, and
the half-life ¢1,) was determined to be 44 min at 3€ by linear
regression of the log(percent remaining) values versus time.
Diethyl Difluoromethylbenzylphosphonate (2).The procedure
of Burke and co-workef$ was used. Diethyl benzoylphosphonate
(2.58 g, 10.65 mmol), prepared from benzoyl chloride and triethyl
phosphate as describ&d,and (diethylamino)sulfur trifluoride
(DAST) (6.0 mL, 45.41 mmol, 4.3 equiv) were stirred together at

(CDCly): 6 7.59 (2H, d); 7.42 (3H, m); 7.30 (5H, m); 5.03 (2H,
d); 3.47 (2H, t); 2.99 (2H, m); 2.62 (3H, d); 1.61.48 (4H, m);
31P NMR (CDCE): 6 —11.32 (dd); HRMS (GH25CIF,NO,P) caled
402.1201, found 402.1202.

Methyl 4-lodophenylacetate (7a)4-lodophenylacetic acid (5.56
g, 22.06 mmol) was suspended in MeOH (35 mL) and stirred under
a drying tube at @C. Thionyl chloride (3.20 mL, 43.84 mmaol, 2
equiv) was added by addition funnel. The reaction came gradually

0 °C under an Ar atmosphere. The reaction was warmed to ambientto room temperature and was stirred overnight. The solution was

temperature owel h and continued to stir for 20 h. The reaction
mixture was then rechilled to @ and added to a 25% solution of
NaHCG; in H,O (100 mL) cooled to OC. The resulting suspension
was stirred for 15 min, 150 mL of #0 was added, and the aqueous
phase was extracted with four 50 mL portions of CEHCIhe
combined organic extracts were washed with brine, dried over Na
SO, and concentrated to a brown oil. The crude material was
purified by flash column chromatography using 10% EtOAc/hexane.
The product2 was isolated (1.18 g, 42%) as an amberRjil=
0.23, 20% EtOAc/hexanéH NMR (CDCL): 6 7.62 (2H, d) 7.45
(3H, m) 4.22-4.12 (4H, m) 1.30 (6H, t)3IP NMR (CDCk) 6
—19.07 (t); HRMS (G1H15F:05P) calcd 265.0805, found 265.0802.
N-Methyl-N-(4-chlorobutyl) Difluoromethylphenylphos-
phonamidochloridate (3). Compound? (0.25 g, 0.95 mmol) was
dissolved in thionyl chloride (5 mL), three drops of pyridine were

then concentrated to ca. half of its initial volume, diluted with 50
mL of EtOAc, and washed successively with 25 mL portions of
H,0, saturated NaHC{solution, and brine. Concentration after
drying over NaSQ, gave7a (5.79 g, 95%) as a yellow oil with
spectral data that were consistent with literature vat@ieEhe
product was used without purificatiof = 0.13, 15% EtOAc/
hexane.

Methyl N-Fmoc-(L)-4-iodophenylalaninate (7b).Compound’b
(9.84 g, 96%) was obtained as a white solid using the procedure
described for compounda and was used without further purifica-
tion. Spectral data were consistent with published valges. 0.23,
20% EtOAc/hexane.

Methyl 4-[(Diethyl Phosphono(difluoromethyl)|phenylacetate
(8a). The procedure of Qab®rwith a slight modification was
employed as follows. Cadmium powder (7.5 g, 66.7 mmol, 3.2

added, and the mixture was refluxed under an atmosphere of Arequiv) in 74 mL of DMF was treated with TMSCI (0.27 mL, 2.12

for 5 days at which time TLC (10% EtOAc/hexane) showed no
starting material remaining. Thionyl chloride was removed under
reduced pressure to give the corresponding dichlod#e NMR
(CDClg) 6 +5.93 (t)), which was taken up in dry GBI, (12 mL)

and was cooled te-78 °C with stirring under an Ar atmosphere.
N-Methyl-N-(4-chlorobutyl)amine hydrochloride (0.14 g, 0.89
mmol, 0.94 equiv) was added followed by triethylamine (0.27 mL,
1.94 mmol, 2.0 equiv). The reaction was maintainee a8 °C for

mmol, 0.1 equiv). After 5 min, diethyl (bromodifluoromethyl)-
phosphonate (11.5 mL, 64.7 mmol, 3.1 equiv) was added dropwise
from an addition funnel. The reaction mixture became warm and
cloudy. If no exothermicity was observed after adding approxi-
mately one-third of the phosphonate, an additional portion of
chlorotrimethylsilane was added before continuation of the addition
of phosphonate. Formation of BrCdgKO)(OEt) was deemed
complete by the absence of starting phosphonate (TLC, 15% EtOAc/

20 h. Solvent was removed under reduced pressure, and the residubexane). Aryl iodide7a (5.79 g, 21.0 mmol, 1 equiv) and CuCl

was purified by flash column chromatography using 10% EtOAc/

(8.3 g, 83.8 mmol, 4 equiv) were suspended in 17 mL of DMF. To
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this suspension, the organocadmium reagent was added by cannuleR: = 0.50, 70% EtOAc/hexanéH NMR (CDCl): 6 7.72 (2H,
The resulting mixture was stirred under Ar at room temperature d); 7.53-7.17 (11H, m); 6.50 (1H, bs); 5.62.87 (2H, m); 4.63

for 4 days. The reaction was diluted with 75 mL of@tand filtered
through celite. The filtrate was washed with brine, dried overNa
SOy, and concentrated to a gold oil. The oil was subjected to
Kugelrohr distillation at reduced pressure (1.5 Torr, D) to
remove volatile byproducts. Compour8h (6.40 g, 91%) was
obtained from the distillation bulb as a yellow oil and was used
without further purificationRs = 0.37, 5% E4O/CH,Cl, H NMR
(CDCl): 6 7.56 (2H, d); 7.37 (2H, d); 4.18 (4H,m); 3.70 (3H, s);
3.66 (2H, s); 1.33 (6H, tFP NMR (CDCE): 6 —19.20 (t); HRMS
(C14H19F0sP) calcd 336.0938, found 336.0938.

Methyl 4-[(Diethyl Phosphono(difluoromethyl)]-N-Fmoc-()-
phenylalaninate (8b).The procedure utilized for the synthesis of
8a was employed to prepai@b (4.92 g, 80%). Purification was
effected by Kugelrohr distillation (80C, 1.55 Torr) to remove
volatile side products. The remaining oil was further purified by
flash column chromatography (gradient elution: 0, 20, 50% EtOAc/
hexane)R = 0.31, 10% E{O/CH,Cl,. Spectral data were consistent
with published value&?

Methyl 4-[Chloro- N-methyl-N-(4-chlorobutyl) Phosphono-
(difluoromethyl)]phenylacetate (9a).The procedure of Landry and
co-workers? was used to activate diethylphosphon&te Thus,
8a(3.02 g, 8.98 mmol) in 70 mL of dry CiLI, was treated with
bromotrimethylsilane (3.50 mL, 26.5 mmol, 3 equiv), and the

mixture was stirred under a drying tube for 18 h. Solvent was t
removed under reduced pressure, and the residue was coevaporate

with CH,ClI; (2 x 30 mL) to remove excess bromotrimethylsilane.
The resulting oil was taken up in GBI, (70 mL), and oxalyl
chloride (2.40 mL, 27.4 mmol, 3 equiv) was added followed by 2
drops of dry DMF. The reaction mixture was stirred under an Ar
atmosphere for 1.5 h, solvent was removed under reduced pressur
and the residue was coevaporated with,CH (2 x 30 mL) to
remove excess oxalyl chloride. The resulting oil was taken up in
CH,ClI; (70 mL) and was cooled te-20 °C with stirring under an

Ar atmosphereN-Methyl-N-(4-chlorobutyl)amine hydrochloride
(1.56 g, 9.87 mmol, 1.1 equiv) was added followed by dropwise
addition of diisopropylethylamine (3.40 mL, 19.5 mmol. 2.2 equiv).
The reaction mixture was maintained-a20 °C for 20 h. Solvent

(1H, m); 4.35 (2H, m); 4.15 (1H, t); 3.68 (3H, s); 3.48 (2H, t);
3.16-2.98 (4H, m); 2.62 (3H, d); 1.681.53 (4H, m);3P NMR
(CDCly): 6 —10.50 (dd); HRMS (GsH37CIF,N3O9P) calcd 782.1822
(M + Na)*, found 782.1816.

General Procedure A: Methyl Ester Hydrolysis using LiOH.
The methyl ester (0.35 mmol) in 5.5 mL of THR@ (5:1) was
cooled to °C, and 0.3 M LIOH/HO (2 equiv) was added dropwise
in the following increments: 1.1, 0.4, 0.4, and 0.4 mL. The reaction
was monitored by TLC (2% MeOH, 1% AcOH/GAl,) after each
addition of base. The reaction was quenched with 10 mL of 10%
citric acid 10 min after the final addition of base. The reaction
mixture was extracted with EtOAc (4 10 mL), and the combined
extracts were washed with brine, dried oven8i@;, and concen-
trated to an oil that was purified by silica gel chromatography.

General Procedure B: Methyl Ester Hydrolysis using
MesSnOH. The hydrolysis procedure of Nicolaou and co-worRers
was employed. The methyl ester (0.05 mmol) was dissolved in 1,2-
dichloroethane (1 mL), and M8nOH (0.22 mmol, 4.4 equiv) was
added. The reaction mixture was heated to reflux for 20 h at which
time the disappearance of the starting material was observed by
TLC (50% EtOAc/hexane). Solvent was removed under reduced
pressure, and the residue was taken up in 5 mL of EtOAc. The
solution was washed with brine, dried overJS&y, and concen-
aated to an oil that was purified by silica gel chromatography.

4-[O-Nitrofurfuryl N-Methyl-N-(4-chlorobutyl) Phosphono-
(difluoromethyl)] Phenylacetic Acid (11). General procedure B
with 10a(0.040 g, 0.08 mmol), reaction time 3 h. The product
was purified by silica gel chromatography (20%EtOAc, 1%

eHCOZH/hexane; 50% EtOAc, 1% HCGB/hexane; 70% EtOAc, 1%

HCO,H/hexane) and isolated as a pale yellow oil, 0.027 g (69%).
Rs = 0.48, 70% EtOAc, 1% HC@i/hexane!H NMR (CDCly): 6
7.52 (2H, d); 7.34 (2H, d); 7.20 (1H, d); 6.49 (1H, d); 5.02 (2H,
dd); 3.68 (3H, s); 3.52 (2H, t); 3.05 (2H, m); 2.72 (3H, d); 1.70
(4H, m); 3P NMR (CDCk): 6 —10.78 (dd); HRMS (GoHox-
CIF;N,O7P) calcd 517.0713 (M- Na)*, found 517.0720.

Methyl 4-[ O-Nitrofurfuryl N-Methyl- N-(4-chlorobutyl) Phos-

was removed under reduced pressure, and the residue was purifiegphono(difluoromethyl)]-N-Fmoc-(.)-phenylalanine (12a).Com-

by flash column chromatography using 3%®&tCH,Cl, as eluent
providing 9a (2.54 g, 70%) as a yellow o0iR = 0.56, 5% E$O/
CH,Cl,. 'H NMR (CDCly): 0 7.58 (2H, d); 7.40 (2H, d); 3.71 (3H,
s); 3.68 (2H, s); 3.49 (2H, t); 3.253.02 (2H, m); 2.81 (3H, d);
1.72-1.52 (4H, m);3P NMR (CDCk): o +3.99 (t); HRMS
(C1sH20ClF;NO3P) calcd (M+ Na)t 424.0418, found 424.0437.
Methyl 4-[Chloro N-Methyl-N-(4-chlorobutyl) Phosphono-
(difluoromethyl)]- N-Fmoc-()-phenylalaninate (9b). The same
procedure used for the synthesis9# was employed to provide
9b (2.89 g, 85%) after purification by flash column chromatography
(2% EROI/CH,Cly)). R = 0.35, 5% E{O/CH,Cl,. 'H NMR
(CDCly): 6 7.75 (2H, d); 7.53 (4H, m); 7.40 (2H, t); 7.31 (2H, d);
7.22 (2H, d); 5.55 (1H, t); 4.66 (1H, m); 4.43.35 (2H, m); 4.19
(1H, t); 3.70 (3H, s); 3.46 (2H, t); 3.183.05 (4H, m); 2.75 (3H,
dd); 1.62-1.44 (4H, m);3%P NMR (CDCb): ¢ +3.95 (t); HRMS
(C31H35ClFN,OsP) calcd (M+ Na)t 675.1370, found 675.1375.
Methyl 4-[ O-Nitrofurfuryl N-Methyl- N-(4-chlorobutyl) Phos-
phono(difluoromethyl)] Phenylacetate (10a).Compound 10a

pound10b (1.60 g, 2.10 mmol, 1 equiv) in THFA® (30 mL/6
mL) reacted with LIOH/HO (0.3 M, 14 mL) as described in
General Procedure A to provide the crude product as a foam.
Purification by silica gel chromatography (25% EtOAc/hexane; 50%
EtOAc/hexane; then 50% EtOAc, 1% H@@hexane) provided
the product as a foam, 1.30 g (83%).= 0.52, 70% EtOAc, 1%
HCO,H/hexaneXH NMR (CDCly): 6) 7.78 (2H, d); 7.58-7.21
(11H, m); 6.49 (1H, dd); 5.52 (1H, m); 4.97 (2H, m); 4.66 (1H,
m); 4.44-4.35 (2H, m); 4.18 (1H, t); 3.50 (2H, m); 3.19 (2H, m);
3.00 (2H, m); 2.68 (3H, d); 1.60 (4H, mjiP NMR (CDCE): ¢
—10.58 (t); HRMS (GsH3sCIF2N3OgP) calcd 790.1479 (M+
2Na)", found 790.1469.

4-[O-Nitrofurfuryl N-Methyl-N-(4-chlorobutyl) Phosphono-
(difluoromethyl)]- N-Fmoc-(L)-phenylalanine Amide (12b).Com-
pound12a (0.41 g, 0.55 mmol, 1 equiv) in THF (5.7 mL) was
treated withN-hydroxysuccinimide (0.06 g, 0.55 mmol, 1 equiv)
and was cooled to OC. Diisopropylcarbodiimide (0.13 mL, 0.82
mmol, 1.5 equiv) was added by syringe. The reaction mixture was

(4.11 g, 60%) was obtained using the same method employed instirred at 0°C for 1.5 h, and a 1 Msolution of NHHCO; (2.7 mL,

the synthesis ofla. The compound was purified by flash column
chromatography using gradient elution (50%, 60% EtOAc/hexane).
R = 0.29, 60% EtOAc/hexanéH NMR (CDCl): 6 7.54 (2H,
d); 7.36 (2H, d); 7.25 (1H, d); 6.54 (1H, d); 5.03 (2H, m); 3.72
(3H, s); 3.68 (2H, s); 3.54 (2H, t); 3.07 (2H, m); 2.72 (3H, d);
1.78-1.66 (4H, m);31P NMR (CDCk): ¢ —10.54 (t); HRMS
(C20H24CIFN,O7P) caled (M+ Na)™ 531.0875, found 531.0872.
Methyl 4-[ O-Nitrofurfuryl N-Methyl-N-(4-chlorobutyl) Phos-
phono(difluoromethyl)]- N-Fmoc-(L)-phenylalaninate (10b).The
procedure utilized for the synthesis 4& was applied to obtain
10b (1.92 g, 41%) The compound was purified by flash column
chromatography using gradient elution (30, 60, 80¥OHiexane).

2.7 mmol, 5 equiv) was added. The reaction mixture was stirred
for 20 h as the temperature gradually came to ambience. Solvent
was removed under reduced pressure;ClK(10 mL) was added,
and the mixture was washed successively with 10 mL portions of
1 M HCI, saturated NaHC® and brine. The organic phase was
dried over NaSO, and concentrated. Purification by silica gel
chromatography (50% EtOAc/hexane; 75% EtOAc/hexane) pro-
vided the product as a yellow oil, 0.21 g (52%).= 0.26, 100%
EtOAc.'H NMR (CDCly) ¢ 7.72 (H, 0); 7.54-7.25 (10H, m);
7.18 (H, d); 6.51 (1H, d); 6.25 (1H, bs); 5.93 (1H, bs); 5.74 (1H,
m); 4.94 (2H, m); 4.474.35 (3H, m); 4.15 (1H, t); 3.50 (2H, t);
3.11-2.99 (4H, m); 2.66 (3H, d); 1.671.57 (4H, m);3P NMR
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(CDCl): 6 —10.33 (dd); HRMS (GsH3¢CIF:N,OgP) calcd 767.1820
(M + Na)", found 767.1821.

4-[O-Nitrofurfuryl N-Methyl-N-(4-chlorobutyl) Phosphono-
(difluoromethyl)] Phenylacetyl-(L)-aspartic Acid f-t-Butyl Ester
o-Methyl Ester (14a). Compound13 (0.25 g, 0.59 mmol) was
dissolved in CHCI, (3 mL), and the solution was cooled tc°C.
A 0.17 M solution of DBU in CHCI, (3.8 mL, 0.65 mmol, 1.1
equiv) was added. While this mixture stirred, a solutiod ®{0.29
g, 0.59 mmol, 1.0 equiv) and PyBOP (0.31 g, 0.59 mmol, 1.0 equiv)
in CH.CI, (3 mL) was prepared and cooled to°G. TLC (2%
MeOH, 1% AcOH/CHCI,) of the first reaction mixture after 20
min at 0°C showed no starting material remaining. Deprotected
13 was transferred to the solution b1, and DIEA (0.22 mL, 1.26
mmol, 2.1 equiv) was added. The solution was stirred &€ @or
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Fmoc-(L)-phenylalanine Amide (1b). Compound15 (0.067 g,
0.058 mmol) in CHCI; (1.1 mL) was treated with TFA (0.57 mL),
and the reaction mixture was stirred at room temperature for 1.5 h.
The reaction was quenched with 5 mL of®land extracted with
EtOAc (4 x 10 mL). The combined organic extracts were washed
successively with 5 mL portions of water and brine, then were dried
over NaSQ, and concentrated to a yellow oil. Purification by silica
gel chromatography (100% EtOAc; 2% MeOH, 1% AcOHKEH
Cly; 4% MeOH, 1% AcOH/CHCI,) provided the productb as a
pale yellow oil, 0.049 g (77%R = 0.21, 4% MeOH, 1% HC&H/
CH.Cl,. *H NMR (CD;0OD): ¢ 8.10 (4H, bs); 7.477.35 (10H,

m); 6.75 (2H, m); 5.09 (4H, m); 4.65 (1H, t); 4.57 (1H, m); 3-61
3.54 (6H, m); 3.16-2.95 (6H, m); 2.68 (6H, d); 2.63 (2H, m); 1.68
1.60 (8H, m); 3P NMR (CD;OD): 6 —9.85 (t); °C NMR

10 min and at room temperature for 50 min. TLC (75% EtOAc/ (CD,0OD): ¢ 173.67 (s); 173.32 (s); 173.04 (s); 172.82 (s); 172.66
hexane) showed nbl_rema_lnlng and the appearance of a new less (s); 153.79 (s); 153.32 (s); 142.03 (s); 139.94 (s); 132.45 (s); 130.60
polar spot. The reaction mixture was quenched with saturatedl NH  (d): 127.34 (d); 115.19 (d); 113.23 (d); 59.92 (t); 55.44 (d); 51.72

Cl (10 mL). The phases were separated, and the aqueous phasgj); 51.41 (d); 49.32 (1); 45.39 (t); 43.02 (t); 38.28 (t); 36.61 (1);

was extracted with CHCl, (2 x 10 mL). The combined organic
phases were washed with brine, dried ovep®@, and concen-
trated to a dark, viscous oil. Purification by silica gel chromatog-
raphy (50% EtOAc/hexane; 75% EtOAc/hexane) provided the
productl4aas yellow oil, 0.32 g (79%R = 0.35, 75% EtOAc/
hexane!H NMR (CDCly): 6 7.55 (H, d); 7.35 (2H, d); 7.24 (1H,
d); 6.55 (1H, d); 6.46 (1H, d); 5.00 (2H, m); 4.77 (1H, m); 3.71
(3H, s); 3.63 (2H, s); 3.53 (2H, 1); 3.07 (2H, m); 2.91 (1H, dd);
2.69 (4H, m); 1.7+1.57 (4H, m); 1.36 (9H, s)3P NMR
(CDClL): 6 —10.37 (dd); HRMS (GgH37CIF:N30:0P) calcd
702.1771 (M+ Na)*, found 702.1764.

4-[O-Nitrofurfuryl N-Methyl- N-(4-chlorobutyl) Phosphono-
(difluoromethyl)] Phenylacetyl-(L)-aspartic Acid f-t-Butyl Ester
(14b). Compoundl4a(0.24 g, 0.35 mmol, 1 equiv) in THFAD
(4.6 mL/0.91 mL) was reacted with 0.3 M LiOHB (2.30 mL,
0.70 mmol, 2 equiv) according to General Procedure A. The crude
product was isolated as a yellow oil. Purification by silica gel
chromatography (75%EtOAc/hexane, 100% EtOAc) provided the
product14b as a pale yellow oil, 0.22 g (94%lr; = 0.19, 4%
MeOH, 1% HCQH/CH.Cl,. 'H NMR (CDCly): ¢ 7.47 (2H, d);
7.33 (2H, d); 7.21 (1H, d); 6.82 (1H, 1); 6.54 (1H, d); 4.99 (2H,
m); 4.74 (1H, m); 3.62 (2H, s); 3.50 (2H, t); 3.02 (2H, m); 2.88
(1H, dd); 2.69 (4H, m); 1.671.55 (4H, m); 1.34 (9H, sfP NMR
(CDClL): 6 —10.57 (dd); HRMS (GH3sCIFoN30:0P) calcd
710.1428 (M+ 2Na)", found 710.1427.

4-[O-Nitrofurfuryl N-Methyl- N-(4-chlorobutyl) Phosphono-
(difluoromethyl)]phenylacetyl-(L)-aspartyl-#-t-butyl Ester 4-[O-
Nitrofurfuryl- N-methyl-N-(4-chlorobutyl) Phosphono(difluo-
romethyl)]-N-Fmoc-()-phenylalanine Amide (15). Compound
12b(0.16 g, 0.21 mmol) was dissolved in @1, (3 mL), and the
solution was cooled to 0C. A 0.17 M solution of DBU in CHCl»
(2.73 mL, 0.29 mmol, 1.4 equiv) was added. While this mixture
stirred, a solution 014b (0.18 g, 0.27 mmol, 1.3 equiv) and PyBOP
(0.14 g, 0.27 mmol, 1.3 equiv) in GBI/THF (3 mL/1 mL) was
prepared and cooled to . TLC (2% MeOH, 1% AcOH/Ch
Cly) of the first reaction mixture after 30 min at°@ showed no
Fmoc-protected starting material remaining. Deproted®uwas
transferred to the solution d#b, and DIEA (0.10 mL, 0.56 mmol,
2.7 equiv) was added. The reaction mixture was stirred°a for
10 min and at room temperature for 30 min. The reaction was
quenched with saturated NEI (10 mL). The phases were
separated, and the aqueous phase was extracted witBl{JH x
10 mL). The combined organic phases were washed with brine,
dried over NaSQ,, and concentrated to a dark oil. Purification by
silica gel chromatography (2% MeOH, 1% AcOH/gE) provided
the productl5 as a pale yellow oil, 0.090 g (37% % = 0.38, 2%
MeOH, 1% HCQH/CH,Cl,. 'H NMR (CD3;COCD;): ¢ 7.62-7.37
(10H, m); 6.81 (2H, d); 5.16 (4H, m); 4.77 (2H, m); 3.67 (2H, s);
3.58 (4H, 1); 3.06-2.95 (6H, m); 2.75 (2H, m); 2.68 (6H, d); 1.72
1.55 (8H, m); 1.38 (9H, s)3'P NMR (acetoneds): 6 —9.90 (t).

4-[O-Nitrofurfuryl N-Methyl-N-(4-chlorobutyl) Phosphono-
(difluoromethyl)]phenylacetyl-(L)-aspartyl-4-[O-nitrofurfuryl
N-Methyl- N-(4-chlorobutyl) Phosphono(difluoromethyl)]-N-

33.78 (q); 30.55 (t); 26.10 (t); HPLC: flow rate 1 mL/min,
retention time= 14.5 min, C18 column, 50% GE&N/H,O; 5.4
min, phenyl column, 30% C$CN/H,O.
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