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4- [ (Di-tert-butylphosphono)methyll -N- (fluoren-9-ylmethoxycarbonyl)-~,~-phenylalanine [O-di-tert- 
butyl-Pmp-N-Fmoc, 31 has previously been shown to be a useful reagent for the solid-phase synthesis 
of peptides containing the hydrolytically stable O-phosphotyrosyl mimetic, phosphonomethylphen- 
ylalanine (Pmp, 2). One potential limitation of Pmp-containing peptides relative to the corresponding 
phosphotyrosyl prototypes is the higher pKaz value of phosphonic acids as compared to that of 
phosphates. In an effort to prepare Pmp analogues which more closely approximate phosphotyrosyl 
residues, O-di-tert-butyl-Pmp-N-Fmoc derivatives were made bearing monofluoro (4), difluoro (S), 
and hydroxy (6) substituents at the phosphonate methylene. The synthetic utility of analogues 4 
and 6 was demonstrated by solid-phase synthesis of the hexameric peptide, H-Gly-X-Val-Pro-Met- 
Leu-OH, where X = monofluoro Pmp and hydroxy Pmp, respectively. These peptides are analogues 
of the SH2 recognition motif “phosphom-Val-Pro-Met-Leu”, which is important for mitogenic 
cellular signal transduction. The hydrolytic lability of difluoro Pmp analogue 5 precluded its usefulness 
in peptide synthesis. Along with O-di-tert-butyl-Pmp-N-Fmoc (31, monofluoro (4) and hydroxy (6) 
derivatives may prove to be useful synthons in the preparation of peptides containing hydrolytically 
stable analogues of phosphotyrosyl residues. 

Phosphorylation reactions are key mediators of a variety 
of biochemical processes.2 Enzymes which catalyze the 
transfer of the y-phosphate of ATP to the 4-hydroxyl of 
tyrosyl residues within specific protein substrates [protein- 
tyrosine kinases (PTKs)] are particularly important in 
cellular signal transduction as they are frequently the 
immediate intracellular effectors of growth factor recep- 
t o r ~ . ~  Since PTKs have been directly or indirectly 
associated with the etiology of a number of neoplastic 
processes, modulation of phosphotyrosyl-utilizing signaling 
pathways is a potential area of study in the development 
of anticancer  therapeutic^.^.^ The object of such research 
is the selective inhibition of specific PTKs involved in 
mitogenic processes: and “phosphotyrosyl pharmacoph- 
ores” capable of mimicking the phosphorylated tyrosyl 
residues have emerged as important synthetic targets for 
such ~ tud ie s .~  This is exemplified by the use of phos- 
photyrosyl-containing peptides to antagonize “SH2”- 
mediated8 associations of certain PTKs with their sub- 
strates in cell free ~ystems.9-~~ One potential limitation 
with the use of phosphotyrosyl-containing peptides either 

as pharmacological tools in vivo or as therapeutics is the 
hydrolytic lability of the phosphoryl-ester linkage in the 
presence of protein-tyrosine phosphatases (PTPs).I2 Non- 
hydrolyzable mimetics of phosphates can be prepared by 
replacement of the phosphate ester oxygen with a meth- 
ylene carbon. A number of phosphonates have proven to 
be useful in biological studies.13 (Phosphonomethy1)- 
phenylalanine (Pmp, 2) represents a nonhydrolyzable 
mimetic of phosphotyrosine (1). We have previously 
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prepared14 4- [ (di-tert-butylphosphono)methyll -N-Fmoc- 
D,L-phenylalanhe [O-di-tert-butyl-PmpN-Fmoc, 31 as an 
analogue of Pmp that is suitably protected for incorpo- 
ration’s into peptides using solid-phase Fmoc (fluoren- 
9-ylmethoxycarbonyl) chemistry.16 However, Pmp-con- 
taining peptides prepared using this reagent were found 
to be less effective than the parent phosphotyrosyl- 
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containing peptides in antagonizing SH2-mediated phe- 
nomena.'O The loss of activity may be partially attrib- 
utable to a higher pKa2 of the Pmp-phosphonate relative 
to the phosphotyrosyl-phosphate prototype.1° Since 
physiological processes occur at or near neutral pH, 
populations of singly or doubly ionized species differ 
significantly for benzylic phosphates (pKa2 = 6.22)17 versus 
the corresponding phosphonates (pKa2 = 7.72).17 Phos- 
phonate pKd values can be lowered by halogen substitution 
at the a-methylene and a-fluoro and a,a-difluoro phos- 
phonic acids have in some cases been found to be superior 
to the unsubstituted phosphonates as biological mimetics 
of phosphate esters.la20 We have recently developed 
synthetic methodology for the preparation of benzylic a,a- 
difluoro phosphonic acids as phenyl phosphate mimetics.17 
In the present paper we report the application of this 
chemistry to the synthesis of a-fluoro 4 and a,a-difluoro 
5 derivatives of O-di-tert-butyl-Pmp-N-Fmoc and the use 
of analogue 4 in solid-phase synthesis of SH2-related 
peptides containing fluorinated Pmp residues. We also 
report the synthesis of an a-hydroxy derivative of O-di- 
tert-butyl-Pmp-N-Fmoc (6) and its use in solid-phase 
synthesis, as well as an improved synthesis of O-di-tert- 
butyl-Pmp-N-Fmoc (3). Compound 4 may prove to be of 
general value for the preparation of peptides containing 
nonhydrolyzable phosphotyrosine mimetics which more 
closely approximate the pKaz value of phosphotyrosine. 

Results and Discussion 
Our previous synthesis14 of 0-di-tert-butyl-Pmp-N- 

Fmoc (3) started from4- [ (di-tert-buty1phoephono)methyll- 
benzaldehyde (9a). This latter material was originally 
prepared by radical-mediated deoxygenation of the a-hy- 
droxy phosphonate 8a, which resulted from basic alumi- 
num oxide-catalyzed addition of di-tert-butyl phosphite 
to commercially available 4-(diethoxymethyl)benzalde- 
hyde (7a).14 We have found that an improvement of this 
overall transformation can be achieved by reacting the 
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sodium salt of di-tert-butyl phosphite with aldehyde 7a 
and trapping the resulting alkoxide as the methyl xanthate 
8b. Subsequent radical deoxygenation, followed by hy- 
drolysis of the intermediate acetal 8c, yielded the desired 
aldehyde 9a in 67% overall yield from 7a as compared 
with the 24% overall yield previously obtained.14 

With a synthesis of difluoro 0-di-tert-butyl-Pmp-N- 
Fmoc (5) based on that used to prepare14 O-di-tert-butyl- 
Pmp-N-Fmoc (31, the difluoro aldehyde 9c became a 
critical intermediate. Preparation of 9c was achieved using 
our reported procedure for the synthesis of benzylic 
difluorophosphonic acids.17 Addition of sodium di-tert- 
butyl phosphite to 4-bromobenzaldehyde (7b) provided 
the hydroxy phosphonate 8d, which was then oxidized to 
the keto phosphonate 86 using pyridinium dichromate. 
Use of MnO2 in refluxing toluene, as previously reported" 
for the preparation of unsubstituted keto phosphonate 
8f, resulted in significant decomposition. Treatment of 
keto phosphonate 86 with (diethy1amino)sulfur trifluoride 
(DAST) gave the a,a-difluoro phosphonate 8g, which was 
then formylated by treatment with n-BuLi, followed by 
quenching with ethyl formate to yield the desired aldehyde 
9c. Proceeding according to the previously delineated 
route14 to protected Pmp 3, reaction of aldehyde 9c with 
ethyl a-azidoacetate in sodium methoxide gave the vinyl 
azide loa. Attempted hydrogenation to the amino ester 
1 l a  was achieved a single time and could not be repeated. 
In light of the very facile hydrogenation of the unsubsti- 
tuted vinyl azide 10b to the amino ester llb,14 the failure 
of the difluoro phosphonate-containing vinyl azide 10a to 
undergo a similar reduction could not be explained. 

An alternate route was therefore devised in which 
hydrogenation of the vinyl azide preceded the fluorination 
reaction. Modification of our original synthesis of O-di- 
tert-butyl-Pmp-N-Fmoc (3) by starting with hydroxy 
phosphonate 9b rather than unsubstituted phosphonate 
9a allowed the preparation of vinyl azide 1Oc which 
underwent facile hydrogenation to the racemic hydroxy 
phosphonate-containing amino ester llc. Lack of signal 
doubling in the 'H NMR (250 MHz) spectrum of l lc 
indicates a stereoselective delivery of hydrogen in the 
formation of the new chiral center at the phenylalaninate 
a-carbon. This is supported by the observation that 
prolonged exposure to silica gel results in a gradual 
development of peak doubling in the NMR, consistent 
with the generation of diastereomers through epimeriza- 
tion of the phenylalaninate a-carbon. Such epimerization 
was first noticed upon multiple chromatographies of 1 IC 
over silica gel using acetone/hexane solvent systems. A 
further investigation revealed that stirring an acetone- 
containing solution of 1 IC with silica gel overnight resulted 
in complete epimerization. Acetone seemed to be a critical 
component of this process, as either MeOH or CHCb 
solutions alone failed to induce epimerization. 

Oxidation of the hydroxy phosphonate to the keto 
phosphonate using PDC required initial protection of 1 IC 
as the benzyl carbamate l ld .  Reaction of the resulting 
keto phosphonate lle with DAST gave the difluoro 
phosphonate 1 If, which upon hydrogenolytic removal of 
the Cbz group gave llg. Conversion to final product 6 
was achieved by hydrolysis of the methyl ester and in situ 
derivatization using Fm0c-0BT.l~ The tert-butyl-pro- 
tected difluoro phosphonate 5 proved to be extremely 
labile, with significant hydrolysis to the free phosphonic 
acid occurring during silica gel chromatography. Addi- 
tionally, instability during storage was also observed, and 
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we were unable to prepare and store sufficient 5 for actual 
peptide incorporation. However, treatment of N-Cbz- 
protected hydroxy phosphonate 1 ld with DAST provided 
the monofluoro derivative l lh  in 55% yield following 
chromatographic purification. lH NMR of 11 h gives no 
evidence of multiple diastereomers, which is consistent 
with the ability of DAST to deliver fluoride stereospe- 
cifically with a net inversion of configuration.21 Hydro- 
genolytic deprotection of the Cbz amino protecting group 
provided the free monofluoro amino ester 1 li which was 
then converted to final Fmoc-protected 4 as described 
above. The monofluoro derivative 4 proved to be signif- 
icantly more stable than the difluoro analogue 5 and was 
suitable for use in solid-phase peptide synthesis, as was 
the hydroxy 0-di-tert-butyl-Pmp-N-Fmoc (6), obtained 
directly from llc. 

In order to demonstrate the usefulness of 0-di-tert- 
butyl-Pmp-N-Fmoc derivatives 3,4, and 6 in solid-phase 
peptide synthesis, the hexapeptides H-Gly-X-Val-Pro- 
Met-Leu-OH (12a-f) (where X = the appropriate Pmp 
analogue) were prepared by manual synthesis. The 
peptide, Tyr-Val-Pro-Met-Leu, represents the Tyr-719 
autophosphorylation sequence of the 8-platelet-derived 
growth factor receptor (PDGFR) PTK, which is an SH2- 
binding site for phosphatidylinositol-3-kinase (PI3 kinase). 
It has been demonstrated that the pentapeptide (phos- 
phoTyr)-Val-Pro-Met-Leu can block this PI3 kinase- 
PDGFR association,ll perhaps by competing with the 
native sequence. Starting from 4- [ (2',4'-dimethoxyphen- 
yl)hydroxymethyllphenoxy (DHP) an "Fmoc 
strategy" of piperidine-mediated N-deprotection, followed 
by either symmetrical anhydride23 or pentafluorophenyl 
ester (Pfp) amide bond formation was used. Treatment 
of the completed resin with trifluoroacetic acid (TFA) 
containing antioxidants resulted in cleavage of the peptide 
from the resin with the simultaneous removal of phos- 
phonate tert-butyl protecting groups. An advantage of 
the DHP resin over the 4-alkoxybenzyl alcohol resin 
previously used1°J5 is its greater acid lability. Should it 
be desired, very mild acid treatment can be utilized to 
selectively cleave the peptide from the resin while main- 
taining full tert-butyl protection of the phosphonic acid. 
HPLC examination of the crude peptide mixtures 12 in 
each case showed the presence of two major components 
in a 1 to 1 ratio. Isolation and characterization of each of 
these major peaks showed them to correspond to the 
L-Pmp- and D-Pmp-containing peptides, respectively, in 
order of elution. Similar to previous repoTt8,15 assignment 
of absolute configurations was achieved by subjecting the 
peptides to digestion using aminopeptidase-M, which is 
specific for L-a-amino acids.24 While L-Pmp-containing 
peptides were cleaved by this enzyme, D-Pmp-containing 
peptides were not. The relative ease with which these 
diastereomeric peptides can be separated on HPLC 
enhances the synthetic utility of racemic 0-di-tert-butyl- 
Pmp-N-Fmoc analogues. 

In conclusion, fluoro- and hydroxy-0-di-tert -butyl-Pmp 
N-Fmoc derivatives 4 and 6 may now be added to 3 as 
useful synthetic reagents for the preparation of peptides 
containing stable analogues of 0-phosphotyrosyl residues. 
By combining tert-butyl protection of the phosphonate 
along with Fmoc-amino derivatization, mild acid-catalyzed 
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cleavage of peptide from the solid-phase resin can be 
accompanied by quantitative phosphonate deprotection, 
yielding highly pure, completely deprotectsd product. This 
is in contrast to solid-phase synthesis of Pmp-containing 
peptides using either or ethyP phoephonate 
protection, where additional deprotection steps are re- 
quired, sometimes resulting in partially deprotected 
products.26 Finally, the instability of the difluoro-tert- 
butyl-Pmp-N-Fmoc derivative 5 limits its utility as a 
synthetic reagent. 

Experimental Section 
Silica gel was TLC grade silica gel (5-25 pm; Aldrich) and 

petroleum ether was of the boiling range 35-60 OC. Melting points 
were determined on a Me1 Temp I1 melting point apparatus and 
are uncorrected. Elemental analyses were obtained from Atlantic 
Microlab Inc., Norcross, GA. Negative ion fast atom bombard- 
ment mass spectra (FABMS) were acquired with a VG Analytical 
7070E mass spectrometer at 6 kV accelerating voltage using a 
glycerol or nitrobenzyl alcohol sample matrix and a xenon atom 
bombardment ionization source, operated under the control of 
a VG 2035 data system. lH NMR data were obtained on a Bruker 
AC250 (250 MHz) instrument. HPLC was conducted with an 
LKB Model 2150 system equipped with an LKB 2140 rapid 
spectral detector. Amino acid analyses were performed at the 
Protein Structure Laboratory, University of California, Davis, 
CA. 

44  (Di- tert-buty1phosphono)met hyllbenzaldehyde (9a). 
To a stirred suspension of 80% NaH in oil (3.00 g, 100 mmol) 
in anhydrous THF (200 mL) at  -78 OC was added di-tert-butyl 
phosphite (19.4g, 100 mmol) dropwise over 10 min. Thereaction 
w a ~  stirred at -78 "C (40 min), and then 4-(diethoxymethyl)- 
benzaldehyde (7a) (19.6 g, 94 mmol) was added and the mixture 
was first stirred on ice and then allowed to come to rt gradually 
over 2.5 h. Carbon disulfide (28 mL, 500 mmol) was added and 
after 15 min methyl iodide (6.2 mL, 100 mmol) was introduced 
and stirring was continued (30 min). The reaction mixture was 
subjected to an extractive workup (EtOAc/brine) to yield 
intermediate xanthate 8b as a light yellow oil, 45.4 g. An aliquot 
of 8b (11.4 g, 25 mmol) in toluene (250 mL) was heated at 109 
O C  under argon with a spatula tip of azobis(isobutyronitri1e) 
(AIBN) while n-BuaSnH (8.4 mL, 31 mmol) was added over 5 
min. An additional spatula tip of AIBN was added and the 
reaction stirred (1 h). The mixture was cooled, diluted with 
hexanes (100 mL), and applied to a 6.5-cm diameter X 4.5-cm 
high pad of silica gel charged with hexanes. The pad was washed 
well with hexanes (6 X 100 mL); then the acetal 8c was eluted 
with EtOAc as a colorless oil, 8.70 g (90%). Hydrolysis of the 
acetal was achieved by stirring at  rt in a biphasic CHCl, (150 
mL)/1 N HCl(50 mL) system (1 h). Neutralization of the organic 
layer (aqueous NaHCOd and evaporation of solvent provided 
pure product 9a in 75 % yield (67 5% overall from 7a) as colorless 
crystals (petroleum ether/hexanes): mp 60-63.5 "C (lit.25 mp 
61-65 OC). 

4-[ (Di-  tert-butylphosphono)hydroxymethyl]benz- 
aldehyde (9b). To a stirred mixture of sodium di-tert-butyl 
phosphite (100 mmol) in THF at -78 "C (prepared as above) was 
added 44diethoxymethyl)benzaldehyde (7a) (19.6 g, 94 mmol), 
and the mixture stirred on ice and then brought to rt over 1 h. 
The reaction was quenched with brine and subjected to an 
extractive workup (EtOAc) to yield crude 8a as an off-white solid. 
Trituration with petroleum ether provided acetal 8a as colorless 
crystals, 25.8 g. Hydrolysis of the acetal as described above gave 
pure 9b (19.0 g) as a colorless solid, which was identical to 
previously reported material.27 

4-[ (Di-  tert-butylphosphono) hydroxymethyl]bromo- 
benzene (8d). ToastirredsuspensionofNaH (2.88g, 120mmol) 
in anhydrous THF (100 mL) at 0 OC was added di-tert-butyl 
phosphite (23.3 g, 120 mmol) in anhydrous THF (100 mL) 
dropwise over 5 min, and the mixture was stirred at  0 O C  (30 

(25) Cushman, M.; Lee, E. S. Tetrahedron Lett. 1992,35,1193. 
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min). Asolutionof4-bromobenzaldehyde (7b) (18.5g, 100mmol) 
in anhydrous THF (20 mL) was added rapidly and the mixture 
was brought to rt over 1 h. The reaction mixture was diluted 
with brine (200 mL) and subjected to an extractive workup 
(CHC13) to yield crude 8d as a white crystalline solid. Trituration 
with petroleum ether provided 8d as white crystals (34.0 g, 
90%): mp 126.0-126.5 "C; hydrate mp 114-115 OC; lH NMR 

2.2 Hz, H3), 4.78 (dd, 1 H, J = 10.2 and 3.5 Hz, P-C-H), 2.92 (dd, 

9 H, OC(CH3)3). Anal. Calcdfor C15H24N04PBrJ/rH20 C, 46.95; 
H, 6.44. Found: C, 46.91; H, 6.42. 
44 (Di- tert-butylphosphono)oxomethyl]bromobenzene 
(a). To a solution of 8d (16.4 g, 43.3 mmol) in anhydrous CH2- 
C12 (300 mL) at  0 OC was added pyridinium dichromate (40.7 g, 
108 mmol), and the suspension stirred overnight, coming to rt 
gradually. The crude mixture was filtered through a Florisil pad 
and the pad was washed with EtOAc. The combined filtrates 
were taken to dryness to yield 8e as a clear, light brown oil (13.9 
g, 86%). Silica gel chromatography [EtOAc-hexanes (1:4)1 
afforded analytically pure 8e as a clear light yellow oil: lH NMR 

and 1.0 Hz, H3), 1.52 (s, 18 H, OC(CH3)3). Anal. Calcd for 
C15H22N04PBr: C, 47.76; H, 5.88. Found: C, 47.86; H, 5.92. 
4-[ (Di- tert-butylphosphono)difluoromethyl]bromo- 

benzene (8g). To 8e (9.40 g, 25.0 mmol) was added DAST (16.5 
mL, 125 mmol) over 5 min at 0 OC. The reaction was brought 
to rt gradually and stirred overnight. The mixture was cooled 
to 0 O C ,  diluted with CHC13 (15 mL), and added dropwise to a 
well-stirred suspension of aqueous NaHC03 (69 gin 300mL H2O) 
at 0 O C .  The resulting mixture was stirred briefly, diluted with 
H20 (500 mL), and subjected to an extractive workup (CHCl3) 
to yield crude 8g as a brown oil (10.1 9). Chromatography over 
Florisil (CHCl3) yielded pure 8g as a light yellow oil (5.38 g, 

2 H, J = 8.6 Hz, H3), 1.45 (8,  18 H, OC(CH3)3). Anal. Calcd for 
C15H22N03PBrF2: C, 45.13; H, 5.55. Found: C, 45.55; H, 5.75. 
4 4  (Di- tert-butylphosphono)difluoromethyl]benz- 

aldehyde (9c). To 8g (2.90 g, 7.27 mmol) in anhydrous Et20 (36 
mL) at -78 OC was added dropwise n-BuLi (1.6 M in hexane, 6.8 
mL, 10.9 mmol). The brown solution was stirred initially at  -78 
OC (10 min) and then at  -55 "C (10 min) and finally cooled to 
-78 OC, and HC02Et (1.20 mL, 14.5 mmol) in Et20 (15 mL) was 
added slowly (5  min). The mixture was stirred (15 min), quenched 
by addition of saturated aqueous NHdCl(50 mL), and brought 
to rt. An extractive workup (Et2O) provided crude 9c as a light 
yellow solid (2.27 g, 90%). Purification by silica gel chroma- 
tography [EtOAc-hexanes (1:4) containing 1 % pyridine] afforded 
analytically pure 9c as a colorless crystalline solid (884 mg, 
35% ): mp 93-95 "C; 1H NMR (CDCl3) 6 10.08 (a, 1 H, CHO), 7.92 

18 H, OC(CH&). Anal. Calcdfor C16H23N04PF2.HzO: C, 53.78; 
H, 6.77. Found: C, 53.71; H, 6.56. 

Methyl a-Azido-4-[(di-tert-butylphosphono)difluoro- 
methyllcinnamate (loa). To a stirred solution of 9c (890 mg, 
2.56 mmol) and ethyl a-azidoacetate28 (3.30 g, 25.6 mmol) in 
MeOH (13 mL) was added NaOMe (5.4 M in MeOH, 3.8 mL, 20.5 
mmol) dropwise at 0 OC and the reaction was stirred at 0 OC (1 
h). The reaction was diluted with brine (50 mL) and subjected 
to an extractive workup (Eh0) to yield 10a as an oil, 779 mg 

(d, 2 H, J = 8.0 Hz, H3), 6.90 (s, 1 H, vinylic H), 3.81 (s, 3 H, 

Methyl a-Azido-4-[ (di- tert-buty1phosphono)hydroxy- 
methyllcinnamate (1Oc). To a solution of ethyl a-azidoacetate 
(6.45 g, 50 mmol) and 9b (1.64 g, 5.0 mmol) in MeOH (20 mL) 
at  -78 "C was added NaOMe (5.4 M in MeOH, 7.4 mL, 40 mmol) 
dropwise over 5 min. The mixture was stirred briefly at  -78 OC 
(5min) and then 0 OC (1 h). The resultinglight yellow suspension 
was subjected to an extractive workup (brine/EtOAc) to yield a 
light yellow crystalline solid, which was triturated with CHC13- 
petroleum ether to yield 1Oc as light yellow crystals (1.26 g, 
57%): mp 111-113 OC; lH NMR (CDC13) 6 7.79 (d, 2 H, J = 8.2 
Hz, Hz), 7.41 (dd, 2 H, J = 8.2 and 2.2 Hz, H3), 6.90 (a, 1 H, 

(CDCl3) 6 7.45 (d, 2 H, J = 8.4 Hz, Hz), 7.30 (dd, 2 H, J =  8.4 and 

1 H, J 9.7 and 4.0 Hz, OH), 1.42 (8,  9 H, OC(CH&), 1.39 (8 ,  

(CDCl3) 6 8.15 (d, 2 H, J = 8.6 Hz, H2), 7.61 (dd, 2 H, J = 8.6 HZ 

54%): 'H NMR (CDC13) 6 7.65 (d, 2 H, J = 8.4 Hz, H2), 7.43 (d, 

(d, 2 H, J = 8.0 Hz, H2), 7.75 (d, 2 H, J = 8.0 Hz, H3), 1.46 (8,  

(68%): 'H NMR (CDCl3) 6 7.84 (d, 2 H, J = 8.0 Hz, H2), 7.58 

OCHa), 1.46 (8,  18 H, OC(CH&). 

e 

~ 

(28) Hemeteberger, H.; Knittel, D.; Weidmann, H. Monatsch. Chem. 
1969, 100, 1599. 
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vinylic-H), 4.86 (d, 1 H, J = 10.9 Hz, P-C-H), 1.43 (a, 9 H, OC- 
(CH3)3), 1.37 (8, 9 H, OC(CH3)a). 

Methyl 44 (Di- tert-butylphosphono) hydroxymethyll-D&- 
phenylalaninate (llc). A solution of 1Oc (1.25 g, 2.85 mmol) 
in MeOH (50 mL) was hydrogenated in a Parr apparatus over 
10% Pd-C (200 mg) under 40 psi H2. The hydrogen was 
replenished after 10 min. The reaction was terminated after 3 
h, and catalyst was removed by filtration. Evaporation of solvent 
yielded llc as a clear, colorless syrup (1.17 g, 100%). Silica gel 
chromatography [CHCLMeOH (25:1)] provided 1 IC as colorless 
crystals (92%): mp 58-60 "C; 'H NMR (CDC13) 6 7.37 (dd, 2 H, 
J = 8.0 and 2.1 Hz, H3), 7.14 (d, 2 H, J = 8.0 Hz, Hz), 4.79 (d, 
1 H, J = 10.3 Hz, P-C-H), 3.73 (dd, 1 H, J 7.7 and 5.3 Hz, Ha), 
3.68 ( ~ , 3  H, OCH3), 3.07 (dd, 1 H, J 13.4 and 5.3 Hz, Hp), 2.87 
(dd, 1 H, J = 13.4 and 7.7 Hz, HB), 1.41 ( ~ , 9  H, OC(CH3)3), 1.37 
(s ,9  H, OC(CH3)a). Anal. Calcd for C19Hs204PN: C, 56.85; H, 
8.04. Found: C, 56.96; H, 8.05. 

Methyl 44 (Di- tert-butylphosphono)hydroxymethyl]-N- 
(benzyloxycarbonyl)-D,L-phenylalaninate (1 la). To a so- 
lution of l lc (4.68 g, 11.7 mmol) in THF (115 mL) at  0 OC was 
added NEt3 (6.50 mL, 46.7 mmol), followed by benzyl chloro- 
formate (1.67 mL, 11.7 mmol) dropwiseviasyringe. The reaction 
was stirred at 0 OC (20 min), quenched by slow addition of brine 
(50 mL), and subjected to an extractive workup (EtzO) to yield 
crude l l d  (5.90 g 94%). Silica gel chromatography [CHCla- 
MeOH (301)l provided l l d  as a colorless solid (5.30 g, 85%): 
mp 132-134 OC; lH NMR (CDC13) S 7.34 (m, 7 H, H3 and Ph), 

J = 7.8 Hz, Ha), 3.68 (8,  3 H, OCHs), 3.10 (br 8, 2 H, Hp), 1.39 
(a, 9 H, OC(CH&), 1.35 (e, 9 H, OC(CH3)3). Anal. Calcd for 
C27H38NOa: C, 60.55; H, 7.15. Found: C, 60.36; H, 7.21. 

Methyl 4-[ (Di- tert-butylphosphono)oxomethyl]-N( benz- 
yloxycarbony1)-D,L-phenylalaninate (1 le). To a solution of 
l l d  (125 mg, 0.23 mmol) in CHC13 (1 mL) were added Celite (200 
mg) and freshly activated 4A molecular sieves (230 mg). Pyri- 
dinium dichromate (219 mg, 0.58 mmol) was added and the 
mixture stirred at rt (4 h). The reaction was diluted with EtOAc 
(5  mL) and filtered through a pad of Florisil. The Florisil was 
rinsed with EtOAc (30 mL), and combined filtrates were taken 
to dryness to afford crude lle (85 mg, 70%). Silica gel 
chromatography [EtOAc-hexanes (1:1)] provided l l e  as a light 
yellow syrup (77 mg, 62%): lH NMR (CDC13) 6 8.20 (d, 2 H, J 
= 7.8 Hz, H3), 7.32 (br s, 5 H, Ph), 7.19 (d, 2 H, J = 7.8 Hz, H2), 

J = 7.8 Hz, Ha), 3.69 (s, 3 H, OCH3), 3.16 (m, 2 H, 2H&, 1.52 (a, 
18 H, OC(CH&). Anal. Calcd for C2,H36NO$NJ/2H20: C, 
59.77; H, 6.87. Found: C, 59.67; H, 6.84. 

Methyl 44 (Di- tert-butylphosphono)difluoromethyl]-N- 
(benzyloxycarbonyl)-D,L-phenylalaninate (1 If). To keto 
phosphonate l l e  (490 mg, 0.92 mmol) was added DAST (1.8 
mL), and the mixture was stirred at  rt overnight. The reaction 
mixture was cooled (0 "C), diluted with CHC13 (5  mL), and added 
dropwise to a cold, well stirred solution of saturated aqueous 
NaHC03 (20 mL). The mixture was subjected to an extractive 
workup (CHC13) yielding crude l l f  (665 mg). Immediate 
purification by silica gel chromatography [EtOAc-hexanes (1: 
2)] provided l l f  as a yellow syrup (274 mg, 54%): lH NMFt 
(CDC13) 6 7.48 (d, 2 H, J = 7.9 Hz, H3), 7.32 (br s, 5 H, Ph), 7.13 

7.05 (d, 2 H, J = 8.1 Hz, Hz), 5.14 (d, 1 H, J = 7.8 Hz, NH), 5.07 
(8,  2 H, OCH2), 4.80 (d, 1 H, J = 10.3 Hz, P-C-H), 4.62 (q, 1 H, 

5.23 (d, 1 H, J = 7.8 Hz, NH), 5.08 (8,  2 H, OCHz), 4.68 (4, 1 H, 

(d, 2 H, J = 7.9 Hz, H2), 5.18 (d, 1 H, J = 7.8 Hz, NH), 5.07 (8,  
2 H, OCHz), 4.65 (9, 1 H, J 7.8 Hz, Ha), 3.68 (s, 3 H, OCH3), 
3.14 (m, 2 H, 2Hp), 1.42 (a, 18 H, OC(CH3)a). 

Methyl 4 4  (Di- tert-butylphosphono)difluoromethyl]-D&- 
phenylalaninate (1 la). Compound 1 If (610 mg, 1.10 mmol) in 
anhydrous MeOH (22 mL) was hydrogenated over 10% Pd-C 
(183 mg) under H2 (48 psi) in a Parr apparatus. After 30 min 
the vessel was evacuated and replenished with HP. After 4 h, the 
mixture was filtered through Celite over-layered with silica gel 
and solvent evaporated, yielding crude 1 lg (420mg). Purification 
by silica gel chromatography [CHCkMeOH (301)l afforded 
l l g  as a colorless syrup (135 mg, 40%): lH NMR (CDC13) 6 7.51 

1 H, J = 7.2 and 5.4 Hz, Ha), 3.68 (a, 3 H, OCHs), 3.10 (dd, 1 H, 

1.43 (8, 18 H, OC(CH3)3). Anal. Calcd for C ~ ~ H ~ ~ N O ~ P N F Z :  C, 
54.15; H, 7.18. Found: C, 54.03; H, 7.19. 

(d, 2 H, J = 6.9 Hz, H3), 7.23 (d, 2 H, J 6.9 Hz, Hz), 3.73 (dd, 

J = 13.5 and 5.4 Hz, HO), 2.90 (dd, 1 H, J = 13.5 and 7.2 Hz, Hjd, 
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Table I 
~~ ~~ 

HPLC 
retention 

[time yield, 
FABMS [(M - H)-I 

no. compound (min)~] % calcd found amino acid analysis* [(expected) found] 
128 H-Gly-L-Pmp-Val-Pro-Met-Leu-OH 14.4 40 755.3 755.2 Pro (1) 1.04; Gly (1) 1.07; Val (1) 1.03; Met (1) 0.79; Leu (1) 107 
12b H-Gly-D-Pmp-Val-Pro-Met-Leu-OH 15.2 41 755.3 755.3 Pro (1) 1.04; Gly (1) 1.06; Val (1) 1.05; Met (1) 0.77; Leu (1) 1.08 
120 H-Gly-L-FPmp-Val-Pro-Met-Leu-OH 14.1 30 773.3 773.1 Pro (1) 1.08; Gly (1) 1.06; Val (1) 1.06; Met (1) 0.71; Leu (1) 1.09 
12d H-Gly-D-FPmp-Val-Pro-Met-Leu-OH 15.3 29 773.3 773.3 Pro (1) 1.05; Gly (1) 1.05; Val (1) 1.03; Met (1) 0.81; Leu (1) 1.05 
120 H-Gly-L-HOPmp-Val-Pro-Met-Leu-OH 13.9 25 771.3 771.2 Pro (1) 1.04; Gly (1) 0.95; Val (I) 1.03; Met (1) 0.93; Leu (1) 1.05 
12f H-Gly-D-HOPmp-Val-Pro-Met-Leu-OH 14.7 23 771.3 771.3 Pro (1) 1.04; Gly (1) 1.11; Val (1) 1.01; Met (1) 0.57; Leu (1) 1.04 

HPLC conditions: Vydac CIS (4.6 X 150 mm) column. A, 0.05% TFA in H2O; B, 0.05% TFA in 90% acetonitrile in H20; gradient (B%): 
1-50% over 20 min, flow rate of 1.0 mL/min. UV detector, 220 nm. (Phosphonomethy1)phenylalanine analogues not analyzed for. 

4 4  (Di- tert-buty1phosphono)difluoromet hyll-N-( fluoren- 
9-ylmethoxycarbonyl)-D,L-phenylalanine (5). To a solution 
of amino ester l l g  (15 mg, 0.036 mmol) in dioxane (0.5 mL) was 
added 1 N NaOH (180 pL), and the reaction was stirred at rt (20 
min) to generate the free amino acid, which was not isolated. 
Carbon dioxide was introduced until the pH was reduced to 8.0- 
8.5 (pH paper). Solid Fmoc-OBt (15 mg, 0.043 mmol) was added 
along with dioxane (0.5 mL), and the reaction was stirred (1 h), 
diluted with cold 5% citric acid (10 mL), and subjected to an 
extractive workup (CHC13), yielding crude 5 (23 mg). Purification 
by silica gel chromatography [CHCb-MeOH (5:1)] afforded 5 
(14 mg, 60%): IH NMR (CDC13) 6 7.74 (d, 2 H, J = 7.4 Hz, HI, 
and Hs,), 7.55 (d, 2 H, J = 7.3 Hz, H4, and Hs), 7.47 (d, 2 H, J 
= 7.8 Hz, H3), 7.38 (t, 2 H, J = 7.3 Hz, Hr  and He), 7.30 (m, 2 

7.5 Hz, NH), 4.67 (m, 1 H, HJ, 4.40 (m, 2 H, OCH2), 4.19 (t, 1 

OC(CH3)3), 1.39 ( 8 ,  9 H, OC(CH3)3). Anal. Calcd for 
C33H3~N07PNF~2H20 C, 59.54; H, 6.36. Found: C, 59.73; H, 
6.03. 

Methyl 4-[(Di-tert-butylphosphono)fluoromethyl]-N- 
(benzyloxycarbonyl)-D,L-phenylalaninate (1 lh). To DAST 
(0.60 mL, 4.5 mmol) in anhydrous CHC13 (2.2 mL) at  -78 OC was 
slowlyadded 1 Id (1.60 mg, 2.99 mmol) in CHC13 (10.0 mL). After 
10 min, the reaction mixture was warmed to rt and stirred (20 
min). The mixture was slowly diluted with brine (25 mL), 
subjected to an extractive workup (CHCls), and purified by silica 
gel chromatography [hexanes-EtOAc (1:1)] to afford l lh  as a 
syrup (1.10 g, 69%): lH NMR (CDC13) 6 7.32 (m, 7 H, H3 and 
Ph), 7.08 (d, 2 H, J = 7.8 Hz, H2), 5.43 (dd, 1 H, J = 45.0 and 

4.63 (9, 1 H, J = 7.9 Hz, He), 3.68 (8 ,  3 H, OCH3), 3.10 (br 8 ,  2 
H, Hd), 1.40 (8 ,  9 H, OC(CH&), 1.38 (8,  9 H, OC(CH3)3). Anal. 
Calcd for C27H37N07PF: C, 60.33; H, 6.94. Found: C, 60.42; H, 
6.97. 

Methyl 4-[(Di-tert-butylphosphono)fluoromethyl]-~,~- 
phenylalaninate (1 li). Treatment of Cbz-protected compound 
11 h (1.09g, 2.03 mmol) as previously described for the preparation 
of l l g  provided crude lli (813 mg). Purification by silica gel 
chromatography [CHCCMeOH (301)l afforded 1 li as acolorless 
syrup (694 mg, 85%): lH NMR (cX13) 6 7.38 (d, 2 H, J = 7.8 

3 H, OCH3), 3.07 (dd, 1 H, J = 13.6 and 5.4 Hz, HB), 2.87 (dd, 

9 H, OC(CH,),). Anal. Calcd for C19H31N05PNF: C, 56.57; H, 
7.75. Found: C, 56.97; H, 7.39. 

4 4  (Di- tert-butylphosphono)fluoromethyl]-N-( fluoren-9- 
ylmethoxycarbonyl)-D,L-phenylalanine (4). Treatment of 1 li 
(690 mg, 1.71 mmol) as previously described for the preparation 
of 5 yielded crude 4 (1.07 g). Purification by silica gel chroma- 
tography (gradient elution 0-5% MeOH in CHC13) gave pure 4 
as a white foam, 407 mg (40%): mp 87-90 "C; lH NMR (DMSO- 
de) 6 12.55 (br s, 1 H, COzH), 7.87 (d, 2 H, J = 7.4 Hz, HI, and 
Hs,), 7.66 (dd, 2 H, J = 7.5 and 2.0 Hz, H4, and Hb,), 7.40 (t, 2 H, 
J = 7.5 Hz, H3, and He), 7.31 (br s, 4 H, Hz,, Hy), 7.16 (br s, 2 
H, H2), 5.64 (dd, 1 H, J = 44.0 and 7.0 Hz, P-C-H), 4.21 (br 8, 
1 H, H A  4.16 (m, 3 H, Hs and OCH2), 3.05 (m, 1 H, Hp), 2.87 (m, 

m/z 610 (M - HI-, 544 (M - H - C4H9)-, 498 (M - H - CSHl&. 
Anal. Calcd for C33H39N07PNFJ/4H20: C, 63.40; H, 6.53. 
Found: C, 63.38; H, 6.34. 

4 4  (Di- tert-buty1phosphono)hydroxymet hyll-N-( fluoren- 
9-ylmethoxycarbonyl)-D,L-phenylalanine (6). Treatment of 

H, Hz, and H7,), 7.18 (d, 2 H, J = 7.8 Hz, H2), 5.36 (d, 1 H, J = 

H, J = 6.7 Hz, Hy), 3.22 (d, 2 H, J = 4.9 Hz, Hp), 1.44 (9, 9 H, 

7.9 Hz, P-C-H), 5.15 (d, 1 H, J = 7.8 Hz, NH), 5.07 ( ~ , 2  H, OCH?), 

Hz, H3), 7.18 (d, 2 H, J = 7.8 Hz, Hz), 5.44 (dd, 1 H, J = 45.0 and 
7.7 Hz, P-C-H), 3.72 (dd, 1 H, J 7.6 and 5.4 Hz, He), 3.68 (8, 

1 H, J = 13.6 and 7.6 Hz, Hp), 1.42 ( 8 ,  9 H, OC(CH&), 1.40 (8,  

1 H,Hd), 1.34(~,9H,OC(CH3)3), 1.31 (s,~H,OC(CH~)~);FABMS 

llc (410 mg, 1.02 mmol) as previously described for the 
preparation of 5 yielded crude 6 (775 mg). Purification by silica 
gel chromatography (gradient elution 0-20% MeOH in CHCl3) 
afforded pure 6 as a colorless solid (277 mg, 44% 1: mp 70-75 OC; 
'H NMR (DMSO-&) 6 12.70 (br 8, 1 H, C02H), 7.87 (d, 2 H, J 
= 7.4 Hz, HI, and Hw), 7.67 (m, 2 H, H4, and HE,), 7.40 (t, 2 H, 
J = 7.3 Hz, H3, and He,), 7.31 (m, 4 H), 7.18 (d, 2 H, J = 7.8 Hz, 

9.1 and 5.5 Hz, P-C-H), 4.23 (br s, 1 H, Ha), 4.16 (m, 3 H, Hg and 
Hz), 5.79 (dd, 1 H, J = 10.1 and 5.6 Hz, OH), 4.58 (dd, 1 H, J = 

NC02CH2), 3.04 (dd, 1 H, J = 12.6 and 12.4 Hz, Hp), 2.83 (dd, 
1 H, J = 12.8 and 12.4 Hz, HB), 1.32 ( ~ , 9  H, OC(CH3)3), 1.27 (8, 
9 H, OC(CH3)3). Anal. Calcd for C33Hm08PN: C, 65.01; H, 6.61. 
Found: C, 65.10; H, 7.19. A sample was prepared for accurate 
mass determination by treatment with TFA (4 h), to provide 
4-(phosphonohydroxymethyl)-N-(fluoren-9-ylmethoxycarbonyl)- 
D,L-phenylalanine: high resolution FABMS m/z calcd for 

Synthesis of H-Gly-X-Val-Pro-Met-Leu-OH (12a-f) [X = 
D,L-Pmp, D,L-( fluoro)Pmp, D,L-( hydroxy)Pmp]. A mixture 
of 4- [(2',4'-dimethoqphenyl)hydroxymethyllphenoxy resinn (1.0 
g, 0.35 mmol/g), Fmoc-Leu-OH (2.47 g, 7.0 mmol), diisopropyl- 
carbodiimide (DIPCDI) (1.1 mL, 7.0 mmol), and (dimethyl- 
amino)pyridine (DMAP) (85 mg, 0.70 mmol) in DMF (25 mL) 
was shaken (2 h). The resin was rinsed with DMF and CH2C12 
(5 X 20 mL each) and dried. Fmoc deprotection was achieved 
using 20 % piperidine in DMF (20 min) and the Fmoc-protected 
Met, Pro, and Val amino acids were then sequentially condensed 
in a manner similar to that above without DMAF' using a &fold 
molar excess of amino acid per cycle. Attachment of the various 
Fmoc-0-tert-butyl protected Pmp derivatives (3,4, and 6) was 
done using 235 mg of tetrapeptide resin (containingapproximately 
80 Hmol of bound peptide) using 5 molar equiv of amino acid as 
above. Coupling of the terminal Gly was achieved using 
pentafluorophenyl Fmoc-glycinate (Fmoc-Gly-0-Pfp) in DMF 
(5 mL) over a period of 3 h. Terminal Fmoc protection was 
removed (piperidine/DMF) and the peptides were deprotected 
and cleaved from the resin simultaneously by treatment with 
TFA-thioanisole (1.8 mL0.2 mL) in the presence of m-cresol(50 
pL) and ethanedithiol(50 pL) at  4 "C. After 1 h the resin was 
removed by filtration and the crude peptides were precipitated 
from the filtrate by the addition of petroleum ether (50 mL). 
Solvent was removed by decantation and the residue was 
triturated with EtzO, collected by centrifugation, and then 
lyophilized from 20% AcOH (10 mL). D- and L-Pmp-containing 
diastereomers were separated by HPLC as outlined in Table I. 
Assignment of absolute configurations was achieved similar to 
that previously reported15 based on the relative rates of hydrolysis 
in the presence of amin0~eptidase-M.~~ 

Cz5H2303PN 496.1161, found 496.090. 
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