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L-Phosphonomethylphenylalanine (L-Pmp) is an important phosphatase-resistant pTyr analogue. A most concise and stereoselective approach
to the synthesis of the suitably protected Fmoc-Pmp(Bu?),-OH was developed in order to incorporate the functionally significant L.-Pmp residue
into peptides and peptidomimetics efficiently using standard Fmoc protocol. With this key building block, we are able to efficiently synthesize
a series of potent Pmp-containing Grb2-SH2 domain antagonists, which can be used as chemotherapeutic leads for the treatment of erbB2-
overexpressed breast cancer.

The posttranscriptional Phosphorylation on tyrosine resi- chemical and enzymatic lability of pTyr restricts its ap-
dues of proteins plays important roles in cellular signal plicability in the process of drug discovery. Therefore, a
transductior. Great efforts have been made to develop number of pTyr mimetics have been developed with im-
phosphotyrosine (pTyr)-containing peptides and peptidomi- proved hydrolytic stabilit. Among these mimeticsy-
metics to modulate aberrant cellular signaling for the phosphonomethylphenylalanine-Pmp)# the structure of
treatment of cancer and other diseasddowever, the which is shown in Figure 1, has been widely used for
designing biological and pharmacological probes, since Pmp
T National Institutes of Health. is not only phosphatase-resistant but also exhibits similar
* Michigan University. biological properties to phosphotyrosine.
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Figure 1. Structure of pTyr and pTyr mimetics.

During the past decade, several approaches have been

developed to synthesize raceffior enantiomerically pure
Pmp and its protected derivatives by using a chiral auxiliary
or enzymatic desymmetrizatidror starting from a chiral
synthon? However, these synthetic methods are either too
tedious or not suitable for the synthesis of optically pure
Pmp and its derivatives in a large scale. Therefore, it is
significant to develop an efficient approach to the stereo-
selective synthesis of this key pTyr analogue for the
development of Pmp-containing pharmaceuticals and drug
candidates. Here, we would like to report a concise and
highly enantioselective approach to the synthesis of the
properly protected Pmp building block, Fmoé?mp(BU),-

OH 1 (Figure 1). This protection strategy can conveniently

Scheme 1. Concise Synthesis of FmaePmp(BU),-OH?2
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aReagents and conditions: (i) NaH, HPBu,, THF, reflux, 24
h, 94%; (ii) NBS, (PhCOQP, CCl, reflux, 4 h, 67%; (iii) 2,

and cleanly incorporate Pmp into a peptide using standardNaHMDS, THF-HMPA, —78 °C, 3 h, 78%; (iv) Pd black, kK

Fmoc protocol.

In our approach, diphenyloxazinor#® was employed
as a chiral auxiliary to build the desired chirality of the
a-carbon of Pmp, by virtue of the high diastereoselectivity,
friendly chemical properties, and commercial availability of
the reagen®.’® As shown in Scheme 1, the phosphonate
motif was constructed by refluxing 4-methylbenzylbromide
with sodium ditert-butyl phosphite in THF and subsequent
bromination withN-bromosuccinimidé? Subsequently, the
stereoselective enolate alkylation of the oxazin@neith
the obtained bromida proceeded at-78 °C in the presence
of solvating agent HMPA. In this step, the enolat€2afias
first generated with sodium hexamethyldisilylamide for-30
40 min in THF—HMPA at —78 °C, followed by the addition
of compound3 to afford the highly diastereoselective trans
alkylation produc#. Because of the intrinsic high reactivity
of the benzylic bromid&, the alkylation reaction can proceed
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2.5 bar, rt, overnight, 100%; (v) Fmoc-OSu, NaH{CGH;CN—
H.0, rt, overnight, 91%.

smoothly and, generally, more than 98% de can be achieved
according to Williams’ worki®@ After hydrogenolysis with
a catalytic amount of palladium black, det-butyl)-
phosphomethyl phenylalanirfewas obtained, followed by
Fmoc protection to give FmocPmp(BU),-OH 1 in a 45%
overall yield via five steps. The enantiomeric purity of
compoundl was determined by using HPLC to measure the
content of the synthesized diastereomers Fomod?mp-Val-
NH,.2272aCompoundL showed very good enantiomeric purity
(>95% ee). This is the most concise and stereoselective
approach to the synthesis of Pmp and its derivatives reported
to date, and the suitably protected FmePmp(BU),-OH 1
is a very useful synthon for the synthesis of Pmp-containing
peptides and peptidomimetics using standard Fmoc protocol.
Using this key building block, we are able to synthesize
efficiently the Pmp-containing Grb2-SH2 domain antagonists
7—12, which were designed on the basis of the phage library-
derived cyclic peptidéG1TE (Figure 2)!' Peptide6 was
designed as a negative control. Compared to the Pmp-
containing peptide/, compounds3—11 were designed to
further constrain the conformation of these cyclic peptides.
To enhance cell permeability, peptid2 was developed by
conjugating with a hydrophobic carrier peptide. Most im-

(11) (a) Oligino, L.; Lung, F.-D. T.; Sastry, L.; Bigelow, J.; Cao, T;
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Wu, X.-W.; Wang, S.; Roller, P. Rl. Pept. Res2001, 57, 447—454.
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peptide12a using standard Fmoc protocol on PAL resin,
the Pmp residue can be cleanly incorporated using the

" % H 7:X= 8. R = Met coupling reagent HATU with the addition of HOAt to
N—Tvrgiker-GlytV?'e 8 X =S, R =2-Nal accelerate the reaction. To reduce the amount of deletion
R o s 1(9)2 é : f’kﬁs?fng - NPG peptide., a QOubIe coupling ;trategy was adopted cons.ideri.ng
4 11: X = (5)-8(=0), R = NPG the steric hindrance of 1-amino-1-cyclohexanecarboxylic acid
Ala’-Leu?-Pmp™ N (Ach). After the completion of peptide elongation, the
o} . . . .
0 o} N-terminal was capped with 10 equiv of chloroacetic
HZNJ\“’%‘& HN— anhydride to give compountb. No base was added in the
R= process of the chloroacetylation to avoid any chance of
s O O=g O=g o .
~ % % racemization. After the peptide was cleaved from the PAL
(Met) (NPG)  (2-Nal) (R)-S(=0) (5)-5(=0) resin by treatment with TFA containing 2.5% each (v/v) of
triethylsilane (TES) and deionized water, the linear chloro-
Figure 2. Structure of Pmp-containing G1TE analogifesll. acetylated peptide underwent intramolecular thioetherification

in dilute buffer solution to afford the carrier-conjugated
26mer cyclic peptidomimetié2 (Scheme 2).

portantly, the carrier-conjugated cyclic peptidi& can be The synthetic strategy of compount® can also be
syccessfully synt_heS|zed from cor_npOLmdDrewoust,.we employed for the synthesis of GITE analogués;O.
tried to synthesize peptidd2 using the commercially  gyifoxides10and11were obtained by treating the thioether
available Fmoae-Pmp-OH, but no product was obtained due g \ith 5% H,0, aqueous solution overnight. TheR)¢

to various side reactions caused by the free€d groups.  configured sulfoxidel can be easily separated as the major
As shown in Scheme 2, after the construction of the 23mer product from its diastereoisomét using HPLC, in a ratio

of 1.4:1. Compared to the5f-configured sulfoxidell, the
_ (R)-configured sulfoxide10 is more thermodynamically
Scheme 2. lllustrative Synthesis of Compourtt® stable and thus given as the major product under this mild
o 4 0 oxidization condition. The absolute configuration of the two
Fmoc i) N(Trt)-V-G-NGP-Y(Bu')—N \)LN _-_o sulfoxide isomers was determined by CD spectra according
HNAO_'< :-ENH 2 : H to the guidelines described in the literature and confirmed
2 a

™ . .
S(Trt) by extensive molecular modelirig.

W = AAVALLPAVLLALLAP Extracellular ELISA-based binding assays indicate that

- o} . H\i incorporating Pmp into the third position of GITE analogues
(@), (i), {iv) / NT-V-G-NGP-Y(BU) =N ; HIO tremendously improves the potency of the resulting peptides.
< NH 0 (Tms/’ For instance, the Pmzontaining peptide& is 20 000-fold
3 NH-L-A-N ol more potent than the corresponding Fgontaining analogue
o 6, as shown in Table 1. Replacing the Mletith the more
|g,oBu'
A
l ((") Table 1. Inhibitory Activities of Pmp-Containing G1TE

Analogues Evaluated by ELISA Assdys

HN—AAVALLPAVLLALLAP-NH
HN{\S o OH 2 amino acid compositions

[ O Lzz
;O NH compdsP AAl AA3 AAY  AAS AAL I1Cs0 (NM)©
HN O:I\ GITE Glu Tyr Glu Met Cys > 1054

0:8\\/ 6 Ala Tyr Ach Met Cys 2.65 x 10°

NH o (+1.20 x 105)
S: U 7 Ala Pmp Ach Met Cys 13.3 (+0.08)
VA HN-° 8 Ala Pmp Ach 2-Nal Cys 2.38 (£0.90)
H\)L j 9 Ala Pmp Ach NPG Cys 13.4 (£2.0)
HO~p (ﬁ’ N N 10 Ala Pmp Ach NPG' Cys(OR) 8.08 (40.76)
HO S o 4 H o H 11 Ala Pmp Ach NPG' Cys(0S) 18.5 (+3.6)
© e 1o 12¢  Ala Pmp Ach NPG' Cys 125 (+35)

a|n extracellular ELISA binding assays, a biotin-labeled SHC-phospho-
aReagents and conditions: (i) SPPS, Fmoc chemistry, ABI peptide competed with our G1TE analogueStructures of these G1TE

synthesizer; (i))1, HATU, HOAt, DIEA, DMF, rt, 1 h, double analogues are shown in Figure®/alues are means of three experiments;
i ! ! ’ y ! Y ' standard deviation is given in parenthestBiacore assay indicates that

coupling; (i) SPPS, Fmoc chemistry, ABI synthesizer; (iV) G1TE exhibits inhibitory activity with an 16 = 20 «M.11" € Sequence of
(CICHCO)O, 1t, overnight; (v) TFATTES:ED = 40:1:1, rt, 2 h; the carriet® and the structure of the carrier-conjugated pegt@lare shown
(vi) NH4OAc, NH,OH, pH= 8.2, CHiCN—H0, rt, 8 h. in Scheme 2f NPG stands foL-neopentylglycine.
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hydrophobic 2-naphthylalanine (2-Nal) gives the 2Nal || NG

containing peptid®, with an 1G, = 2.38 nM, which is 5.6-

fold more potent than the corresponding analogudhe D

improved binding affinity of compoun@is attributed to the Py H@\ N\
more favorable intramolecular van der Waals interactions \;:“ \2.. D ‘Q:\ >
of the hydrophobic naphthyl side chain of 2-Ralith the N $e) N Ny Q\"'
side chains of Letiand Cys'® as indicated by molecular MORTN o RN

modeling. Such interactions stabilize the favored conforma- p185 eIbB-2 wew o=

tion of the peptide and allow other residues such as®mp

Ach/ Asrp, Val®, and TyP in the peptide to bind to Grb2- GrD?2 o -p30

SH2 protein optimally. To further constrain the backbone

conformation of these Pmp-containing G1TE analogues, Figure 3. Inhibition of the association of Grb2 with p18%2in

compoundsl0 and 11 were designed and synthesized by MDA-MB453 cancer cells by treatment with compouh&

oxidizing the flexible thioether linkage of peptid® into

relatively rigid sulfoxides. Interestingly, only theR)- Figure 3. Compound?2 also exhibits a moderate antimito-

configured sulfoxidelO showed higher inhibitory potency genic effect in breast cancer cell cultures. The growth of

in comparison with the thioether precur&®mhile the other MDA-MB-453 cancer cells was inhibited by 40% after

diastereoisomet 1 is even less active than thioeth@due treatment with a 5«M concentration of inhibitorl2.

to an unfavorable conformational change caused by repulsion | conclusion, we have developed a concise and stereo-

between the oxygen of th&configured sulfoxide and the  ggjective approach to the synthesis of the suitably protected

carbonyl oxygen of thé\-acetyl group according to molec- L-Pmp building block Fmoe-Pmp{Bu),-OH, which is very

ular modeling and CD spectfé. _ _ _useful in the synthesis of Pmp-containing peptides and
Whole g:ell assays show that the carrier-conjugated cyclic peptidomimetics. Using this key synthon, we are able to

peptidomimetic12 can penetrate cell membranes and ef- efficiently synthesize a series of potent Pmp-containing Grb2-

felcé';?bg (I:r(])zlwblre;hiGn aesrzgczlil\?enre?(f :i;bszinpr('\)jgz_va'gj 4?,; SH2 domain antagonists, which are typically at least 10
P P P 9 fold more potent than the lead G1TE.

cancer cells at low micromolar concentrations, as shown in

(12) (a) Ottenheijm, H. C. J.; Liskamp, R. M. J.; Helquist, P.; Lauher, 3. Supporting Information Available: Experimental details

W.; Shekhani, M. SJ. Am. Chem. Sod981, 103 1720-1723. (b) Kubec, ~ for the preparation of compounti and G1TE analogues
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Org. Chem.1987 52, 1511-1517. (d) Liskamp, R. M. J.; Zeegers, H. J. about CD spectral analysis of compounés-11, and

M.; Ottenheijm, H. C. JJ. Org. Chem1981, 46, 5408-5413. (e) Detailed ; ; iali ;
information about CD spectra analysis and molecular modeling is described molecular modeling. This material is available free of charge

in Supporting Information. via the Internet at http://pubs.acs.org.
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