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Articles

Structure-Based Design and Solid-Phase Parallel Synthesis of
Phosphorylated Nonpeptides to Explore Hydrophobic Binding at the

Src SH2 Domain

Chester A. Metcalf III,* Charles J. Eyermann, Regine S. Bohacek, Chad A. Haraldson,
Vaibhav M. Varkhedkar, Berkley A. Lynch, Catherine Bartlett, Shelia M. Violette, and

Tomi K. Sawyer

ARIAD Pharmaceuticals, Inc., 26 Landsdowne Street, Cambridge, Massachusetts 02139-4234

ReceiVed NoVember 29, 1999

Using a novel, solid-phase parallel synthetic route and a computational docking program, a series of
phosphorylated nonpeptides were generated to determine their structure-activity relationships (SAR) for
binding at the SH2 domain of pp60src (Src). A functionalized benzoic acid intermediate was attached to
solid support via Rink amide linkage, which upon acid cleavage generated the desired benzamide template-
based nonpeptides in a facile manner. Compounds were synthesized using a combination of solid- and
solution-phase techniques. Purification using reversed-phase, semipreparative HPLC allowed for quantitative
SAR studies. Specifically, this work focused on functional group modifications, in a parallel fashion, designed
to explore hydrophobic binding at the pY+3 pocket of the Src SH2 domain.

Introduction

The discovery of lead compounds, via high-throughput
screening, for a variety of biological targets has been
accelerated through the utilization of combinatorial libraries;1

traditionally these compound collections have been synthe-
sized as mixtures. Techniques involving parallel solid-phase
synthesis provide rapid access to multiple, discrete analogues
and allow SAR interpretation at both lead generation and
lead optimization stages. To broaden the synthetic scope of
this field, a reaction scheme combining both solid- and
solution-phase reactions can be followed to provide com-
pounds of varying complexity and diversity. This approach
recognizes the strengths and limitations of each synthetic
methodology and then devises a route accordingly, maximiz-
ing yield and purity.2 Furthermore, structure-based drug
design may be integrated with combinatorial chemistry to
facilitate and enhance the iterative optimization cycles of
drug discovery for a specific biological target.3

A variety of proteins involved in signal transduction
contain noncatalytic Src homology-2 (SH2) domains that
function as mediators of intracellular protein-protein inter-
actions. These SH2 domains (∼100 amino acids in size) bind
pTyr-containing proteins and peptides in a sequence depend-

ent manner,4 which provides on a cellular level the basis for
differentiation of the phosphorylation/dephosphorylation
events surrounding a multitude of signaling pathways.5,6 This
intricate role of SH2 domains in cell function coupled with
the postulated involvement of the nonreceptor tyrosine kinase
Src in various disease states (i.e., cancer, osteoporosis)7

provides an impetus to develop Src SH2-binding small
molecules as therapeutic modulators of the aberrant signaling
activity associated with these diseases.8,9 The major binding
regions of Src SH2 as determined by X-ray crystallog-
raphy10,11are the pTyr and pY+3 (pTyr+3) pockets (Figure
1). The pY+3 region of Src SH2 is highly hydrophobic
in nature, characterized by Tyr 205, Ile 217, and Leu 240
residues, with additional H-bonding possibilities from Tyr
205, Thr 218, as well as a buried Tyr 233 protein residue.
Much of our understanding of Src SH2-ligand interactions
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Figure 1. Binding interactions of compound1a with Src SH2.
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comes from complexed protein structures with peptides
containing the high-affinity motif pTyr-Glu-Glu-Ile, a se-
quence preferred by Src SH2 as first shown in an elegant
study by Cantley et al. in 1993.4 Some significant protein-
ligand interactions include Arg 178 with the phosphate
oxygens of pTyr, mutation of which abolishes all binding,12

and a direct H-bonding contact involving the ligand pY+1
Glu backbone NH and the carbonyl oxygen of the His 204
protein residue.

We were interested in probing the pY+3 interactions of a
high-affinity nonpeptide,1a13a(Figure 2), at the SH2 domain
of Src, as part of an ongoing effort to develop novel inhibitors
of Src SH2-associated signal transduction pathways.14 Al-
though there are a number of papers describing the interac-
tions of peptides/peptidomimetics with Src family and related
SH2 domains,13 the pY+3 region of Src SH2 domain has
been explored only on a limited basis with nonpeptidic small
molecule inhibitors.15,16Also, observations from our model-
ing studies as well as others15 suggest that a cyclohexyl group
does not allow for the most optimal pY+3 interactions, as
it primarily engages only surface type contacts with the
protein.

In this report, we describe an integrated strategy that
utilizes the rapid analogue generation capabilities of parallel
synthesis to understand the binding possibilities available to
derivatives of compound1 through structurally biased
modifications made to the pY+3 site of the molecule.17 For
our study, a combination of both solid- and solution-phase
reactions were employed to generate the required compounds
for quantitative SAR evaluation. A computational docking
program was used to identify appropriate pY+3 substituents.
In addition, compounds related to structure2a16 (Figure 2)
were generated to demonstrate the versatility of the solid-
phase synthetic method.

Results

Solid-Phase Chemistry Strategy and Synthesis.Model-
ing studies as well as an X-ray crystal structure17 demonstrate
that the carboxamide functionality contained in the benz-
amide template of1a is critical for binding, interacting with
both the Lys 206 and the Ile 217 protein residues of Src
SH2 (Figure 1). The effect on Src SH2 binding can be seen
in a reported result16 for the related compounds3 and 4
(Figure 3), in which the des-amide compound4 shows a
greater than 15-fold decrease in binding affinity compared
to the parent compound3. The benzamide structural infor-
mation coupled with the attractiveness of parallel synthesis
for rapid compound generation prompted us to devise a
hitherto unreported solid-phase route to compounds1a and
2a along with their pY+3 derivatives, exploiting the car-
boxamide functionality in a dual capacity role as both a linker
attachment site and conserved binding element. The selection
of a Rink amide linker was made based on straightforward
template attachment and eventual generation of the critical
binding moiety upon cleavage. It was decided at an early
stage, taking into consideration overall yield and chemistry
efficiency, to construct the central salicylic template sepa-
rately in bulk using solution-phase techniques. Modification
of the literature procedure18 allowed construction of the
template with the necessary functionality for attachment to
the solid support and subsequent analogue generation. This
synthetic strategy still realizes the full benefits of parallel
synthesis, since the diversity elements are introduced after
the template-containing resin has been loaded into the parallel
synthesizer. The number of nondiversity solid-phase steps
requiring reaction optimization are also minimized using this
protocol. Thus, preparation of6 started with condensation
of commercially available methyl 5-acetylsalicylate with
hydroxylamine hydrochloride (Scheme 1). Hydrogenation
with Raney nickel in a Parr apparatus (45 psi) and precipita-
tion with a 1.0 M solution of Et2O‚HCl provided clean amine
hydrochloride5. One-pot hydrolysis and Alloc protection
followed by workup and recrystallization from EtOAc/CH2-
Cl2 provided the salicylic acid template6 in excellent yield
and purity for subsequent resin attachment.19

Template6 was coupled to Rink amide AM resin (Nova-
biochem) in batch using standard protocols (EDC/HOBt) to
provide, upon excess solvent removal, resin7 with an
assumed theoretical loading capacity of 0.65 mmol/g (Scheme
2). The charged resin7 was loaded into pre-silylated reaction
vessels (RVs) and placed into a Nautilus 2400 organic syn-

Figure 2. Src SH2 nonpeptide compounds1a and2a.

Figure 3. Effect of carboxamide group on Src SH2 binding affinity.

Scheme 1a

a Reagents and conditions: (a) HONH2‚HCl, pyridine, rt, 22 h; (b) Raney
Ni, 45 psi H2 (Parr apparatus), EtOH/Et3N (5:1); (c) HCl‚Et2O; (d) 2.3 N
NaOH, DME; (e) diallyl dicarbonate/DME.
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thesizer20 where analogue generation took place. Mitsunobu
coupling using the diversity alcohols R1-OH under double
coupling conditions generated the resin-bound ether8.
Sterically hindered and electron-poor alcohols (e.g., 2,4-
dimethyl-3-pentanol and 1,1,1,3,3,3-hexafluoro-2-propanol)
failed to provide coupled product. Alloc deprotection and
amide formation with either Ac-Tyr(PO3Bn2)-OH21 or
p-(OPO3Bn2)PhCO2H21 using an EDC/HOBt activation pro-
cedure provided the coupled resin product9 with each
individual RV containing a discrete product. At each step
throughout the solid-phase reaction sequence, representative
resin aliquots (ca. 3 mg/ea) from several of the RVs were
cleaved and analyzed by HPLC and LRMS (ES() to verify
product formation. A typical analytical protocol involved the
addition of 5-30% TFA in dichloromethane to a 1 dram
vial containing the resin and then allowing∼5 min to lapse
before concentrating the sample with a stream of N2. This
was repeated with 100% dichloromethane followed by the
addition of 0.4 mL of 50:50 acetonitrile/water (1 drop of
DMSO pre-added to dissolve the sample), filtration by
centrifuge (0.45µm filter inserts), and analysis of the divided
filtrates. This method was mild enough not to jeopardize the
integrity of the intermediate products, while providing in a
timely fashion (similar to taking a TLC) ample amounts of
cleavage material for reaction assessment. Benzyl phosphate
deprotection and concurrent resin cleavage with 95% TFA/
H2O followed by concentration of the cleavage solutions
provided the crude product residues. The resulting oils/

semisolids were then purified by reversed-phase (RP) semi-
preparative HPLC to provide the products1a-h and2a,d,f,g.
Overall yields of the purified products are provided in Table
1 and ranged from 23 to 76% (50% av). No attempts were
made during HPLC purification to separate the diastereo-
meric peaks of1a-h, and in all cases the approximately
50/50 mixture (verified by1H NMR) of diastereomeric
products were assayed as such.

Assay.Compounds were tested for binding to Src SH2
using a fluorescence polarization (FP) binding assay accord-
ing to methods previously described.22,14a IC50 values were
assigned to individual compounds according to their com-
petitive binding affinity versus a high-affinity peptide probe,
fluorescein-pTyr-pTyr-pTyr-Ile-Glu-NH2.

Computational Method for Selection of pY+3 Groups.
The diversity chemistry allows the addition of almost any
primary or secondary alcohol to the benzamide template;
therefore, molecular modeling was used to aid in the selection
of those side chains predicted to form the most favorable
interactions with the pY+3 binding site atoms. Commercially
available alcohols were selected for a virtual screening study
using a molecular weight cutoff of less than 250 Da (larger
groups would not sterically fit into the pY+3 site). Further-
more, chemistry filters which did not allow additional H-bond
donors beyond the alcohol group were utilized. Functional
groups such as metals, isotopes, and reactive centers other
than the hydroxyl group were eliminated as well. The result-
ing 800 alcohols were converted to 3D using CONCORD.
Each alcohol was then attached to the benzamide scaffold
of 1, using the new combinatorial module of FLO,23 and
docked into the Src SH2 binding site model (described
below). Each docking was then scored based on the protein-
ligand hydrophobic and H-bond interaction energies, as well
as internal ligand strain energy. The highest scoring alcohols
were visually reviewed and those of interest more rigorously
docked and minimized.

The Src SH2 binding site model used in this study was
developed based on a high resolution (1.0 Å) crystal structure
of Lck SH2 complexed with Ac-pTyr-Glu-Glu-Ile-NH2,
obtained from the Brookhaven Protein Data Bank (reference
1LKK).24 Docking was carried out using the MCDOCK
conformational searching/energy minimization procedure of
FLO.25 This program uses extensive conformational search-
ing and energy minimization to identify the conformation a
molecule is likely to adopt upon binding to SH2. During
the docking procedure, most binding site atoms are held
fixed. However, those residues known to change conforma-
tion upon binding with different ligands are allowed to move
freely during the energy minimization step. Binding site
atoms displaying smaller changes in position are constrained
with a force constant. Docked molecules were evaluated
using the following energies and scoring values reported by
FLO: internal ligand energy (the energy of the docked
conformation calculated without the binding site corrected
for ligand global minimum energy), contact energy (an
energy term representing contacts between ligand and binding
site atoms), H-bonding score (the number of contacts between
ligand H-bonding atoms and complementary areas of the
binding site accessible surface), and hydrophobic contact

Scheme 2a

a Reagents and conditions: (a) 20% piperidine/DMA; (b)6, EDC, HOBt,
DCM/DMA (3:1); (c) DEAD, Ph3P, R1-OH, THF, rt (double coupling);
(d) Pd(Ph3P)4, Ph3P, HOBt, DCM/DMF (2:1); (e) R2-CO2H, EDC, HOBt,
DIEA, DCM/DMA (3:1), 0 °C-rt; (f) 95% TFA/2.5% H2O/2.5% TIS,
1-2 h; (g) RP-HPLC purification.
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score (the number of contacts between hydrophobic ligand
atoms and hydrophobic areas of the binding site accessible
surface).

Discussion

Relative to compound1, the selection of R1 (pY+3)
groups for this study was based on both their predicted
binding to Src SH2 and ability to impart beneficial properties
to the molecule as a whole (i.e., reduced MW, increased
solubility, etc.). The input for R1 group selection was based
on the aforementioned FLO program as well as established
drug design principles. Table 2 lists the Src SH2 FP binding
affinities for compounds1a-h. Compound1a was synthe-
sized using our solid-phase method to act as an internal
standard for our generated analogues.26

The methyl analogue1b binds with less affinity compared
to 1a (20-fold), which is expected based on the number of
hydrophobic contacts each can make. An increase in affinity
is observed with increased hydrophobicity as seen in
compound1c (ethyl) and also in1d (isopropyl), which has
a 5-fold greater affinity than1b. In addition, compound1d
exhibits approximately 4-fold lower affinity than1a. This
result is significant, from a drug design perspective, since a
four-carbon reduction (MW loss of 54) was achieved without
greatly compromising the binding affinity of the compound.
A one-carbon-atom truncation of the cyclohexylmethyl group
of compound1a does not appear to greatly affect binding
as demonstrated by compound1e. However, compounds1d

and1edraw attention to a common structural feature, which
is theR-carbon branch point in the isopropyl and cyclohexyl
R1 groups. The significance of this common feature becomes
apparent in the bis-allyl compound1f, which binds over
2-fold better than1a. Inspection of the docked structure of
compound1f in our Src SH2 model reveals how the branch
point allows one allyl side chain to hug the surface of the
protein while the other is able to extend deeply into the pY+3
pocket as seen in Figure 4. Attempts to probe deeper into
the pY+3 pocket, as with compound1g, failed to increase
affinity. Interestingly, this is the first example in this series
where an increase in carbon atoms did not produce a
corresponding increase in binding affinity. In fact, compound
1g has two more carbon atoms than compound1f, yet binds
more than 7-fold worse. This further illustrates the impor-
tance of proper spatial orientation of hydrophobic functional-
ity to achieve ideal binding. The morpholine group of
compound1h, which was included to increase aqueous
solubility, greatly reduces binding affinity. Presumably, this
result reflects an incompatibility of the positively charged

Table 1. Product Data for Generated Compounds

compd no. R1 formula MW
% yielda

(final product)

1a CH2C6H11 C27H36N3O8P 561.58 43
1b CH3 C21H26N3O8P 479.43 47b
1c CH2CH3 C22H28N3O8P 493.46 70
1d CH(CH3)2 C23H30N3O8P 507.48 76
1e C6H11 C26H34N3O8P 547.55 58
1f CH(CH2CHdCH2)2 C27H34N3O8P 559.56 32
1g CH2CH2CH2C6H5 C29H34N3O8P 583.58 59

1h C26H35N4O9P‚TFA 692.59 62

2a CH2C6H11 C23H29N2O7P 476.47 39
2d CH(CH3)2 C19H23N2O7P 422.37 50
2f CH(CH2CHdCH2)2 C23H27N2O7P 474.45 23
2g CH2CH2CH2C6H5 C25H27N2O7P 498.47 39

a Yields were based on an assumed theoretical loading capacity of 0.65 mmol/g for7 and refer to final HPLC purified and lyophilized
products.b A total of 16% of monobenzyl phosphate product was also isolated following purification as a consequence of incomplete
benzyl phosphate deprotection.

Table 2. FP Binding Data for Compounds1a-1h

compd
no. R1

Src SH2
FP binding
(IC50, µM)

rel. potency
(IC50 1a/

IC50 compd)

1a CH2C6H11 1.9 1.0
1b CH3 37 0.05
1c CH2CH3 27 0.07
1d CH(CH3)2 7.5 0.25
1e C6H11 2.6 0.7
1f CH(CH2CHdCH2)2 0.9 2.1
1g CH2CH2CH2C6H5 6.5 0.29

1h 335 0.006

Figure 4. Predicted binding mode of compound1f (white) in Src
SH2. The color designations for the solvent accessible surface of
the protein are as follows: blue) H-bond acceptor groups; red)
H-bond donor groups; yellow) hydrophobic groups.27
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morpholine group (assay pH 7.2) with the hydrophobic pY+3
binding pocket of the Src SH2 domain.

Conclusion

A multifaceted approach encompassing both solid-phase
parallel synthesis and structure-based methods was used to
explore the pY+3 interactions at the Src SH2 domain with
a series of phosphorylated nonpeptides. The combination of
solid- and solution-phase reaction schemes allowed us to
rapidly produce compounds with the necessary complexity
dictated by our modeling studies. Guided by the FLO
docking program we were able to identify unique pY+3
substituents (from commercially available sources), as in
compound1f, which have provided insight as to the three-
dimensional hydrophobic requirements of the pY+3 pocket
for nonpeptide molecules. Furthermore, we demonstrated the
flexibility of our solid-phase method by generating analogues
of compound2 that are void of any amino acid character.
Such structure-based chemistry methodologies may be further
exploited to design and generate future libraries of novel Src
SH2 inhibitors, with the incorporation of additional diversity
sites (e.g., pY+3, N-Ac, and p-Tyr mimics) to address cell
potency and selectivity.

Experimental Section

General. Rink amide AM resin (0.66 mmol/g, 1% DVB,
200-400 mesh) and HOBt‚H2O (N-hydroxybenzotriazole
monohydrate) were purchased from Calbiochem-Novabio-
chem Co. EDC (1-[3-dimethylaminopropyl]-3-ethyl-carbo-
diimide hydrochloride) was purchased from Advanced
ChemTech. All other reagents and all Sure/Seal solvents
(THF, DMF, CH2Cl2) were purchased from Aldrich Chemical
Co. All solvents unless otherwise specified were HPLC grade
and purchased from VWR Scientific Products. Unless
otherwise specified, all solid-phase reactions were performed
on a Nautilus 2400 organic synthesizer20 with all reagents
and solvents delivered to the reaction vessels via Ar through
the closed fluid delivery system of the instrument. Melting
points were determined using a Fisher-Johns melting point
apparatus and are uncorrected. Analytical HPLC analysis was
performed on a Hewlett-Packard series 1050 using a Vydac
C18 column (3µm, 4.6× 100 mm, 2.0 mL/min flow rate)
in a CH3CN/H2O (0.1% TFA) solvent system with a linear
gradient of 10.7%/min from 10 to 90% CH3CN. Millipore
Ultrafree-MC centrifugal 0.45µm filter units were used to
prepare analytical samples for solid-phase reaction assess-
ment. HPLC percent purities were assessed using peak area
integration at 220 nm. RP-HPLC semipreparative purification
was performed on a Rainin Dynamax purification system
using a Vydac C18 column (10-15µm, 50× 250 mm, 50.0
mL/min flow rate) in a CH3CN/H2O (0.1% TFA) solvent
system. LRMS spectra were obtained on a Micromass
Platform II quadrupole mass spectrometer operating in
electrospray mode. NMR spectra were obtained on a Bruker
ARX 300 spectrometer under the following conditions:1H
NMR spectra were recorded at 300.1 MHz using DMSO-d6

(δ 2.50) as an internal standard;31P NMR spectra were
recorded at 121.5 MHz using an external phosphoric acid
standard (δ 0.0); 19F NMR spectra were recorded at 282.4

MHz using an external trifluoroacetic acid standard (δ 0.0).
1H NMR peak assignments were made using 2D COSY
experiments. Interpretation of the1H NMR spectra for the
final products (∼50:50 diastereomeric mixture) reflects a
combined proton count for both diastereomers and does not
attempt to associate a particular shift with a particular
diastereomer nor relative shifts for individual diastereomers.
High-resolution mass spectral analyses were performed by
Andrew Tyler (Harvard University Mass Spectrometry
Laboratory). CONCORD was utilized according toCON-
CORD User’s Manual(by Pearlman, R. S.), distributed by
Tripos Inc., St. Louis, MO.

5-(1-Amino-ethyl)-2-hydroxy-benzoic Acid Methyl Es-
ter Hydrochloride (5). A solution of methyl 5-acetyl-
salicylate (5.0 g, 0.026 mol) and hydroxylamine hydro-
chloride (2.68 g, 0.039 mol) in 90 mL of pyridine was stirred
at ambient temperature for 22 h. The reaction solution was
concentrated on a rotary evaporator (55°C), diluted with
EtOAc (700 mL), and washed successively with 5% citric
acid (3× 250 mL) and brine (1× 250 mL). The organic
layer was dried over MgSO4 and concentrated to afford the
crude oxime product, which was subsequently used without
purification in the next step:1H NMR (DMSO-d6) δ 11.10
(s, 1H, OH), 10.55 (s, 1H, OH), 8.03 (d,J ) 2.2 Hz, 1H,
ArH), 7.81 (dd,J ) 8.7, 2.2 Hz, 1H, ArH), 7.00 (d,J ) 8.7
Hz, 1H, ArH), 3.90 (s, 3H, CO2CH3), 2.12 (s, 3H, CH3).

A mixture of the crude oxime (0.026 mol) and wet Raney
nickel (2.2 g, 40 wt %/wt) in 130 mL of 5:1 EtOH (absolute)/
Et3N was hydrogenated using a Parr apparatus (45-50 psi)
for 23 h. The reaction mixture was filtered through Celite,
the Celite washed with ethanol, and the filtrate concentrated
and resubjected to the above hydrogenation conditions
(∼50 psi) for 15 h. Isolation of the crude product as described
above provided a light green oil, which was purified by flash
chromatography (30:1, CH2Cl2/MeOH then 10:1, CH2Cl2/
MeOH) to provide a yellow oil. Formation of the amine
hydrochloride through trituration with∼50 mL of HCl‚Et2O
(1.0 M) followed by filtration and removal of the excess
solvent in vacuo (desiccator) provided 4.47 g (75%, 2 steps)
of 2 as a white powder: mp 168-169°C; 1H NMR (DMSO-
d6) δ 10.54 (s, 1H, OH), 8.45 (br s, 3H, NH3

+), 7.92 (d,
J ) 2.3 Hz, 1H, ArH), 7.68 (dd,J ) 8.6, 2.3 Hz, 1H,
ArH), 7.05 (d,J ) 8.6 Hz, 1H, ArH), 4.39 (m, 1H, CHPh),
3.91 (s, 3H, CO2CH3), 1.49 (d,J ) 6.8 Hz, 3H, CH3CHPh).

5-(1-Allyloxycarbonylamino-ethyl)-2-hydroxy-benzoic
Acid (6). To a suspension of amine hydrochloride5 (3.0 g,
0.013 mol) in 23 mL of DME (ethylene glycol dimethyl
ether) was added 22.5 mL (0.052 mol) of 2.3 N NaOH, and
the resulting colorless solution stirred at ambient temperature
for 19 h. After observing the complete absence of the starting
methyl ester peak by HPLC, the reaction solution was diluted
with 15 mL of H2O and 20 mL of DME, followed by the
addition of a solution of diallyl pyrocarbonate (5.3 g, 0.028
mol) in 10 mL of DME. The resulting white suspension
(immediate ppt) was stirred at ambient temperature for 27
h. The reaction mixture was partitioned between 50:50 H2O/
EtOAc (600 mL), the layers separated, and the aqueous layer
further extracted with EtOAc (2× 150 mL). Upon acidifica-
tion of the aqueous layer to pH) 1-2 with concentrated
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HCl at 0 °C, the aqueous layer was extracted with EtOAc
(3 × 150 mL) and the combined organic layers washed with
brine, dried over MgSO4, and concentrated to provide the
crude product. Recrystallization from EtOAc/CH2Cl2 pro-
vided 3.13 g (91%, 2 steps) of the salicylic acid template6
as a pinkish-white solid: mp 122-125 °C; 1H NMR
(DMSO-d6) δ 11.00 (br s, 1H), 7.73 (m, 2H), 7.44 (dd,J )
8.5, 2.2 Hz, 1H, ArH), 6.89 (d,J ) 8.5 Hz, 1H, ArH), 5.87
(m, 1H, CHdCH2), 5.26 (d,J ) 17.4, 1H, CHdCHH trans),
5.15 (d,J ) 10.3, 1H,-CHdCHH cis), 4.61 (m, 1H, CHPh),
4.43 (m, 2H, OCH2), 1.31 (d,J ) 7.0 Hz, 3H, CH3CHPh);
m/z 264 (M - H).

Batch Preparation of Salicylamide Resin (7).To a 250
mL Erlenmeyer flask containing 6.0 g (0.66 mmol/g, 3.96
mmol) of Rink amide AM resin was added 120 mL of 20%
piperidine/DMA, and the resin mixture was rotated on an
orbital shaker at ambient temperature for 20 min. The resin
was then filtered (vacuum) via a Bu¨chner funnel (pre-
silylated using 5% SurfaSil in hexanes; Pierce Chemical
Company), and the resin washed successively with DMA
(5 × 60 mL) and CH2Cl2 (3 × 60 mL). The washed resin
was then transferred to a 250 mL Erlenmeyer flask (pre-
silylated) containing 2.3 g (0.012 mol) of EDC and 1.8 g
(0.012 mol) of HOBt‚H2O, and to this was added a solution
of salicylic acid template6 (3.1 g, 0.012 mol) in 120 mL of
3:1 CH2Cl2/DMA. The resin mixture was rotated on an
orbital shaker at ambient temperature for 17 h. The resin
was then filtered as above and washed successively with
DMA (5 × 60 mL), CH2Cl2 (5 × 60 mL), Et2O (2 × 60
mL), CH2Cl2 (1 × 60 mL), Et2O (1 × 60 mL), and CH2Cl2
(2 × 60 mL). Excess solvent was removed in vacuo
overnight (desiccator) to provide 5.9 g of the derivatized resin
7 (assumed a theoretical loading capacity of 0.65 mmol/g
based on 100% conversion). A resin aliquot of7 (20 mg)
was cleaved with 5% TFA/CH2Cl2 (∼5 min), as described
in the text, to provide analytical data: 99-100% HPLC
purity; 1H NMR (DMSO-d6) δ 12.75 (br s, 1H), 8.31 (br s,
1H), 7.77 (br s, 2H), 7.59 (br d, 1H), 7.37 (d,J ) 8.5 Hz,
1H, ArH), 6.84 (d,J ) 8.5 Hz, 1H, ArH), 5.88 (m, 1H,
CHdCH2), 5.26 (d,J ) 17.0, 1H, CHdCHH trans), 5.15
(d, J ) 10.1, 1H, CHdCHH cis), 4.59 (m, 1H, CHPh), 4.45
(s, 2H, OCH2), 1.33 (d,J ) 6.9 Hz, 3H, CH3CHPh); m/z
263 (M - H).

General Mitsunobu Procedure for the Preparation of
Ether Resin (8). To a pre-silylated RV (reaction vessel)
containing 0.2 g (0.65 mmol/g theoretical, 0.13 mmol) of
resin 7 was added 3.0 mL of THF (anhydrous), the resin
was mixed for several minutes, and the RV was drained. To
the swelled resin was added successively 1.0 mL (0.65 mmol)
of a 0.65 M solution of triphenylphosphine in THF, 0.5 mL
(0.65 mmol) of a 1.3 M solution of{R}-OH alcohol in THF
(+ 0.7 mL THF chase), and 1.0 mL (0.65 mmol) of a 0.65
M solution of diethyl azodicarboxylate in THF. The resin
mixture was agitated for 6 h, upon which the RV was drained
and the resin washed successively with DMA (5× 3.0 mL),
CH2Cl2 (5 × 3.0 mL), Et2O (2 × 3.0 mL), CH2Cl2 (1 × 3.0
mL), Et2O (1 × 3.0 mL), and CH2Cl2 (2 × 3.0 mL). The
above procedure was repeated (resin mixture agitated for 10
h) and the excess solvent removed in vacuo overnight

(desiccator) to provide the ether resin8. The following
analytical data was obtained upon cleavage of8a (3-5 mg)
with 30% TFA/CH2Cl2 (∼5 min), as described in the text:
87% HPLC purity;m/z 279 (M + H).

General Amide Coupling Procedure for the Prepara-
tion of Phosphotyrosine Resin (9).To the dried resin8 (0.13
mmol) was added 0.045 g (0.039 mmol) of tetrakis-
(triphenylphosphine)palladium(0) followed by 4.0 mL of a
2:1 CH2Cl2/DMF degassed solution (degassed by bubbling
Ar through the solution on the Nautilus 2400 instrument)
containing triphenylphosphine (0.078 mmol, 0.02 M) and
HOBt‚H2O (0.91 mmol, 0.23 M). The resin mixture was
agitated for 3.5 h (top of instrument covered to exclude light),
upon which the RV was drained and the resin washed
successively with CH2Cl2 (5 × 3.0 mL), DMA (5× 3.0 mL),
CH2Cl2 (2 × 3.0 mL), Et2O (2 × 3.0 mL), CH2Cl2 (1 × 3.0
mL), Et2O (1 × 3.0 mL), and CH2Cl2 (2 × 3.0 mL) to
provide the deprotected, slightly yellow resin. Resin aliquots
(3-5 mg) were cleaved with 30% TFA/CH2Cl2 (∼5 min),
as described in the text, to verify complete deprotection
(absence of Alloc-protected peak) by HPLC.

To the cooled (0°C) CH2Cl2-swelled resin (0.13 mmol)
was added 2.0 mL of a 2:1 CH2Cl2/DMA solution (pre-
activated at 0°C for 10 min) containing EDC (0.26 mmol,
0.13 M), HOBt‚H2O (0.26 mmol, 0.13 M), and R2-CO2H
(0.26 mmol, 0.13 M) followed by 1.0 mL (0.33 mmol) of a
0.33 M solution ofN,N-diisopropylethylamine in 2:1 CH2-
Cl2/DMA. The resin mixture was agitated at 0°C for 1.5
h,28 upon which the RV was drained and the resin washed
(ambient temperature) successively with DMA (5× 3.0 mL),
CH2Cl2 (5 × 3.0 mL), Et2O (2 × 3.0 mL), CH2Cl2 (1 × 3.0
mL), Et2O (1 × 3.0 mL), and CH2Cl2 (2 × 3.0 mL) to
provide the amide coupled resin9.

General Deprotection/Cleavage Procedure for the Gen-
eration of Phosphotyrosine Analogues (1 and 2).To the
protected resin9 (0.13 mmol) was added 3.0 mL of 95%
TFA/2.5% H2O/2.5% TIS (triisopropyl silane). After 2 h
(periodic agitation) the filtrate was collected and the resin
washed with CH2Cl2 (3 × 6.0 mL). The combined filtrates
were concentrated, dissolved in DMSO (1.0 mL), and diluted
with 50:50 CH3CN/H2O (3.0 mL) upon which the solution
was filtered (0.2µm, PTFE filter) and purified by RP-HPLC.

Phosphoric Acid Mono-(4-{(S)-2-acetylamino-2-[1-(3-
carbamoyl-4-cyclohexylmethoxy-phenyl)-ethylcarbamoyl]-
ethyl}-phenyl) Ester (1a).RP-HPLC purification (eluted at
55% CH3CN) and lyophilization provided 0.031 g (43%) of
1a as a white solid: mp 173-175°C; 1H NMR (DMSO-d6;
∼50:50 diastereomeric mixture)δ 8.45 (d,J ) 7.7 Hz, 1H,
CHCONH), 8.35 (d,J ) 8.5 Hz, 1H, CHCONH), 8.02 (d,
J ) 8.3 Hz, 2× 1H, Ac-NH), 7.77 (s, 2× 1H, ArH), 7.53
(m, 4H), 7.37-6.93 (m, 12H, Ar), 4.85 (m, 2× 1H, CHPh),
4.49 (m, 2× 1H, CHCO[pTyr]), 3.92 (s, 2× 2H, PhOCH2),
2.87-2.61 (m, 2× 2H, CH2[pTyr]), 1.81-0.90 (m, 34H);
31P NMR (DMSO)δ -0.943. HRMS calcd for C27H37N3O8P
(M + H)+: 562.2318. Found: 562.2301.

Phosphoric Acid Mono-(4-{(S)-2-acetylamino-2-[1-(3-
carbamoyl-4-methoxy-phenyl)-ethylcarbamoyl]-ethyl}-
phenyl) Ester (1b). RP-HPLC purification (eluted at 35%
CH3CN) and lyophilization provided 0.029 g (47%) of1b
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as a white solid: mp 186-188 °C; 1H NMR (DMSO-d6;
∼50:50 diastereomeric mixture)δ 8.45 (d,J ) 7.9 Hz, 1H,
CHCONH), 8.34 (d,J ) 8.2 Hz, 1H, CHCONH), 8.02 (d,
J ) 8.4 Hz, 2× 1H, Ac-NH), 7.77 (s, 2× 1H, ArH), 7.61
(br s, 2H), 7.48 (br s, 2H), 7.38 (dd,J ) 8.5, 2.4 Hz, 1H,
ArH), 7.23-7.00 (m, 11H, Ar), 4.86 (m, 2× 1H, CHPh),
4.51 (m, 2× 1H, CHCO[pTyr]), 3.88 (s, 3H, PhOCH3), 3.87
(s, 3H, PhOCH3), 2.92-2.62 (m, 2× 2H, CH2[pTyr]), 1.77
(s, 3H, CH3[Ac]), 1.76 (s, 3H, CH3[Ac]), 1.33 (d, J ) 7.0
Hz, 3H, CH3CHPh), 1.23 (d,J ) 6.9 Hz, 3H, CH3CHPh);
31P NMR (DMSO)δ -0.976. HRMS calcd for C21H27N3O8P
(M + H)+: 480.1535. Found: 480.1560.

Phosphoric Acid Mono-(4-{(S)-2-acetylamino-2-[1-(3-
carbamoyl-4-ethoxy-phenyl)-ethylcarbamoyl]-ethyl}-phen-
yl) Ester (1c).RP-HPLC purification (eluted at 38% CH3CN)
and lyophilization provided 0.045 g (70%) of1c as a white
solid: mp 199-201 °C; 1H NMR (DMSO-d6; ∼50:50
diastereomeric mixture)δ 8.45 (d, J ) 7.9 Hz, 1H,
CHCONH), 8.33 (d,J ) 8.1 Hz, 1H, CHCONH), 8.02 (d,
J ) 8.3 Hz, 2× 1H, Ac-NH), 7.79 (s, 2× 1H, ArH), 7.57
(br s, 2H), 7.51 (br s, 2H), 7.45-7.00 (m, 12H, Ar), 4.85
(m, 2× 1H, CHPh), 4.55-4.46 (m, 2× 1H, CHCO[pTyr]),
4.20-4.12 (m, 2× 2H, PhOCH2), 2.92-2.62 (m, 2× 2H,
CH2[Tyr]), 1.77 (s, 3H, CH3[Ac]), 1.76 (s, 3H, CH3[Ac]),
1.40-1.32 (m, 9H), 1.23 (d,J ) 6.9 Hz, 3H, CH3CHPh);
31P NMR (DMSO)δ -0.964. HRMS calcd for C22H29N3O8P
(M + H)+: 494.1692. Found: 494.1704.

Phosphoric Acid Mono-(4-{(S)-2-acetylamino-2-[1-(3-
carbamoyl-4-isopropoxy-phenyl)-ethylcarbamoyl]-ethyl}-
phenyl) Ester (1d). RP-HPLC purification (eluted at 42%
CH3CN) and lyophilization provided 0.050 g (76%) of1d
as a white solid: mp 179-181 °C; 1H NMR (DMSO-d6;
∼50:50 diastereomeric mixture)δ 8.45 (d,J ) 7.7 Hz, 1H,
CHCONH), 8.34 (d,J ) 7.9 Hz, 1H, CHCONH), 8.19 (d,
J ) 7.7 Hz, 2× 1H, Ac-NH), 7.80 (s, 2× 1H, ArH), 7.57
(br s, 2H), 7.51 (br s, 2H), 7.44-7.01 (m, 12H, Ar), 4.85
(m, 2 × 1H, CHPh), 4.75 (m, 2× 1H, PhOCH), 4.49 (m,
2 × 1H, CHCO[pTyr]), 2.90-2.62 (m, 2× 2H, CH2[Tyr]),
1.77 (s, 3H, CH3[Ac]), 1.76 (s, 3H, CH3[Ac]), 1.32 (m, 15H),
1.23 (d,J ) 6.8 Hz, 3H, CH3CHPh);31P NMR (DMSO)δ
-0.962. HRMS calcd for C23H31N3O8P (M + H)+: 508.1849.
Found: 508.1844.

Phosphoric Acid Mono-(4-{(S)-2-acetylamino-2-[1-(3-
carbamoyl-4-cyclohexyloxy-phenyl)-ethylcarbamoyl]-ethyl}-
phenyl) Ester (1e).RP-HPLC purification (eluted at 51%
CH3CN) and lyophilization provided 0.041 g (58%) of1e
as a white solid: mp 184-186 °C; 1H NMR (DMSO-d6;
∼50:50 diastereomeric mixture)δ 8.46 (d,J ) 7.9 Hz, 1H,
CHCONH), 8.34 (d,J ) 8.2 Hz, 1H, CHCONH), 8.02 (d,
J ) 8.3 Hz, 2× 1H, Ac-NH), 7.81 (m, 2× 1H, ArH), 7.57
(m, 4H), 7.36-7.01 (m, 12H, Ar), 4.86 (m, 2× 1H, CHPh),
4.54 (m, 4H), 2.90-2.62 (m, 2 × 2H, CH2[Tyr]), 1.93
(m, 2 × 2H, CH2), 1.77 (s, 3H, CH3[Ac]), 1.76 (s, 3H,
CH3[Ac]), 1.66-1.22 (m, 22H); 31P NMR (DMSO) δ
-0.961. HRMS calcd for C26H35N3O8P (M + H)+: 548.2162.
Found: 548.2170.

Phosphoric Acid Mono-[4-((S)-2-acetylamino-2-{1-
[4-(1-allyl-but-3-enyloxy)-3-carbamoyl-phenyl]-ethylcar-
bamoyl}-ethyl)-phenyl] Ester (1f). RP-HPLC purification

(eluted at 52% CH3CN) and lyophilization provided 0.023
g (32%) of1f as a white solid: mp 180-182 °C; 1H NMR
(DMSO-d6; ∼50:50 diastereomeric mixture)δ 8.46 (d,J )
8.5 Hz, 1H, CHCONH), 8.35 (d,J ) 8.3 Hz, 1H, CHCONH),
8.02 (d,J ) 8.2 Hz, 2× 1H, Ac-NH), 7.81 (s, 2× 1H,
ArH), 7.52 (s, 2H), 7.48 (s, 2H), 7.37-7.01 (m, 12H, Ar),
5.86 (m, 2× 2H, bis CHdCH2), 5.15-5.07 (m, 2× 4H,
bis CHdCH2), 4.85 (m, 2× 1H, CHPh), 4.70 (m, 2× 1H,
PhOCH), 4.51 (m, 2× 1H, CHCO[pTyr]), 2.90-2.62 (m, 2
× 2H, CH2[Tyr]), 2.45 (m, 2× 4H, bis CH2CHdCH2), 1.77
(s, 3H, CH3[Ac]), 1.76 (s, 3H, CH3[Ac]), 1.34 (d, J ) 6.8
Hz, 3H, CH3CHPh), 1.23 (d,J ) 6.9 Hz, 3H, CH3CHPh);
31P NMR (DMSO)δ -0.959. HRMS calcd for C27H35N3O8P
(M + H)+: 560.2162. Found: 560.2178.

Phosphoric Acid Mono-[4-((S)-2-acetylamino-2-{1-[3-
carbamoyl-4-(3-phenyl-propoxy)-phenyl]-ethylcarbamoyl}-
ethyl)-phenyl] Ester (1g).RP-HPLC purification (eluted at
55% CH3CN) and lyophilization provided 0.045 g (59%) of
1g as a white solid: mp 188-190°C; 1H NMR (DMSO-d6;
∼50:50 diastereomeric mixture)δ 8.45 (d,J ) 7.9 Hz, 1H,
CHCONH), 8.34 (d,J ) 8.2 Hz, 1H, CHCONH), 8.02 (d,
J ) 8.5 Hz, 2× 1H, Ac-NH), 7.77 (m, 2× 1H, ArH), 7.56
(br s, 4H), 7.37-7.00 (m, 22H, Ar), 4.86 (m, 2× 1H, CHPh),
4.50 (m, 2× 1H, CHCO[pTyr]), 4.10 (m, 2× 2H, PhOCH2),
2.92-2.62 (m, 8H), 2.08 (m, 2× 2H, CH2CH2Ph), 1.77 (s,
3H, CH3[Ac]), 1.76 (s, 3H, CH3[Ac]), 1.34 (d,J ) 6.9 Hz,
3H, CH3CHPh), 1.23 (d,J ) 7.0 Hz, 3H, CH3CHPh); 31P
NMR (DMSO) δ -0.962. HRMS calcd for C29H35N3O8P
(M + H)+: 584.2162. Found: 584.2189.

Phosphoric Acid Mono-[4-((S)-2-acetylamino-2-{1-[3-
carbamoyl-4-(2-morpholin-4-yl-ethoxy)-phenyl]-ethylcar-
bamoyl}-ethyl)-phenyl] Ester (1h).RP-HPLC purification
(eluted at 20% CH3CN) and lyophilization provided 0.056
g (62%) of1h as a white solid: mp 205-207°C; 1H NMR
(DMSO-d6; ∼50:50 diastereomeric mixture)δ 8.38 (m, 2×
1H, CHCONH), 8.06 (d,J ) 8.1 Hz, 2× 1H, Ac-NH),
7.84-6.92 (m, 18H), 4.85 (m, 2× 1H, CHPh), 4.48 (m,
6H), 3.86 (br s, 2× 4H, morph), 3.52 (br s, 2× 2H,
PhOCH2CH2), 3.30 (br s, 2× 4H, morph), 2.91-2.64 (m,
2 × 2H, CH2[Tyr]), 1.81 (d, J ) 1.8 Hz, 3H, CH3[Ac]),
1.76 (d,J ) 2.0 Hz, 3H, CH3[Ac]), 1.30 (d, J ) 5.7 Hz,
3H, CH3CHPh), 1.24 (d,J ) 5.9 Hz, 3H, CH3CHPh); 31P
NMR (DMSO-d6) δ -0.852,-0.924; 19F NMR (DMSO-
d6) δ -69.79. HRMS calcd for C26H36N4O9P (M + H)+:
579.2220. Found: 579.2225.

Phosphoric Acid Mono-{4-[1-(3-carbamoyl-4-cyclo-
hexylmethoxy-phenyl)-ethylcarbamoyl]-phenyl} Ester (2a).
RP-HPLC purification (eluted at 49% CH3CN) and lyo-
philization provided 0.024 g (39%) of2a as a white solid:
mp 165-167 °C; 1H NMR (DMSO-d6) δ 8.74 (d,J ) 7.9
Hz, 1H, CONH), 7.88-7.06 (m, 9H), 5.12 (m, 1H, CHPh),
3.92 (d,J ) 5.5 Hz, 2H, PhOCH2), 1.81-1.69 (m, 6H, Chx),
1.45 (d,J ) 6.8 Hz, 3H, CH3CHPh), 1.27-1.03 (m, 5H,
Chx); 31P NMR (DMSO-d6) δ -1.28. HRMS calcd for
C23H29N2O7P (M-H)-: 475.1634. Found: 475.1616.

Phosphoric Acid Mono-{4-[1-(3-carbamoyl-4-isopro-
poxy-phenyl)-ethylcarbamoyl]-phenyl} Ester (2d). RP-
HPLC purification (eluted at 35% CH3CN) and lyophilization
provided 0.027 g (50%) of2d as a white solid: mp 164-
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166 °C; 1H NMR (DMSO-d6) δ 8.74 (d,J ) 7.8 Hz, 1H,
CONH), 7.89-7.09 (m, 9H), 5.12 (m, 1H, CHPh), 4.74
(m, 1H, PhOCH), 1.46 (d,J ) 6.9 Hz, 3H, CH3CHPh), 1.32
[d, J ) 5.9 Hz, 6H, (CH3)2CHO]; 31P NMR (DMSO-d6) δ
-1.28. HRMS calcd for C19H23N2O7P (M - H)-: 421.1165.
Found: 421.1147.

Phosphoric Acid Mono-(4-{1-[4-(1-allyl-but-3-enyloxy)-
3-carbamoyl-phenyl]-ethylcarbamoyl}-phenyl) Ester (2f).
RP-HPLC purification (eluted at 46% CH3CN) and lyo-
philization provided 0.014 g (23%) of2f as a white solid:
mp 152-154 °C; 1H NMR (DMSO-d6) δ 8.74 (d,J ) 7.9
Hz, 1H, CONH), 7.89-7.13 (m, 9H), 5.93-5.79 (m, 2×
1H, bis CHdCH2), 5.35-4.91 (m, 5H), 4.68 (m, 1H,
PhOCH), 2.46 (m, 4H), 1.46 (d,J ) 6.8 Hz, 3H, CH3CHPh);
31P NMR (DMSO-d6) δ -1.26. HRMS calcd for C23H27N2O7P
(M - H)-: 473.1478. Found: 473.1496.

Phosphoric Acid Mono-(4-{1-[3-carbamoyl-4-(3-phen-
yl-propoxy)-phenyl]-ethylcarbamoyl}-phenyl) Ester (2g).
RP-HPLC purification (eluted at 48% CH3CN) and lyo-
philization provided 0.025 g (39%) of2g as a white solid:
mp 159-161 °C; 1H NMR (DMSO-d6) δ 8.74 (d,J ) 7.6
Hz, 1H, CONH), 7.89-7.04 (m, 14H), 5.13 (m, 1H, CHPh),
4.09 (m, 2H, PhOCH2), 2.74 (m, 2H, CH2CH2Ph), 2.08 (m,
2H, CH2CH2Ph), 1.46 (d,J ) 6.7 Hz, 3H, CH3CHPh);31P
NMR (DMSO-d6) δ -1.28. HRMS calcd for C25H27N2O7P
(M - H)-: 497.1478. Found: 497.1457.
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