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An epoxide derived from-f)-shikimic acid was attached to a solid support and used to synthesize over
5000 diverse small molecules. Key transformations include a Lewis acid-catalyzed epoxide opening with
amines and an intramolecular Heck reaction with aryl iodides. Compounds derived from this pathway were
printed onto small-molecule microarrays and screened for binding to proteins. Compounds that bound to
Aurora A kinase were characterized using surface plasmon resonance.

Introduction introduced by an intramolecular Heck reaction that yields
tricyclic dihydrobenzofurans, a structure found in a number
of biologically active natural products. This strategy was
recently used in the total synthesis of galanthanirze,
reversible inhibitor of acetylcholinesterase used for the
treatment of Alzheimer’s disea8e.

Modern methods for small-molecule synthesis are enabling
the examination of a far greater array of chemical diversity
in biological processes than previously possitiféhen high
yielding and selective chemical transformations are per-
formed on functionalized solid supports, thousands of

stereochemically and skeletally diverse compounds can be Heck coupling
synthesized in only-34 chemical steps. To provide a broad o N o
assessment of the properties of these compounds in biologicako.. oH HO,,

settings, we have focused on the use of high-throughput cell- , . — X OH ~ | OH 2
based and small-molecule microarray-based assays. OH —_— e on O~ poxide

opening
Shikimic acid can be a useful starting material for such =

syntheses because of its three contiguous chiral centers and

activated double bond. This naturally occurring small Results and Discussion
molecule has been used to synthesize many biologically
active natural productsand several potent non-natural
compounds such as neuraminidase inhibitors, for example
oseltamiviP (Tamiflu). Shikimic acid-based libraries have
been synthesized and tested as glycomimétrieviously,

-Shikimic acid (1) amine acylation -

(—)-Shikimic acid () was first esterified;then the trans
diol was converted to an epoxide,and the ester was
'hydrolyzed to give carboxylic aci2l Both enantiomeric trans
stereoisomers & are accessible frorh "' Polystyrene resin
! . (500-600xm macrobeads) functionalized with a diisopropyl
a large collection of compounds was prepared usiags . .

4. 5-600xv-3-hvdroxv-2-cvelohexenoic acid. both enantiomers 4-methoxyphenyl silyl group was activated under the recom-
+o-€POXy-S-NYyaroxy-z-cy ! mended conditiordd and coupled td\-Fmoc ethanolamine

of which are derived from-) -sh|k|m|c.a0|d.. Only a few (Scheme 1). Deprotection with piperidine/DMF gave the
compounds were generated via a Lewis acid-catalyzed epox-,

ide opening by amines, followed by N-acylation; this method ?(r)r:gii-grrllosdﬁmd resin to whicl was coupled under standard
to increase diversity could not be used because of the nature A solid-phase Mitsunobu reaction was first tested using

of:{he linker used |r:j.tfr;e preV|0ﬁ§ Ilk;rary syn.the;s]ls. . 2-iodophenol at low temperatur&€SAfter it sat overnight at
ere, we use a different solid-phase resin that permits —20 °C, the reaction mixture was rinsed, and one bead of

epoxide opening by amines and subsequent acylation of the

i . d duct. Skeletal di v is th resin was treated with HF to cleave the silyl linker for
resufting ring-opened product. Skeletal diversity 1S then analysis. Using HPLC/MS, we detected the product as a

single entity with no starting alcohol. Opening of the solid
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Scheme 1. Synthesis and Solid-Phase Attachment of a Derivative of Shikimic3Acid
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a Conditions: (a) MeOH, Amberlite-IR120, reflux; (b) PRIDEAD/THF; (c) LiOH, THF/HO; (d) (1) triflic acid/CHClI,, (2) N-Fmoc-ethanolamine,
2,6-lutidine/CHCI; (e) piperidine/DMF; (f)2, PyBOP, DIPEA/NMP.

Scheme 2. Shikimic Acid-Based Library Synthesis
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a Conditions: (a) ArOH, PPHhDEAD (10 equiv each)/THF-78 to—20°C; (b) amine (20 equiv), MgBrOE® (1.1 equiv), CHCN, 60°C; (c) carboxylic
acid, PyBrOP, DIPEA (10 equiv each)/NMP; (d) Pd(OAdicpe, DIPEA, BuNOAc/dioxane, 4550 °C; (e) HFpyridine/pyridine/THF (5:10:85), then
TMSOEt.

equiv of MgBrOEL in CH;CN was optimal. HPLC and  dioxane at 80C for 24 h proved optimal and yielded single
NMR (500 MHz) analyses following cleavage indicated the tricyclic products. Later it was discovered that the chemical
presence of a single amine product; previous studies withtags used as a means of encoding the reaction history were
shikimic acid-based systems showed that MgBEt- cleaved from the resin at this temperatti& The addition
catalyzed epoxide opening by amines is highly regioselec- of tetrabutylammonium acetate led to equally clean reac-
tive > Acylation was tested using propanoic acid with various tion mixtures in less time (12 h) and at lower temperature
coupling agents, for example, DCC, EDAC, PyBOP, and (45—50 °C), such that the chemical tags were retaitfed.
PyBrOP. Finally, Heck cyclization was tested using various A library synthesis (Scheme 2) was achieved using the
Pd sources (Pd(PBbh, PdCL(PPh),, Pd(OAc}), ligands one-bead/one-stock solution procedtreith chemical tag-
(dppp, dcpe, dcpp), and bases (DIPEACKD) in different ging of the resin being performed for each reaction using a
solvents (DMF N,N-dimethylacetamide, dioxane). The use variation of Still's proceduré>® The reactions were all

of 1,2-(dicyclohexylphosphino)ethane (dcpe), which has beenperformed with shaking overnight followed by extensive
used for similar cyclization¥, with palladium acetate in ~ washings. Products were cleaved from the resin after each
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Table 1. Library Building Blocks
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step with HFpyridine far 3 h followed by treatment with  decoded, and analyzed by HPLC/MS; no starting epoxides
ethoxytriethylsilane. The Mitsunobu reactions were achieved were detected and the product amines were gener&po

with 2-iodophenol, 44ért-butyldimethylsilyloxy)methyl-6- pure. After mixing and dividing, the resins were further
methoxy-2-iodophenol, and 4-formyl-6-methoxy-2-iodophe- functionalized with 30 carboxylic acids (Table 1) followed
nol,!® the last two phenols having handles for chemical by tagging. Thirty bead portions were analyzed; no starting
transformation after library realizationHPLC and NMR amines were detected and the products were typicedi§%o
analyses after cleavage indicated that the desired product wagure. The collection of beads was divided in half at this point,
formed in each case, generally as a predominantly singleone-half was subjected to the Heck reaction conditions. The
entity. Each of the three products was then chemically tagged,Heck cyclization gave less pure products; analysis of a set
and the products were combined, mixed thoroughly and of 20 products indicated that purities ranged mostly between
divided into 30 even portions. An additional tagging was 70 and 90%. The structures of the side products could not
then performed to track 30 structurally diverse amines which be determined. One expected side product, the reduced, non-
were used in the library synthesis to open the resin-boundcyclized des-iodo compound, was not detected in the crude
epoxide (Table 1). Thirty beads (out of 90) were cleaved, reaction mixture; authentic material was synthesized by

Amines
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Table 2. Aurora A SMM Positives
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a Conditions: (a) 2-iodophenol, DEAD, PFRHF, —78 to —20 °C (90%); (b) LiOHH-0, H,O/THF (85%); (c) TBDMSOCHCH,;NH,, EDAC, HOB,
DIPEA/CH,CI, (80%); (d) 2-methoxyethylamine, MgBOEL/CH3CN, 60 °C, (88%); (e) pentanoyl chloride, DIPEA/GEI, (90%); (f) HFpyridine/
pyridine/THF (5:10:85) 3 h, then TMSOEt, 0.5 h (86%).

running the entire reaction sequence replacing 2-iodo phenol6336 wells were filled with compound for multipurpose
with phenol. screening.

The overall process should theoretically produce a total Stock solutions corresponding to 1408 members of the
of 5493 (3+ 90 + 2700 + 2700) distinct compounds. resulting collection of small-molecule products were printed
Enough resin (3.3 gy5 beads/mg;-16 500 beads) was used onto isocyanate-functionalized glass slides to prepare small-
to make three copies of each product, some of which are molecule microarrays (SMMs$)The SMMs were screened
used for quality control in the library synthesis. Prior to the for binding to a number of proteins; hits were detected in
Heck reaction, little bead breakage was observed. The Heckvarious assays for amine, amide, and Heck products. Among
reaction did result in bead breakage so that only about 70%the screens producing positives was one that used the
of the beads remained intact after this reaction. A total of anticancer target Aurora A kinase. The aurora kinase family
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Figure 1. (A) Compoundsl5—21 at 5uM were tested for binding to Aurora A kinase by surface plasmon resonance. Compowras
further characterizech(= 4) by measuring binding in a dilution series (391 nM to28) and calculating the affinity by (B) kinetic and
(C) equilibrium analyses. Kinetikoy = 1.2 x 1004 M1 571, ko = 6.8 x 102571, Kp = 5.3+ 1 uM; equilibrium Kp = 6.0 = 1 uM.

is involved in regulating multiple steps in mitosis, including lowed by further chemistry and secondary biological testing,
centrosome duplication, formation of bipolar mitotic spindles, may prove useful to study the effect of diverse small

and chromosome alignment on the mitotic spindl&m- molecules against different protein targets.
plification and overexpression of Aurora A kinase has been .
observed in several types of human cancers, including Experimental Procedures

cancers of the colon, breast, pancreas, ovaries, and stomach, General Procedures.All reactions were run under inert
among other$? High-level Aurora A expression in human  atmosphere. Starting materials and reagents were purchased
head and neck squamous cell carcinoma is a negativefrom commercial suppliers and used without further purifica-
predictor for various clinical parameters including disease tion with the exception of 2,6-lutidine, which was distilled
stage, presence of local and distant metastases, as well agom CaH; under nitrogen before use, and &H, and THF,
overall patient survivad® Several small-molecule inhibitors  which were passed through two activated alumina columns
of Aurora A kinase are in clinical trials and have been shown to remove impurities. Brominated polystyrene macrobeads
to inhibit cell-cycle progression and induce apoptosis in were purchased from Polymer Labs. The 5800 um
multiple human tumor types in vitro and in animal mod@ls.  macrobeads were prepared, and the loading levels were

Seven positives from the SMM assals(-21, Table 2) determined according to a published proceddre.
were resynthesized either in solution (with a TBDMS group  Purification of reaction products was carried out by flash
as a surrogate for the resin, Scheme 3) or on solid phase; 2G¢hromatography using E. Merck silica gel 60 (2300
mg of functionalized resing) typically produced 510 mg mesh). Analytical thin layer chromatography was performed
of purified product. Compounds5—21 were analyzed for  on E. Merck 0.25 mm silica gel 60-F plates. Visualization
binding to Aurora A kinase in a secondary binding assay was accomplished with UV light and aqueous cerium
using surface plasmon resonance (SPR, Figure ?4A). ammonium molybdate (CAM) solution, followed by heating.
Compoundsl6—21 each bound to Aurora A weakly with  Analytical LC/MS chromatography was performed on Waters
affinities greater than 40M. Compoundl5had aKp value  Alliance 2690 HPLC system with a Waters Symmetry C18
of 5.3+ 1 uM (n = 4) by kinetic analysis and Ep value  column (3.5um, 4.6 x 100 mm) with a gradient of 20
of 6.0+ 1 uM by equilibrium analysisi{ = 4) (Figure 1B 80% CHCN in water with constant 0.1% formic acid, with
and C). The activity ofl5was assessed in a cell-free Aurora UV detection at 214 and 280 nm and a Micromass LCZ (ESI)
A kinase enzymatic activity assayAlthough the binding  spectrometer!H NMR spectra were recorded on a Varian
assay demonstrated tHdi possessed good binding affinity, 500 MHz spectrometer; the shifts are reported in parts per
this Aurora A-binding compound did not inhibit kinase million and are referenced to residual protons in the NMR
activity. Compoundl5 is being used as a starting point for = solvent. Data are reported as shift, splitting<(ssinglet, d
the synthesis of derivatives that exhibit better binding affinity = doublet, t= triplet, m= multiplet; br= broad), coupling
for Aurora A without inhibiting the protein’s enzymatic  constant in hertz, and intergratiofC NMR spectra were
activity. Such molecules may be useful for diagnostic recorded at 125 MHz on a Varian spectrometé€, shifts
purposes, to detect cells in clinical specimens that over- are reported in parts per million and are referenced to carbon
express Aurora A. resonances in the NMR solvent.

Small-scale solid-phase reactions—( mg resin) were
performed in 1 mL fritted polyacrylamide Bio-Spin chro-

A multifunctional building block derived from shikimic ~ matography columns (Bio-Rad Laboratories, Hercules, CA,;
acid was attached to a solid-phase resin as the starting poin732-6008) or Wheaton glass vials, fitted with Teflon-coated
for the synthesis of a library using epoxide opening by caps, with gentle mixing provided by Thermoline Vari-Mix
amines, acylation, and intramolecular Heck reactions. Com- shaker or a Vortex Genie-2 vortexer. Larger-scale solid-phase
pound15, which was produced by this synthetic route, was reactions £500 mg resin) were performed in 360 mL
shown to bind Aurora A as determined by SPR. This process, Amersham columns or silanized 50 or 100 mL fritted glass
solid-phase synthesis and small molecule microarrays, fol-tubes equipped for vacuum filtration and bubbling. The

Conclusion
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tubes were silanized by treatment with 20% @EEI1,Si in ene-3-carboxamide as white foam (91%H NMR (500
CHCI; for 15 min and MeOH for 15 min, followed by oven = MHz, CD;0D): 6 6.28-6.27 (m, 1H), 4.584.57 (m, 1H),
heating at 120°C for 2 h. Resin samples were washed as 3.61 (t,J = 6.0 Hz, 2H), 3.52-3.49 (m, 1H), 3.483.46
indicated, and the solvent was removed under argon flow or (m, 1H), 3.37 (t,J = 6.0 Hz, 2H), 2.91 (dJ = 19.0 Hz,
in vacuum on a Vac-Man laboratory vacuum manifold 1H), 2.50 (ddJ = 19.0, 2.5 Hz, 1H). ESI-MS): m/z200
(Promega, Madison, WI; A7231) fitted with nylon 3-way (M + H)*.
stopcocks (Biorad 7328107). Resin samples in glass vials Solid-Phase Ether Formation (8).Resin7 (15 mg, 18
were filtered through 10 mL Amersham columns and were ymol), 2-iodophenol (39 mg, 18@mol), PPh (46 mg, 180
washed on the Vac-Man vacuum manifold. The following umol), and THF (0.67 mL) were briefly vortexed prior to
standard wash procedures were used for rinsing: Method Acooling to—78 °C and the addition of DEAD (27ZL, 180
3 x THF, 3 x DMF, 3 x iPrOH, 3 x DMF, 3 x THF; umol). The reaction mixture was maintained for 0.5 k-8
Method B 3x THF, 3 x THF/H,O (9:1), 3x DMF, 3 x °C and then at-20 °C for 12 h with occasional agitation.
iPrOH, 3x DMF, 3 x THF. Filtration, washing (method A), and cleavage produced 6.2
All compounds were cleaved from macrobeads using the mg of (1S5S,65)-N-(2-hydroxyethyl)-5-(2-iodophenoxy)-7-
following standard procedure. A freshly prepared solution oxa-bicyclo[4.1.0]hept-3-ene-3-carboxamide (94% yiéeld).
of 85:10:5 THF/pyridine/HFpyridine was added to resinin  NMR (500 MHz, CQyOD): 6 7.81 (dd,J = 7.5, 1.5 Hz,
a polypropylene Eppendorf tube. The resulting mixture was 1H), 7.39 (td,J = 7.5, 1.5 Hz, 1H), 7.22 (dd] = 7.5, 1.5
then agitated at room temperature & h before it was Hz, 1H), 6.81 (tdJ = 7.5, 1.5 Hz, 1H), 6.53 (m, 1H), 5.29
guenched with TMSOEt (10/1, v/iv, TMSOEt/HFyridine) (m, 1H), 3.63 (t,J = 5.5 Hz, 2H), 3.56 (m, 1H), 3.48 (m,
The resulting mixture was agitated at room temperature for 1H), 3.37 (t,J = 5.5 Hz, 2H), 2.92 (ddJ = 20.0, 1.5 Hz,
30 min; then it was transferred to an Eppendorf vial and 1H), 2.85 (ddJ = 20.0, 2.0 Hz, 1H)**C NMR (125 MHz,
evaporated on a Speedvac. Resin was washed twice withCD;OD): 6 169.11, 156.93, 139.82, 132.76, 129.83, 124.64,
THF, and the wash solutions were combined, concentrated,123.80, 114.90, 87.41, 70.82, 60.31, 51.01, 50.44, 42.11,
and analyzed by HPLC and NMR. 24.44. ESI-MS ¢): m/z 402 (M + H)*.
Loading of N-Fmoc-ethanolamine onto Silicon-Func- Solid-Phase Epoxide Opening (9)Resin8 (20 mg, 23
tionalized Polystyrene Macrobeads and Deprotection (6).  umol) was suspended in anhydrous 4T (800uL). After
Dry 3-[diisopropylf-methoxyphenyl)silylJpropyl-function- 15 min, MgBE-OEt (7.2 mg, 28«mol) andN-benzylamine
alized macrobeaé’(5, 400 mg, 1.41 mmol Si/g, 0.56 mmol) (51 uL, 470 umol) were added, and the reaction mixture
in a 20 mL polypropylene tube were allowed to swell in was heated at 5560 °C for 24 h. The beads were drained
anhydrous CECl, (15 mL) for 30 min under an argon and rinsed with method B. Cleavage of a single bead
atmosphere. A 4% (v/v) solution of GEQ;H in anhydrous ~ produced 5-benzylamino-4-hydroxy-3-(2-iodophenoxy)-cy-
CH,Cl, (0.25 mL, 3.4 mmol) was added to the mixture by clohex-1-enecarboxylic acid (2-hydroxyethyl)amitte. NMR
syringe, and the reaction tube was shaken periodically. The(500 MHz, CDC}): 6 7.79 (dd,J= 8.0, 1.5 Hz, 1H), 7.24
beads turned orange upon acid treatment and were allowed’.38 (m, 6H), 7.00 (dd) = 8.0, 1.0 Hz, 1H), 6.77 (td] =
to stand for 20 min. After filtration under positive argon 8.0, 1.0 Hz, 1H), 6.386.40 (br m, 1H), 6.28 (br m, 1H),
pressure, the orange beads were washed with anhydrods CH 4.82-4.84 (br m, 1H), 4.03 (d) = 12.5 Hz, 1H), 3.94 (dd,
Cl, (2 x 15 mL) and then resuspended in &Hb (1 mL). J=10.5, 7.5 Hz, 1H), 3.743.82 (m, 4H), 3.5%+3.48 (m,
Freshly distilled 2,6-lutidine (0.26 mL, 2.2 mmol) was added 2H), 3.05 (dd,J = 16.5, 5.0 Hz, 1H), 2.932.98 (m, 1H),
resulting in bead discoloration, followed by addition of a 2.20-2.22 (m, 1H). ESI-MS+): m/z509 (M + H)*.
CH.CI/DMF (2:1) solution ofN-Fmoc-ethanolamine (476 Solid-Phase Amide Formation (10)Resin9 (20 mg, ca.
mg, 1.68 mmol). The reaction mixture was gently agitated 23 umol) was suspended in anhydrous NMP (800 for
for 12 h. The beads were drained and rinsed (method A). 15 min. Acetic acid (1.3.L, 230 umol), and PyBrOP (109
The resin was air-dried f@ h and then placed under vacuum mg, 230umol) were added, followed by the addition of
for 12 h. The beads were allowed to swell in anhydrous DMF DIPEA (82uL, 47 umol). The reaction mixture was shaken
for 30 min before the addition of a solution of 20% piperidine for 24 h. The beads were drained and washed using method
in DMF (10 mL), and the reaction tube was agitated for 5 h B. Cleavage of a single bead gave M-dcetylN-benzyl-
before the beads were drained and rinsed with method A.amino)-4-hydroxy-3-(2-iodophenoxy)-cyclohex-1-enecarboxylic
The loading level was determined spectrophotometrically as acid (2-hydroxyethyl)amide. The LC/MS was consistent with
in ref 12. The resin was air-dried f@ h and then placed clean desired product. The NMR spectrum was complicated
under vacuum for 12 h to remove solvent. because of the presence of rotaméks.NMR (500 MHz,
Solid-Phase Amide Coupling (7)Resin6 (15 mg, 1.17 DMSO-ds + D;0O): 6 7.92-7.95 (m, 1H), 7.78 (m, 1H),
mmol Si/g, 18umol) was allowed to swell for 30 minin5  7.13-7.39 (m, 7H), 6.73-6.78 (m, 1H), 6.25 (br s, 1H), 5.15
mL of anhydrous NMP before the addition of PyBOP (14 (brs, 0.5H), 4.95 (br s, 0.5H), 4.87 (@~ 16.5 Hz, 0.5H),
mg, 26umol), DIPEA (9.2uL, 53 umol), and acid2 (4.1 4.60-4.80 (br s, 0.5 H), 4.434.60 (br, 0.5H), 4.064.15
mg, 26umol), and the reaction mixture was gently agitated (m, 1H), 3.92-3.99 (m, 1H), 3.3%3.36 (m, 2H), 3.04
for 24 h. The beads were drained and rinsed using method3.10 (m, 2H), 2.49 (s, 1.5 H), 2.12.40 (m, 3H), 2.18 (s,
A. The resin was then air-dried f@ h and placed under 1.5 H). ESI-MS ¢): m/z573 (M + Na)".
vacuum for 12 h. Cleavage produced 3.2 mg & 3R,6R)- Solid-Phase Heck Cyclization (11)Resin10 (20 mg, ca.
5-hydroxyN-(2-hydroxyethyl)-7-oxa-bicyclo[4.1.0]hept-3- 23 umol) was suspended in degassed dioxane (80(for
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15 min before the addition of Pd(OAd)5.3 mg, 23umol),

Journal of Combinatorial Chemistry, 2007, Vol. 9, No. 251

Hz, 1H), 2.93 (ddJ = 20.0, 1.5 Hz, 1H), 2.76 (ddd] =

1,2-bis(dicyclohexylphosphino)ethane (dcpe, 9.9 mg, 23 20.0, 1.5, 4.0 Hz, 1H)!3C NMR (CD;OD): ¢ 169.54,

umol), BuNOACc (7.1 mg, 23umol), and DIPEA (82uL,
470 umol). The reaction mixture was heated at48D °C

158.08, 141.09, 131.58, 131.04, 130.58, 125.17, 116.38,
88.87, 72.10, 52.21, 51.83, 25.59. ESI-M8){ m/z359 (M

for 12 h. The beads were drained and rinsed with method + H)™.

B, after they were washed with NaCN solution (7/3 THF/1

(1S,5S,6S)-N-(2-(tert-Butyldimethylsilyloxy)ethyl)-5-

M NaCNag, 10 mL x 3); cleavage from the resin resulted  (2-iodophenoxy)-7-oxa-bicyclo[4.1.0]hept-3-ene-3-carbox-
in 6.2 mg of the expected fused-ring product (75% yield from amide (24). Compound23 (5.87 g, 16.4 mmol),N-(3-
resin8). The LC/MS showed the desired product with purity - dimethylaminopropyl\'-ethylcarbodiimide hydrochloride
of 85%, and the NMR spectrum was complicated by the (EDAC, 3.45 g, 18.0 mmol), 1-hydroxybenzotriazole (HOB,

presence of rotamerdH NMR (500 MHz, CQxOD): o
7.26-7.60 (m, 4H), 7.047.18 (m, 4H), 6.686.78 (m, 2H),
6.24 (s, 0.5H), 6.18 (s, 0.5H), 4.68.82 (m, 3H), 4.42
4.58 (m, 2H), 4.044.10 (m, 0.5H), 3.663.70 (m, 2.5H),
3.38-3.44 (m, 2H), 2.15 (s, 1.5H), 2.12 (s, 1.5H). ESI-MS
(+): m/z445 (M + Na)*.
(1S,5R,6R)-5-hydroxy-7-oxa-bicyclo[4.1.0]hept-3-ene-3-
carboxylic Acid (2). A solution of (1S5R,6R)-methyl
5-hydroxy-7-oxa-bicyclo[4.1.0]hept-3-ene-3-carboxyla(é,
0.50 g, 2.9 mmol) in 10 mL of THF was cooled t20 °C
before the slow addition of LiOHH,O (0.14 g, 3.5 mmol)
in 2 mL of water. The reaction mixture was stirred at@
for 7 h. The pH of the reaction mixture was adjusted-t®
by adding acidic resin Amberlite IRC-86 before filtration
and evaporation to provide white solid prodi:(0.26 g,
57%).'H NMR (CD3;OD): ¢ 6.54-6.56 (m, 1H), 4.53
4.54 (m, 1H), 3.43-3.45 (m, 1H), 3.46-3.42 (m, 1H), 2.89
(d,J = 19.5 Hz, 1H), 2.41 (dd) = 19.5, 2.5 Hz, 1H)}C
NMR (CDsOD): ¢ 175.23, 133.78, 131.79, 66.98, 56.22,
53.12, 26.79. ESI-MSH): m/z 157 (M+H)™.
(1S,5S,6S5)-Methyl 5-(2-iodophenoxy)-7-oxa-bicyclo-
[4.1.0]hept-3-ene-3-carboxylate (22A solution 0f4%°(3.62
g, 21.3 mmol), 2-iodophenol (5.63 g, 25.6 mmol), and £Ph
(8.73 g, 33.3 mol) in THF (200 mL) was cooledt/8 °C,
and DEAD (4.04 mL, 25.6 mmol) was added slowly via
syringe. The reaction mixture was stidré h at—78°C and
then kept at—20 °C overnight. The reaction mixture was

2.43 g, 18.0 mmol), and C&€l, (150 mL) were added to an
oven-dried flask, and the mixture was cooled &0 2-(ert-
Butyldimethylsilyloxy)ethylamin& (4.31 g, 24.6 mmol) was
added, and the mixture was stirred overnight at room
temperature. The reaction was filtered, and the filtrate was
washed twice with brine, dried (N&QO,), filtered, and
concentrated. The residue was purified by column chroma-
tography (EtOAc/hexane, 3/7) to affo@#t (6.72 g, 80%).

H NMR (CDCls): 6 7.80 (d,J = 8.0 Hz, 1H), 7.31 (dt)

= 8.0, 1.5 Hz, 1H), 7.01 (dJ = 8.0 Hz, 1H), 6.79 (dtJ =

8.0, 1.5 Hz, 1 H), 6.35 (br, 1H), 6.20 (br, 1H), 5.15 (br,
1H), 3.70 (t,J = 4.5 Hz, 2H), 3.54 (s, 1H), 3.52 (s, 1H),
3.41-3.44 (m, 2H), 2.98 (dJ = 19.5 Hz, 1H), 2.85 (ddJ

= 19.5, 2.0 Hz, 1H); 0.88 (s, 9H), 0.05 (s, 6HJC NMR
(CDCly): 6 167.13, 156.27, 139.75, 132.98, 129.62, 123.96,
123.53, 114.84, 88.25, 70.79, 61.42, 50.91, 50.55, 41.76,
25.83, 24.53, 18.12-5.36. ESI-MS {): m/z 516 (M +
H)*.

(35,4S,5R)-N-(2-(tert-Butyldimethylsilyloxy)ethyl)-4-hy-
droxy-3-(2-iodophenoxy)-5-(2-methoxyethylamino)cyclo-
hex-1-enecarboxamide (25R2-Methoxyethylamine (4@QL,

0.47 mmol) was added to a suspensior24f(0.12 g, 0.23
mmol) and MgB§-OEt (0.66 g, 0.25 mmol) in CECN (2

mL), and the reaction mixture was heated at’60for 8 h.

The solvent was evaporated, and the residue was dissolved
in CH,Cl, before it was rinsed with aqueous NE and
brine. After it was dried (Ng5Qy), filtered, and concentrated,

concentrated and purified by column chromatography (hex- the residue was purified by column chromatography {CH

ane/E3O from 5/3 to 3/1) producing? as a semisolid (7.15
g, 90%).'H NMR (CDCl): ¢ 7.82 (dd,J = 8.0, 1.5 Hz,
1H), 7.33 (dt,J = 8.0, 1.5 Hz, 1H), 7.03 (dJ = 8.0 Hz,
1H), 6.92 (m, 1H), 6.79 (dt) = 8.0, 1.5 Hz, 1H), 5.19 (s,
1H), 3.78 (s, 3H), 3.55 (dJ = 3.0 Hz, 1H), 3.54 (s, 1H),
3.01 (dd,J = 20.0, 1.5 Hz, 1H), 2.83 (dd, = 20.0, 3.0 Hz,
1H). 3C NMR (CDCk): 6 166.72, 156.51, 140.11, 130.57,

Cl; and CHCI,/MeOH, 60/1) to afford25 (0.12 g, 88%) as
a white solid.*H NMR (CDCl): ¢ 7.73 (dd,J = 8.0, 1.5
Hz, 1H), 7.25 (dtJ = 8.0, 1.5 Hz, 1H), 6.96 (d] = 8.0 Hz,
1H), 6.71 (dt,J = 8.0, 1.5 Hz, 1H), 6.30 (br, 1H), 6.22 (t,
J = 5.0 Hz, 1H), 4.86-4.82 (m, 1H), 3.85 (ddJ = 10.5,
8.0 Hz, 1H), 3.65 (tJ = 5.0 Hz, 2H), 3.46-3.49 (m, 2H),
3.35-3.38 (m, 2H), 3.31 (s, 3H), 2.8€2.94 (m, 3H), 2.76

129.94, 128.91, 124.38, 114.93, 88.49, 70.98, 52.44, 51.13,2.74 (m, 1H), 0.82 (s, 9H), 0.01 (s, 6HYC NMR (CDCl):

50.92, 24.61. ESI-MS: &) m/z 371 (M — H)™.
(1S,55,69)-5-(2-lodophenoxy)-7-oxa-bicyclo[4.1.0]hept-
3-ene-3-carboxylic Acid (23)A solution 0of22(6.11 g, 16.4
mmol) in 50 mL of THF was cooled to C before the slow
addition of LIOHH,0 (0.83 g, 20 mmol) in 10 mL of pD.

0 167.00, 156.93, 139.72, 135.03, 129.70, 127.83, 123.60,
115.00, 88.48, 81.16, 73.68, 72.14, 61.68, 58.91, 56.86,
46.21, 41.93, 31.04, 26.00, 18.335.19, —5.20. ESI-MS
(+): m/z591 (M + H)*.
(3S,4S,5R)-N-(2-(tert-Butyldimethylsilyloxy)ethyl)-4-hy-

The reaction mixture was warmed to room temperature and droxy-3-(2-iodophenoxy)-5-(-(2-methoxyethyl)pentan-
stirred for 5 h. The pH of the reaction mixture was adjusted amido)cyclohex-1-enecarboxamide (26 DIPEA (16 uL,

to ~5 by adding Amberlite IRC-86 acidic resin before
filtration and evaporation to provide 4.98 g 28 as a white
solid (85%).*H NMR (CD;OD): 6 7.79 (dd,J = 8.0, 1.5
Hz, 1H), 7.37 (dtJ = 8.5, 1.0 Hz, 1H), 7.19 (d] = 8.5 Hz,
1H), 6.88 (d,J = 1.5 Hz, 1H), 6.80 (dtJ = 8.0, 1.0 Hz,
1H), 5.27 (dJ = 1.5 Hz, 1H), 3.54 (s, 1H), 3.47 (d,= 1.0

89 umol) was added to a solution 86 (35 mg, 59umol) in

2 mL of CH,ClI,, followed by the addition of pentanoyl
chloride (86uL, 71 umol). The reaction mixture was stirred
overnight; then more C}Cl, was added before the mixture
was rinsed with agueous N8I and brine. The organic layer
was dried (NaSQy), filtered, concentrated, and purified by
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column chromatography (G&l, and CHCIl,/MeOH, 100/
0.5) to afford26 (36 mg, 90%)*H NMR (CDCL): 6 7.78
(dd,J = 8.0, 1.5 Hz, 1H), 7.31 (dtJ = 8.0, 1.5 Hz, 1H),
7.14 (dd,J = 8.0, 1.0 Hz, 1H), 6.77 (dtJ = 8.0, 1.0 Hz,
1H), 6.33 (br s, 1H), 6.20 (] = 5.5 Hz, 1H), 5.23 (dJ =
3.0 Hz, 1H), 4.92-4.94 (m, 1H), 4.044.11 (m, 2H), 3.93
3.98 (m, 1H), 3.77 (dJ = 14.0 Hz, 1H), 3.673.71 (m,
2H), 3.40-3.47 (m, 3H), 3.39 (s, 3H), 3.6%.14 (m, 1H),
2.61(dd,J=17.5, 5.5 Hz, 1H), 2.432.52 (m, 2H), 2.36-
2.39 (m, 1H), 1.6+1.67 (m, 2H), 1.341.39 (m, 2H), 0.94
(t, J = 6.5 Hz, 3H), 0.86 (s, 9H), 0.05 (s, 6HFC NMR
(CDCly): 6 174.95, 166.60, 157.71, 139.67, 134.66, 129.81,

128.43, 124.08, 116.38, 89.14, 81.62, 70.83, 70.48, 61.72,

Miao et al.

alternating injection of 10 mM glycine pH 2.2 and 50 mM
NaOH. The surface was then activated with 4:M EDC/1

M NHS for 10 min. Aurora A diluted to 1%g/mL in 10

mM acetate pH 5.5 was exposed to the activated sensor. The
surface was quenchedyba 7 min injection of 1 M
ethanolamine. Protein activity was assessed by observing the
binding of staurosporine. Small-molecule binding assays
were conducted in 23 mM Tris buffer pH 7.4 with 137 mM
NaCl, 3 mM KCI, 0.005% P-20 surfactant, and DMSO or
DMF cosolvent. The cosolvent was varied from 2 to 5%,
and 5 mM MgC} was used in some assays; however neither
had an effect on compounth affinity. Sensor data was
analyzed using the Scrubber 2 software (BioLogic Software

59.10, 58.21, 42.37, 42.02, 33.82, 29.03, 27.32, 26.07, 22.65Pty Ltd). Data was double-reference subtracted and corrected

18.42, 14.15-5.11,-5.13. ESI-MS ¢): m/z 675 (M +
H)*.

(35,4S,5R)-4-Hydroxy-N-(2-hydroxyethyl)-3-(2-iodophe-

noxy)-5-(N-(2-methoxyethyl)pentanamido)cyclohex-1-ene-
carboxamide (15).In a Teflon vial, compoun@6 (15 mg)
was dissolved in THF (1.25 mL) and pyridine (0.150 mL).
HF-pyridine (75uL) was added, and the mixture was shaken
3 h before the addition of TMSOEt (0.75 mL); it was then
shaken for an additional 0.5 h. The reaction mixture was
concentrated, and the residue was purified by column
chromatography (CKCl, then CHCI,/MeOH, 95/5) to afford
15(11 mg, 86%)H NMR (CDCl): 6 7.79 (dd,J = 8.0,
1.5 Hz, 1H), 7.31 (dJ = 8.0 Hz, 1H), 7.14 (dJ = 8.0 Hz,
1H), 7.78 (dt,J = 8.0, 1.5 Hz, 1H), 6.376.40 (br, 1H),
6.26 (t,J = 5.5 Hz, 1H), 5.20 (dJ = 3.0 Hz, 1H), 4.96
4.94 (br, 1H), 4.044.14 (m, 2H), 3.93-3.98 (m, 1H), 3.74
3.80 (m, 3H), 3.42-3.52 (m, 4H), 3.39 (s, 3H), 3.098.14
(m, 1H), 2.62 (ddJ = 17.5, 5.5 Hz, 1H), 2.462.52 (m,
2H), 2.30-2.38 (m, 1H), 1.58-1.68 (m, 2H), 1.34-1.40 (m,
2H), 0.93 (t,J = 7.5 Hz, 3H). ESI-MS {): m/z561 (M +
H)*.

Small-Molecule Microarray Assays.Recombinant Au-
rora A was expressed iBscherichiacoli Rosetta2 (DE3)
cells (Novagen) as a C-terminal 6xHis-tagged protein and
was purified using Ni-NTA agarose affinity chromatography
according to the standard protocols. Small-molecule mi-
croarrays were incubated in triplicate with 400 of a 10
ug/mL solution of purified Aurora A-6xHis in TBST buffer

for 30 min at room temperature. The arrays were washed

three times in TBST (1 min for each wash) on an orbital
platform shaker. Arrays were then incubated with 3Q0

of a 0.2ug/mL solution of Cy5-labeled anti-5xHis antibody
(Qiagen) in TBST for 30 min at room temperature. The
probed arrays were washed three times in TBST (5 min for
each wash), followed by doubly distilled water for 3 min on
an orbital platform shaker. Arrays were dried by centrifuga-

tion and scanned for fluorescence at 635 nm using a Genep|x1

4000B microarray scanner.
Surface Plasmon Resonance Experiment3he Aurora

for variation in solvent concentration. Binding affinity was

calculated using kinetic and equilibrium analyses. A least-
squares fit of a Langmuir 1:1 binding model was imple-
mented for kinetic analysis.

Sensor Chip Preparation. A Biacore sensor chip was
prepared by direct immobilization of the Aurora A protein.
Aurora A was thawed before use, divided intal5aliquots,
and stored at-20 °C. Freshly thawed Aurora A was used
for each assay. The running buffer used during immobiliza-
tion was PBS, pH 7.4 with 0.005% P-20 surfactant. Binding
assays were performed at 26. Aurora A was diluted to
23ug/mL in 10 mM acetate buffer (pH 5.5) and immobilized
on the sensor surface @pot lusing standard EDC/NHS
chemistry!® Between 2900 and 3900 response units (RU)
of protein was immobilized in each assay. An anti-RGSHis
antibody (Qiagen) was immobilized at a levelre8000 RU
on Spot 2and used as a reference surface.

Assay ParametersCompoundd5—21 were diluted from
5 mM stocks in DMF to the appropriate concentration in
buffer with the same solvent concentration as the running
buffer (2%). Compounds were injected at a flow rate of 30
uL/min into the flow cell for 60 s followed by 90 s of buffer
with no compound. Compourithb was further characterized
by measuring the binding at concentrations from 391 nM to
25 uM in half dilution. A flow rate of 90uL/minute was
used in the characterization of compoutt
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Reactions of a Shikimic Acid-Derived Substrate

Journal of Combinatorial Chemistry, 2007, Vol. 9, No. 253

reactions and synthetic procedures and characterizations for (14) Trost, B. M.; Toste, F. DJ. Am. Chem. So200Q 122,

compoundd 6—21. This material is available free of charge
via the Internet at http://pubs.acs.org.

References and Notes

(1) (a) Breinbauer, R.; Vetter, I. R.; Waldmann, Hngew.
Chem., Int. Ed2002 41, 2878. (b) Burke, M. D.; Schreiber,
S. L. Angew. Chem., Int. EQ2004 43, 46.

(2) Strausberg, R. L.; Schreiber, S. &cience2003 300, 294.

(3) Bradner, J. E.; McPherson, O. M.; Mazitschek, R.; Barnes-
Seeman, D.; Shen, J. P.; Dhaliwal, J.; Stevenson, K. E.;
Duffner, J. L.; Park, S. B.; Neuberg, D. S.; Ngheim, P.;
Schreiber, S. L.; Koehler, A. NChem. Biol.2006 13, 493.

(4) Floss, H. GNat. Prod. Rep1997, 433.

(5) Karpf, M.; Trussardi, RJ. Org. Chem2001, 66, 2044.

(6) Schuster, M. C.; Mann, D. A.; Buchholz, T. J.; Johnson, K.
M.; Thomas, W. D.; Kiessling, L. LOrg. Lett.2003 5, 1407.

(7) (a) Tan, D. S.; Foley, M. F.; Shair, M. D.; Schreiber, S. L.
J. Am. Chem. S0d.998 120 8565. (b) Tan, D. S.; Foley,
M. F.; Stockwell, B. R.; Shair, M. D.; Schreiber, S. L.
Am. Chem. Sod 999 121, 9073.

(8) Trost, B. M.; Tang, W.; Toste, F. 0. Am. Chem. So2005
127, 14785.

(9) Guillou, C.; Mary, A.; Renko, D. Z.; Gras, E.; Thal, C.
Bioorg. Med. Chem. LetR00Q 10, 637.

(10) McGowan, D. A.; Berchtold, G. Al. Org. Chem1981, 46,
2381.

(11) Wood, H. B.; Ganem, Bl. Am. Chem. So&99Q 112, 8907.

(12) Tallarico, J. A.; Depew, K. M.; Pelish, H. E.; Westwood,
N. J.; Lindsley, C. W.; Shair, M. D.; Schreiber, S. L.; Foley,
M. A. J. Comb. Chem200], 3, 312.

(13) Mitsunobu, O Synthesidl 981, 1.

11262.

(15) (a) Ohlmeyer, M. H. J.; Swanson, R. N.; Dillard, L. W.;
Reader, J. C.; Asouline, G.; Kobayashi, R.; Wigler, M.; Still,
W. C.Proc. Natl. Acad. Sci. U.S.A993 10922. (b) Nestler,
H. P.; Bartlett, P. A.; Still, W. CJ. Org. Chem1994 59,
4723.

(16) Blackwell, H. E.; Peez, L.; Stavenger, R. A.; Tallarico, J.
A.; Cope-Eatough, E.; Foley, M. A.; Schreiber, S.Ghem.
Biol. 2001, 8, 1167.

(17) Jeffery, T.J. Chem. Soc., Chem. Comb®84 19, 1287.

(18) Doria, G.Eur. J. Med. Chem1978 13, 33.

(19) Keen, N.; Taylor, SNat. Rer. Cancer2004 4, 927.

(20) Reiter, R.; Gais, P.; Jutting, U.; Steuer-Vogt, M. K.; Pickhard,
A.; Bink, K.; Rauser, S.; Lassmann, S.; Hofler, H.; Werner,
M.; Walch, A. Clin. Cancer Res2006 12, 5136.

(21) (a) Harrington, E. A.; Bebbington, D.; Moore, J.; Rasmussen,
R. K.; Ajose-Adeogun, A. O.; Nakayama, T.; Graham, J.
A.; Demur, C.; Hercend, T.; Diu-Hercend, A.; Su, M.; Golec,
J. M.; Miller, K. M. Nat. Med.2004 10, 262. (b) Gadea, B.
B.; Ruderman, J. Wiol. Biol. Cell 2005 16, 1305. (c) Hauf,
S.; Cole, R. W.; LaTerra, S.; Zimmer, C.; Schnapp, G.;
Walter, R.; Heckel, A.; van Meel, J.; Rieder, C. L.; Peters,
J. M. J. Cell Biol. 2003 161, 281.

(22) Barnes-Seeman, D.; Park, S. B.; Koehler, A. N.; Schreiber,
S. L. Angew. Chem., Int. EQR003 42, 2376.

(23) Aurora-A kinase Assay/Inhibitor Screening Kit, CycLex Co.,
Ltd., catalog no. CY-1165.

(24) Parsons, A. F.; Pettifer, R. M. Chem. Soc., Perkin Trans
1998 1, 651.

CC060135M



