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Although library approaches to the discovery of small-molecule Ts F Ts
enzyme inhibitors or receptor ligands are well-establishedny W
reactions continue to pose challenges when applied to solid-phase 11C50 200 uM, RhoA

synthesis for the generation of compound libraries. From our
development of phosphine catalysis of allenodtes, envisioned
that these reactions might be adaptable to solid-phase synthesis fokcheme 1. Solid-Phase Syntheses of Dihydropyrroles 8 and
the generation of heterocycle libraries using resin-bound allenoates.Tetrahydropyridines 9
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Figure 1. Protein GGTase-l inhibitoré and2.

Before embarking on the potentially time-consuming development ol L Dy Tol, TS
. - = N
of solid-phase processes, however, we decided to screen our mode I}n e e L
. . . HO,C CHCly g/ i
compounds synthesized through solution-phase reactions. If we pen s LU | i
could identify a biologically important molecule from the prelimi- 8b R = Et, 92% overall yield T°'xffN Ts

= PPhg or PBus (50 mol%s)

nary screen, it would then be worthwhile pursuing a library benzene o il

generated through solid-phase split-pool synthesis. Herein, we report o N
the first example of phosphine catalysis of polymer-bound allenoates Q/\OH ¥ R\/\CO"’H DIPEA or Elt N, CHycl, j‘)\,n A EL R
and a combinatorial library approach to the development of potent oynPhaze  M8A=HR=H 78Tt BaiSh | ol o' SGRZH R ZBn
inhibitors of protein geranylgeranyltransferase type | (GGTase-l). o IR ﬂlﬁ:i'é'r? {PBUG il ml,’)
Protein prenylation, a post-translational modification of nascent CHClp, 1, 2-4d
proteins by either the farnesyl or geranylgeranyl isoprenoid at the At ES o il
C-terminus cysteine residue, is a key event in the regulation of U e
many protein functiond Of particular interest is the farnesylation il S i B°
of the oncogenic forms of Ras proteins, which is required for their 9b R = Ph, 91% overall yield

membrane association and cell transforming actitBpnstitutively
activated mutant Ras proteins are found in ca. 30% of human
tumors® Consequently, the development of FTase inhibitors (FTIs)
as anticancer agents has been the focus of much academic an
industrial research.Upon blocking FTase, however, the human
oncogenic Ras isoforrK-RasB is geranylgeranylated by protein
GGTase-I' Geranylgeranylation functionally substitutes the farne-
sylation of Ras proteins. This phenomenon suggests that to
effectively block Ras processing, the development of selective
inhibitors of GGTase-I (GGTISs) is required just as importantly as
the development of FTI%.

With this premise in mind, we screened a collection of 138
heterocycles for their ability to inhibit the activity of human
GGTase-l to geranylgeranylate K-Ras4B or RhoA. Purifie
GGTase-l was incubated with its substrate protein K-Ras4B or
RhoA, PH]GGPP, and the 138 compounds. After 30 min, the degree
of incorporation of tritiated geranylgeranyl groups was measured

using a scintillation counter. We identified a number of compounds L
as GGTls (Figure 1). tolualdimine in the presence of 50 mol % of PBat room

This discovery of promising lead GGTI compounds and their temperature for 2 and 4 days, respectivélieterocycless and7

moderate activity warranted the development of efficient and rapid were cliavezlj from;?g resc;ngusm% 12_50‘/100/TFA II?:I Dtc): M tg provide
syntheses and evaluations of analogous structures in the search fo‘he carboxylic act an n 6 yield (based on a
better inhibitors; we envisioned a short, modular synthetic route theoretical loading of 1xmol/lantern) with high diastereoselec-
(Scheme 1), using SynPhase lanterns as the solid sugport. tivities (dr = 99:1 for 8b; 93:7 for 9b) after chromatographic
Validation of the synthetic route on the polymer support commenced purification.

with formation of resin-bound allenoatésThe loading of allenoic The a,-unsaturated enoate funciionalities éhand 7 were
utilized to further increase the modularity and number of analogues.

* Department of Chemistry and Biochemisry. For exgmple, the Michael .addItIOI’IS of thiols foapd 7 using
* Department of Microbiology, Immunology and Molecular Genetics. n-butyllithium as bas® provided10 and 11, respectively, which

acids onto solid supports has not been reported previously. The
allenoic acids4 were coupled to the benzyl alcohol units of the
§ynPhase PS lanterns grafted with Wang ré&sirsing Mukaiya-
ma’s reagent and Hhig's base forda/b or EtN for 4¢/d.1! The
direct use of an unmodified Wang resin minimizes the number of
synthetic operations run on solid support. In addition, our strategy
enabled simple trifluoroacetic acid (TFA)-mediated cleavage to
release the carboxylic acid group, a key functional group in our
GGTls.

Because we were unaware of any previous examples of phos-
phine catalysis of solid-bound allenoates, we were pleased to
discover that the phosphine-catalyzed annulation between polymer-
d supported allenoatésandN-tosylimines proceeded smoothly. The
allenoate$a and5b were treated witiN-tosyltolualdimine and 50
mol % of PPR (for 58) or PBw (for 5b) in benzene at 60C to
provide the polymer-bound dihydropyrrol@g® Tetrahydropyridines
7 were formed from the reactions &c and 5d with N-tosyl-
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Scheme 2. Solid-Phase Diastereoselective Michael Additions Chart 1. Eleven y-Substituted Allenoic Acids A, 12 o-Substituted
Ts Tol  Ts Tol s Allenoic Acids B, 46 N-Sulfonimines C, and 32 Thiols D
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|“
upon TFA-mediated cleavage yieldé@ and 13, respectively, in O) /@2 cm oo N /(5
77—95% yield (Scheme 2). These two-step sequences occurred withi

Q0 COMe Bs No-Ns NTs
high diastereoselectivities, providing the pentasubstituted pyrrolidine @ J@) /©) O) \@LCI O) 15
i i idi i i i i cag MeO c39

12 and the tetrasubstituted piperidib8as single diastereoisomeric
productst® Apparently, thiols added opposite to the pre-existing No-Ts o p e NN

substituents in both the dihydropyrrd@end the tetrahydropyridine J@) /@2 \© /@2 /@2 /©) /©/

7.15 Interestingly, however, the protonation of the resultingar-

banions occurred anti (fot0) and syn (for11) to the added | -
-mercapto groups. O *@SHM@SHCO g ><©A

. . . . . D01 gy DOZ gy Do3 sH D05

Having successfully established the solid-phase reaction condi- G sH
tions, we next prepared the- and y-substituted allenoic acid . CIJ:) @2 O) ©)~SH o m
building blocks (Scheme 3). The reactions between the phosphorang pos

14 a_n;j the %Ci(; c:loriﬁe$5 1 eqlléiv)hi_n ':he presher:jcelofﬁ(;t .(1 ﬁf“ >;1S;I /:::H ,}m ;:rsu \C;H \/D;sn Dusu /\Dg\,SH
equiv) provided the allenoatesss,'® which were hydrolyzed into o~ SHANSASH
y-substituted allenoic acids.l” Phosphorané4 was treated with o2 \/\/\gn;i/\/s”% QSH Zon o JK/\S“>L kﬁ

the alkyl halidesl7 to give the phosphonium salis8, which we

converted to thex-substituted allenoateld upon treatment with 46) imine building blocks for allenoata01, 21 for A0S, 25 for
Et;N (2 equiv) and acetyl chloride (1 equitho-Substituted allenoic BO1, and 31 forBOS5.

acidsB were prepared through saponification of the esixsThe For Michael addition of the thiols, all three building blocks were
N-sulfonyliminesC were formed simply through azeotropic removal  tested as follows: To select suitable allenoic acids, the 23 annulation
of water from a mixture of the appropriate sulfonamitfealdehyde  products synthesized above were subjected to Michael addition

21, and BRrOEt under reflux in toluené? Chart 1 presents the  ysing benzenethiol, toluenethiol, or benzyl thiol. Analysis of the
building blocks synthesized as illustrated in Scheme 3 and the cleaved products indicated that eight (of 23) allenoic acids were
commercially available thiol building blocks. suitable candidates. For imine selection, the annulation products
The building blocks were tested so that only the ones that of 46 imines withAO5 and BO1 were tested because the allenoic
provided high purity and stereoselectivity (as judged flehNMR acids A01—04 and B02—B12 were excluded from the Michael
spectra and LCMS analyses) for their crude cleavage productsaddition sequence. The number of imines selected was 25 (of 46)
would be used in the synthesis of the GGTI analogue lib¥ary.  for AO5 and 21 forBO1. The annulation produc&and7 (Scheme
Eleveny-substituted allenoic acids and 12a-substituted allenoic  2) were used to select the thiols; the various thiols required different
acidsB were loaded and reacted with imi@92 in the presence  reaction times and temperatures. Upon extensive optimization, 19
of a catalytic amount of phosphine, as indicated in Scheme 1. After (of 32) thiols for dihydropyrroles and 17 for tetrahydropyriding
cleavage with TFA and analysi$&H NMR and LCMS spectra) of  were selected. The combination of these selected building blocks
the purity and diastereoselectivity of the 23 annulation prodéicts resulted in the preparation of 4288 compouffds.
and 7, we found that each of the allenoic acids, exceptAan, Using the chosen building blocks, we commenced the split-pool
yielded a single identifiable compound (&r12:1; *H NMR) in syntheses of the 4288 GGTI analogues on the SynPhase lanterns.
high purity (72-100%; LCMS/UV210). The resin-bound allenoates Tagging was performed by inserting colored spindles and cogs into
derived from allenoic acida01, A05, BO1, andB0O5 were selected the lanterns prior to synthesis of the librafyTwenty-three allenoic
to assess the reactivity and stereoselectivity of 46 imines in acids A and B were loaded onto the Wang resi® using
phosphine-catalyzed annulations (becaA®&, A02—A1l, BO1, Mukaiyama’s reagent (Scheme 1). The resulting allenoate-loaded
and B02—B12 required different annulation reaction conditions). lanterns5 were pooled and split into a number of flasks corre-
Using the criteria of70% purity and>9:1 dr, we selected 30 (of  sponding to the number of imines for each group of allenoic acids
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lanterns6 and 357 tetrahydropyridine-bound lanterhsere further
divided into 19 and 17 flasks, respectively, and subjected to the References

thiol Michael reactions (Scheme 2). (1) Tan, D. S.Nat. Chem. Biol2005 1, 74 and references therein.
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e - X shape. The rigid polymeric support beneath the grafted mobile phase makes
can be detected from a shift in its mobility on SDS polyacrylamide weighing unnecessary and handling easier than that of resins. The
gel; the unprocessed form appears as a slowly migrating band. SynPhase lanterns are available in three different sizes, with loadings of

X L 15, 35, and 7&mol, providing more material for a given compound than

Figure 2b indicates that treatment of the cells viftor 23 resulted beads when used in a split-pool library synthesis. Nonchemical tagging
in the appearance of a slowly migrating band (cf. the DMSO lane m%thodsy such las ré:ldIO_ladeellng ((jSImllar to the I_FEIRI Sﬁ/sterP) Oihcolor-d
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it : iy : (12) Miyata, O.; Shinada, T.; Ninomiya, |.; Naito, T.; Date, T.; Okamura, K.;
inhibit geranylgeranylation within the cell. These dihydropyrrole Inagaki, S.J. Org. Chem1991, 56, 6556.

and tetrahydropyridine-based GGTIs differ from the previously (13) The relative stereochemistry b2 and13awas confirmed through X-ray
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h b idomi . d (14) See the Supporting Information for details.

ave been peptidomimetic compourtds. (15) Dihydropyrroless with C5-H, C5-Me, and C5-Ph substituents provided

In conclusion, small-molecule inhibitors of GGTase-I were mixtures of diastereoisomers. On the other hand, dihydropyrroles with

. ™ . . C5+-Bu substituents were recalcitrant to the 1,4-addition conditions. For
identified through chemical genetlp screens C_’f the _hete_rocydes the tetrahydropyridineg, only those lacking a C2 substituent underwent
produced through allene phosphine catalysis. This discovery the 1,4-addition of the thiol. Remarkably, the remote C6 substituent
ot : i ; directed the Michael addition from the opposite side.
msngatgd the_development of the first soll_d phase phosphlne 16) Lang, R. W.: Hansen, H.-Grganic Synthesesiley & Sons: New York,
catalysis of resin-bound allenoates. To further improve the efficacy 1990; Collect. Vol. 7, p 232.
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4288 GGTI analogues were synthesized on SynPhase lanterns in a a||gn0ate§.4 P

split-pool fashion. Screening the 4288 analogues resulted in the (18) fggglngi;l\i\geber-Roth, S.; Macoratti, E.; FrancotteSgth. Commun.
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values. These powerful GGTIs should be useful for studies of the (20) Gau, C. L.; Kato-Stankiewicz, J.; Jiang, C.; Miyamoto, S.; Guo, L.;
protein geranylgeranylation process and might ultimately lead to Tamanoi, FMol. Cancer Ther2005 4, 918.

novel therapeutic leads. JA070274N
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