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ABSTRACT: A conformationally restricted privileged struc-
ture library with stereochemical diversity for a “fragment
growth” methodology comprising 90 compounds was designed
and systematically and efficiently synthesized using sulfur-
modified Au-supported Pd (SAPd)-catalyzed ligand-free
Suzuki−Miyaura coupling of vinyl iodide promoted by
microwave and subsequent amidation in liquid-phase combinatorial chemistry as key reactions. Evaluation of the compounds
with a 20-kinase panel indicated the usefulness of this “fragment growth” methodology for finding hit library compounds for
fragment-based drug discovery.
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■ INTRODUCTION

Fragment-based drug discovery (FBDD)1,2 is a newly
established method for hit finding; in essence, it bases its
strength on the competent binding of small chemical entities to
their targets. FBDD involves identifying small fragments, which,
because of their small size, tend to bind with relatively low
affinity, and then developing these to produce larger, higher-
affinity ligands. The major advantage of FBDD over traditional
high-throughput screening methods is that FBDD provides a
more rapid and effective means of identifying ligands for a
protein target. Identified fragment hits can be optimized by
“linking,” “merging,” or “growth.” Among them, “fragment
growth” is thought to be more effective than linking or merging,
because additional features can be added through iterative
cycles to the hit fragment, leading to more potent compounds.3

To identify valuable optimized compounds effectively by
FBDD, privileged structures,4,5 such as indoles, quinolines,
purines, and benzimidazoles, are useful and historically yield
several biologically active molecules that selectively modulate
the activities of enzymes, G-protein coupled receptors, nuclear
receptors, ion channels, and so on.6 Here, we report our
original “fragment growth” method for FBDD, based on the
three-dimensional diversity-oriented strategy7 using cyclo-

propane as the key unit to restrict the conformation of
privileged molecules.
Although liquid-phase combinatorial synthesis is frequently

used in medicinal chemical research, until our report there have
been no known palladium catalysts that work repeatedly with
low Pd-leaching (less than 1 ppm in the reaction mixture
without purification). We recently developed a practical Pd
material, sulfur-modified Au-supported Pd (SAPd),8 which is,
due to its lowest recorded Pd-releasing levels (less than 1 ppm
in the reaction solvent, TON up to 2 760 000) and high
recyclability (more than 10 cycles) in Suzuki−Miyaura
coupling, one of the best Pd materials developed thus far.
Because SAPd leaches extremely low levels of Pd into reaction
mixtures, removal of residual Pd is unnecessary, even in the
syntheses of pharmaceutical ingredients.
In the present study, as our original “fragment growth”

method for FBDD, a conformationally restricted privileged
structure library having not only functional diversity but also
three-dimensional diversity9 was designed and successfully
synthesized using the ligand-free Suzuki−Miyaura coupling of
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vinyl iodides with SAPd as the key strategy. Throughout the
study, SAPd proved to be an effective catalyst for liquid-phase
combinatorial synthesis,10 which is repeatedly used for
synthesizing structurally diverse fragment molecules by
Suzuki−Miyaura coupling of cyclopropylvinyl iodides with
privileged heterocyclic boronic acids and without contami-
nation. Furthermore, preliminary evaluation of the inhibitory
effects of the library compounds on a panel of kinases suggested
that the library for FBDD growth would be useful for finding
hits with three-dimentional active structure information.

■ RESULTS AND DISCUSSION
We have used cyclopropane as the key unit to design
conformationally restricted analogs of bioactive ligands based

on a spatial screening concept to search for unknown bioactive
conformations of ligands.11 These cyclopropane-containing
compounds have three-dimensional structural diversity, which
has allowed us to identify the appropriate conformations that
produce bioactive compounds targeting a variety of biomole-
cules.
A small molecular library consisting of compounds with

three-dimensional diversity would be expected to display a
broader range of biological activities. However, most libraries
used to date have been limited to aromatic heterocycles with an
underrepresentation of chiral sp3-rich compounds. Recently a
pioneering work on three-dimensionally diverse sp3-rich
fragments using diversity-oriented synthesis was reported by
Wong and co-workers, which included a variety of two-ring
skeltones composed of a pyrrolidine and a saturated ring.7 We
hypothesized that combinational use, taking advantage of the
small and rigid structural features of cyclopropane and the
privileged structures, might provide the three-dimensionally
diverse sp3-rich compounds with the privileged structures very
effective in the fragment growing method.
Thus, we designed a general structure having a vinyl-

cyclopropane backbone, as shown in Figure 1. In the structure
for FBDD growth, a privileged heterocyclic vinyl fragment, a
functionalized carbamoyl fragment, and a hydroxymethyl
fragment were attached to a vinylcyclopropane backbone, in
which the relative location of these three fragments was
effectively restricted due to the rigid cyclopropane ring. The
structure for FBDD growth has the following advantages: (1)
By changing the regiochemistry of these three groups on the
cyclopropane ring, the library compounds can have remarkable
three-dimensional diversity. (2) A variety of privileged
heterocyclic fragments can be introduced by Suzuki−Miyaura
coupling. (3) The use of the easy-forming amide linkage to
introduce functional groups provides fragments with functional
group diversity. (4) The hydroxymethyl group increases the
solubility of the molecule in aqueous medium. (5) The
hydroxymethyl group can be effectively used for further
derivatization in the next “fragment growth” stage, and (6)
the molecular weights of the library compounds are rather
small. In the fragment growing approach, it is often difficult to
find the site in hit fragments effective for the growing. The
hydroxymethyl moiety can be extremely useful, when a hit is
identified, because the presence of it hints at promotion of the
facile elaboration or modifications of the hit for growing into a
lead.
In this study, we planned to construct a racemic small library

for FBDD growth comprising type-a and type-b structures,

Figure 1. General scheme for our designed fragment structure and a medicinal example with cyclopropane.

Scheme 1. General Scheme for the Synthesis of the Designed
Privileged Library Compounds

Scheme 2. Preparation of Vinyl Iodides 1a and 1ba

a(a) (1) 4-MeOC6H4CH2OC(NH)CCI3, PPTS, CH2CI2, 24 h,
57%; (2) LiBH4, THF, reflux, 18 h; (3) MOMCI, iPr2EtN, CH2CI2, 24
h; (4) Bu4NF, THF, 3 h; (5) Dess-Martin periodinane, CH2CI2, 0 °C,
2 h, 79% (5 steps). (b) (1) CHI3, CrCI2, THF, 0 °C, 4 h; (2) DDQ,
CH2CI2, 5 h, 79% (2 steps from 9a), 69% (2 steps from 9b). (c) (1)
MOMCI, iPr2EtN, CH2CI2, 24 h; (2) LiBH4, THF, reflux, 18 h; (3) 4-
MeOC6H4CH2OC(NH)CCI3, PPTS, CH2CI2, 24 h; (4) Bu4NF,
THF, 3 h; (5) Dess-Martin periodinane, CH2CI2, 0 °C, 2 h, 56% (5
steps).
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which are two regioisomers included in the general structure.
The synthetic strategies for the library compounds for FBDD
growth are shown in Figure 1. Introduction of the key
privileged heterocycles was planned by SAPd-promoted ligand-
free Suzuki−Miyaura coupling between the cyclopropylvinyl
iodides 1 as substrates, which were prepared from a known
cyclopropane derivative, and the privileged heterocyclic boric

acids 2. Then, various functional groups were introduced by
condensation with the amines X-NH2 (Scheme 1).
When polymer-supported Pd is used, the reaction suffers

from contamination problems, and troublesome washing is
needed due to the strong absorption of the starting material
and/or the product to the polymer. In dramatic contrast, SAPd
has a much smaller surface area and absorbs many fewer
organic compounds, including starting materials or products,
compared with polymer-supported Pd, due to its low affinity for
organic molecules. Moreover, the Au mesh, used as the support
for Pd in SAPd, is malleable and easy to handle with a pair of
tweezers. Although combinatorial synthesis is an important
methodology in medicinal chemistry and is widely used for
drug development, there has been no practical solid-supported
Pd that could be repeatedly used for the synthesis of different
kinds of coupled products.12 Considering the above-mentioned
advantages, SAPd may indeed be an ideal solid catalyst for
combinatorial Suzuki−Miyaura coupling for medicinal chemical
research studies. Consequently, we tried liquid-phase combi-
natorial Suzuki−Miyaura coupling of cyclopropylvinyl iodides
with SAPd by changing the privileged heterocyclic boronic
acids 2.
The coupling substrates, cyclopropylvinyl iodides 1a and 1b,

were synthesized according to Scheme 2. Thus, the known
cyclopropane derivative 813 was converted into the cyclo-
propane aldehyde 9a or 9b via protecting group manipulation,
reduction, and oxidation, of which Takai coupling gave the
cyclopropylvinyl iodides 1a and 1b.
When SAPd was used as the catalyst in the Suzuki-Miyaura

coupling of the vinyl iodide 1a or 1b and boronic acids 2{1}
with K2CO3 in EtOH under our previously reported best
conditions,8,10 the corresponding product was not yielded at all.
Then, considering the reaction mechanism of SAPd in Suzuki−
Miyaura coupling,10 we hypothesized that the actual active Pd
species were not sufficiently released from SAPd to promote
the reaction under the above conditions and that microwave
irradiation might accelerate the release of the Pd species. We
examined the use of two kinds of microwaves, one for releasing
the actual active Pd species (MW1) and another for promoting
Suzuki−Miyaura coupling (MW2). After several experiments,
we found the optimized conditions for MW 1 and MW 2. A
mixture of the vinyl iodide 1a or 1b (0.17 mmol) and a mesh of
SAPd (14 × 12 mm) in ethanol (1 mL) and DMF (1 mL) was
irradiated with weaker microwaves (300 W, single-mode) at 90
°C for 45 min, and then the resulting mixture was added to a
solution of a privileged heterocyclic boronic acid 2{1}, {2}, {3},
{4}, or {5} (1.5 equiv; see Figures 2 and 3) and K2CO3 (2
equiv) in toluene (1.5 mL) and irradiated with a stronger

Figure 2. Diversity reagents 2{1−5}. (a) Boc group is removed in the final product 7.

Figure 3. Diversity reagents 5{1−9}. (a) tert-Butyl group is removed in the final product 7. (b) Boc group is removed in the final product 7.

Table 1. SAPd Catalyzed Suzuki−Miyaura Coupling of 1 and
2a

entry vinyl iodide 1 boronic acid 2 product 3 yield (%)b

1 1a 2{1} 3a{1} 78 (48)
2 1a 2{2} 3a{2} 40c,d (33)
3 1a 2{3} 3a{3} 88c (53)
4 1a 2{4} 3a{4} 82 (73)
5 1a 2{5} 3a{5} 50c,d (7)
6 1b 2{1} 3b{1} 87 (48)
7 1b 2{2} 3b{2} 7 (39)
8 1b 2{3} 3b{3} 66 (58)
9 1b 2{4} 3b{4} 55 (41)
10 1b 2{5} 3b{5} 57 (37)

aMW1 conditions: 1a or 1b (0.084 mmol), SAPd (14 × 12 mm),
ethanol (1 mL), DMF (1 mL) microwave heating (300 W, single-
mode), 90 °C, 45 min, then MW2 conditions; boronic acid 2 (1.5
equiv), K2CO3 (2 equiv), toluene (1.5 mL) microwave heating (500
W, multimode), 100 °C, 1 h. bNumbers in parentheses indicate the
yield using a conventional homogeneous catalyst; boronic acid 2 (1.5
equiv), Pd(OAc)2 (10 mol %), PPh3 (20 mol %), CsCO3 (2 equiv),
DMF, rt - reflux, 3−24 h. c0.25 mL of H2O was added in multimode
microwave heating. dDMF was used as a solvent and reaction time was
30 min in single-mode microwave heating.

Table 2. Preparation of Carboxylic Acids 4 from Alcohol 3
by Oxidation

entry alcohol 3
yield in DMP oxidation

(%)
yield in Pinnich oxidation

(%)

1 3a{1} 90 82
2 3a{2} 81 77
3 3a{3} 64 91
4 3a{4} 67 83
5 3a{5} 70 26a

6 3b{1} 95 82
7 3b{2} 80 95
8 3b{3} 72 91
9 3b{4} 97 91
10 3b{5} 84 90

aThe carboxylic acid produced was unstable and decreased the yield.
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microwave (500 W, multimode) at 100 °C for 1 h. After the
usual aqueous workup, the corresponding product 3 was
obtained in high purity14 as shown in Table 1. The SAPd was
removed from the reaction mixture and used repeatedly for the
reaction with substrates 1a or 1b and various boronic acids 2.
These results demonstrated that SAPd was an effective Pd
catalyst for this kind of combinatorial synthesis without any
contamination of other products or starting materials.
Successive oxidations of 3 with Dess-Martin periodinane

(DMP) and under Pinnich conditions gave the corresponding
carboxylic acids 4 (Table 2).
With carboxylic acids 4 in hand, we prepared the

corresponding fragments by liquid-phase combinatorial chem-
istry. Thus, amine 5, 1-hydroxybenzotriazole (HOBt), and

polymer-bound carbodiimide resin15,16 were added to a
solution of 4 in dichloromethane (Scheme 3), and the mixture
was stirred overnight at ambient temperature. After scavenging
the excess amine with PS-isocyanate and then HOBt,17 and
then any remaining carboxylic acid with macroporous polymer-
bound carbonate resin (MP-carbonate),18 filtration and
evaporation of the resulting mixture yielded the desired
products 6 in high yields and purities. Acidic treatment of 6
led to production of the corresponding library compounds 7 in
good to quantitative yields. Thus, we successfully constructed a
small library comprising 90 library compounds for FBDD
growth (45 type-a compounds and 45 type-b compounds), with
molecular weights ranging from 314 to 422.

Scheme 3. Synthesis of a Privileged Structure Library with Conformational Regstriction

Table 3. Inhibitory Effects of 10 Selected Compounds on a Panel of 20 Different Kinases
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We selected five type-a library compounds for FBDD growth
7a{1,5}, 7a{2,5}, 7a{3,5}, 7a{4,5}, and 7a{5,5}, with different
heterocycles and the same cyclohexylcarbamoyl group, and the
corresponding five type-b library compounds 7b{1,5}, 7b{2,5},
7b{3,5}, 7b{4,5}, and 7b{5,5} for preliminary evaluation with a
20-kinase19,20 assay panel at 10-μM concentrations.21 As
summarized in Table 3, kinase activities were inhibited by the
library compounds for FBDD growth, as expected. It is
particularly noteworthy that the inhibitory effects changed
depending on the regiochemistry (type-a or type-b), i.e., three-
dimensional positioning of the three substituents on a
cyclopropane ring. For example, although both 7a{4,5} (type-
a) and 7b{4,5} (type-b) have the same quinoline-3-yl privileged
structure and a cyclohexylcarbamoyl group, the two compounds
fro FBDD growth inhibited a variety of kinases with different
selectivities: typically, 7a{4,5} (43.8%) > 7b{4,5} (17.4%)
against JAK3, and 7a{4,5} (19.9%) < 7b{4,5} (73.0%) against
KDR. The compound 7a{2,5} (type-a), having Cl-quinoline,
selectively inhibited TRKA among the 20 kinases, but the
corresponding type-b regioisomer 7b{2,5} had insignificant
inhibitory effects on the kinase.
As a result of this study, 7a{4,5}, 7b{4,5}, and 7a{2,5} were

identified as hits as inhibitors of JAC3, KDR, and TRKA,
respectively. Thus, the three-dimensional diversity-oriented
conformational restriction strategy using our heterogeneous Pd
catalyst, SAPd, works effectively in the privileged structure
library.

■ SUMMARY
A conformationally restricted privileged structure library for
FBDD growth, having not only functional diversity but also
three-dimensional diversity, was designed. SAPd-catalyzed
ligand-free Suzuki−Miyaura coupling of vinyl iodides with
heteroaromatic boronic acids, which was effectively promoted
by microwave irradiation, was developed, resulting in the
construction of the designed library for FBDD growth
comprising 90 compounds. Biological evaluation with a kinase
panel showed that the library is useful for finding hits to
provide a further “fragment growth” stage.
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