
� 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3966 – 39743966



DOI: 10.1002/chem.200500958

Platform Synthesis: A Useful Strategy for Rapid and Systematic Generation
of Molecular Diversity

Kenichiro Itami*[a] and Jun-ichi Yoshida*[b]

Introduction

Generation of new functional materials (molecules) is a key
in the progress of science. Through providing efficient meth-
ods and strategies for making useful organic frameworks,
synthetic organic chemistry has contributed to the develop-

ment and understanding of materials science and life science
in many ways. Although a target-oriented synthesis of com-
plex natural products and a rational design of functional ma-
terials has been a main stream in organic synthesis, the
emergence of combinatorial chemistry[1] and diversity-ori-
ented synthesis[2] has changed the way of planning and
doing chemical synthesis as a whole. Because elucidation of
structure–activity (structure–property) relationships is not
necessarily easy and, hence, a rational design of molecules is
often difficult in medicinal chemistry and materials science,
such library-based approaches enable rapid identification
and optimization of functional materials in many cases.[1] In
addition, there is a high probability to discover unexpected
functions with these library-based approaches. Therefore, re-
liable strategies and methodologies for generating molecular
diversity are highly called for in this field. This article de-
scribes our concept of “platform synthesis” and its applica-
tion to the synthesis of various functional materials.

Platform Synthesis

The orthogonal and sequential functionalization[1d] of a
simple molecule bearing multiple reaction sites (platform)
serve as a powerful synthetic strategy that should provide
enormous opportunity for diversity-oriented synthesis as
well as target-oriented synthesis (Scheme 1). To effectively
accomplish such platform syntheses, it is necessary that reac-
tivities of those reaction sites be substantially differentiated.
To realize such differentiation, those reaction sites should
be stable unless activated by promoter or catalyst. It is also
important to note that reactivities should be sufficiently
high even after introduction of sterically demanding sub-
stituents.

Our approach for such platform synthesis has been to uti-
lize organoelement compounds, such as organosilicon,
-sulfur, and -boron compounds, as platforms (Scheme 2).
The strong stereo-electronic bias exerted by a suitably posi-
tioned element (E), would allow reactivity differentiation of
potential reaction sites, thereby site-selective installation of
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substituents onto a platform. In addition to this simple con-
cept, we often utilize catalyst- or reagent-directing groups,
such as pyridyl group, on the element.[3,4] The presence of
these groups permits a number of metal-mediated compo-
nent-assembling reactions that are essentially unattainable
without such groups by virtue of effective coordination of
the directing group to metals. It is also noteworthy that
some directing groups such as pyridyl group also function as
phase tags for separation.[5] Nowadays, automated synthesis
is a powerful tool for the construction of large chemical li-
braries, but separation of products is often a bottleneck of
solution-phase synthesis. The phase-tag approach provides a
solution to this problem.[6] Thus, our approach of platform
synthesis involves an orchestrated interplay of organoele-
ment chemistry and coordination chemistry.

Platform Synthesis of Multisubstituted Olefins

The regio- and stereoselective synthesis of multisubstituted
olefins is one of the most challenging subjects in organic
synthesis. In view of synthetic challenge as well as potential
applications as functional materials and pharmaceuticals, we
have initiated a program directed toward the development
of a programmable and diversity-oriented synthesis of multi-
substituted olefins.[7] We envisaged that the sequential as-
sembly (installations) of substituents onto a C=C core of an
ethylene derivative substituted by a suitable element (E)
should be a straightforward strategy for multisubstituted
olefin synthesis (Scheme 3a). Due to the presence of such
an element E, the three C�H bonds (one a-C�H and two b-
C�H bonds) and the C�E bond are nonequivalent, thereby
distinguishable in principle in component-assembling reac-
tions. This strategy differs from the classical olefin synthesis
as exemplified by Wittig reaction and its analogues that con-
nect two components with the creation of a C=C bond,
whereby the selectivity (stereoselectivity) would be inevita-
bly dependent on the existing substituents.[8] Although con-
ceptually intriguing, such an approach has been rather unex-

plored because of the apparent difficulty in controlling the
reactivity at the desired bonds.

We developed several vinyl–element compounds 1 (CH2=

CH�E) that function as useful platforms (Scheme 3b); vinyl
sulfide (1a),[9] vinylsilanes (1b and 1c),[10–14] and vinyl boro-
nate ester (1d).[15,16] The basic transformations based on 1
are shown in Scheme 4. In the presence of a Pd catalyst and
base, these vinyl–element compounds 1 undergo arylation
(Mizoroki–Heck type reaction; MHR)[17] with aryl halides at
the b-C�H bond (1!2). Essentially no arylation takes place
in the absence of catalyst-directing groups such as a pyridyl
group on 1, attesting to the strong directing effect of these
groups.[18] The suitably positioned nitrogen atoms of pyridyl
and pyrimidyl group might accelerate the rate-determining
C=C p complexation and successive carbopalladation (inser-
tion) events in MHR.[10] The occurrence of pyridyl-to-palla-
dium coordination was demonstrated by 1H NMR spectros-
copy and X-ray crystal structure analysis of some key palla-
dium complexes.[12] Moreover, because of the strong direct-
ing effect, a hard-to-achieve double MHR[19] is accomplished
(1!2!3), which allows us to install two aryl groups at the
two b-C�H bonds in one-pot.[12] The stereoselectivities of
this double MHR are usually very high (>95%).

The successive installation of an aryl group at the a-C�H
bond can be achieved by the a-lithiation[20] of 3 with tBuLi
and a subsequent cross-coupling reaction (CCR)[21] with an
aryl halide in the presence of [Pd ACHTUNGTRENNUNG(PPh3)4]/CuI catalyst.[9]

This procedure provides 4 in high yields with virtually com-
plete retention of stereochemistry, although it works well
only for the vinyl sulfide platform 1a at present. The final
CCR of those alkenyl–element compounds (2–4) results in
the production of multisubstituted ethenes (5–7). We also
developed an efficient method for the homo-coupling reac-
tion of alkenylsilanes (2 and 3) using CuI and CsF as pro-

Scheme 1. Schematic representation of platform synthesis.

Scheme 2. Organoelement compound having directing group as a plat-
form.

Scheme 3. a) Platform synthesis of multisubstituted olefins. b) Vinyl–ele-
ment platforms developed so far.
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moters for the synthesis of multisubstituted butadienes.[13]

With this method in hand, 1,3-butadienes with two or four
electronically varied aryl groups (8 and 9) can be prepared
very efficiently. Representative syntheses of tetraarylethene
7 (using 1a)[9] and triarylethene 6 (using 1b)[12] are shown in
Schemes 5 and 6, respectively.

Noteworthy features of pres-
ent method are that 1) all aryl
groups assembled stem from
readily available aryl halides
or their Grignard reagents, 2)
the installation of aryl groups
at the desired position can be
achieved by the appropriate
order of addition, and 3)
simple alteration of addition
order of aryl halides in the se-
quence results in the produc-
tion of all possible isomers of
multisubstituted olefins.

Based on a similar approach, we recently developed a
platform synthesis of 1,1,2-triarylethanes using 1a as a plat-
form.[22] This method includes a stereoselective double Miz-
oroki–Heck type arylation, Liebeskind–Srogl type cross-cou-
pling reaction,[23] and Pd/C-catalyzed hydrogenation. A

Scheme 4. General synthetic scheme for multisubstituted olefins using 1 as a platform.

Scheme 5. Representative synthesis of tetraarylethene 7 using 1a as a platform.

Scheme 6. Representative synthesis of triarylethene 6 using 1b as a platform.
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rapid synthesis of CDP840, a potential therapeutic agent for
asthma as a selective phosphodiesterase (PDE) IV inhibi-
tor,[24] has been established by using this method
(Scheme 7).[22]

Rapid and Systematic Construction of Arylethene-
Based Extended p Systems

The above-mentioned platform synthesis of multisubstituted
olefins represents a new strategy that permits assembly of p
systems, such as aryl groups, onto a C=C core (minimal p
unit) in a programmable and diversity-oriented format. Be-
cause p-assembling sites are programmed in our synthesis,
the strategic use of bifunctional or trifunctional aryl units
(ArX2 or ArX3) in place of a monofunctional unit (ArX) in
the reaction sequence described in Scheme 4 results in the
selective and systematic production of various types of aryl-

ACHTUNGTRENNUNGethene-based extended p systems, which are otherwise diffi-
cult to construct (Scheme 8).[14,15] As platforms for this
study, we used vinylsilanes (1b and 1c) and vinyl boronate
1d.

For example, the treatment
of 3 (double-MHR product of
1) with aryl dihalides ArX2

under the influence of Pd cata-
lyst results in the production
of the interesting extended p

system 14. The use of trifunc-
tional p systems is also inter-
esting. For example, when aryl
trihalides (ArX3) are used in
the final CCR with 3, a star-
burst p system 15 can be pre-
pared with ease. When the
double-MHR/CCR sequence is
performed by using the addi-
tion order ArX/ArX2/ArX and
ArX2/ArX/ArX, extended p

systems with interesting struc-
tures (16 and 17) are selective-
ly produced. Moreover, when
a double MHR is performed
with ArX2 alone, an unprece-
dented type of polymerization
takes place. The successive
CCR with ArX then affords
the novel cross-conjugated
polymer 18, which is otherwise
difficult to construct. The
power of this synthetic strategy
is apparent, as all of these ex-
tended p systems can be selec-
tively prepared at will by using
common platforms (1),
common reactions (MHR and
CCR), and common reagents
(aryl halides). Representative
syntheses of 14 (using 1c)[14]

and 15 (using 1d)[15] are shown
in Schemes 9 and 10, respec-
tively.

By following these synthetic
schemes described in Schemes 4 and 8, we succeeded in rap-
idly making chemical libraries of arylethene-based extended
p systems (more than 150 compounds), from which highly
fluorescent organic materials with a wide range of color var-
iations (blue–red) were found (Figure 1).[13–15] The measure-
ment of photophysical properties showed that the fluores-
cence quantum yields as well as emission color depend sig-
nificantly on the attaching sites and the nature of the aryl
groups attached. In addition, we found that the fluorescence
efficiency of these extended p systems generally and dra-
matically increases in the solid (aggregation) state.[14, 25]

Moreover, we found that such an aggregation-induced en-

Scheme 7. Platform synthesis of CDP840.

Scheme 8. Systematic construction of arylethene-based extended p systems 14–18.
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hanced emission can be also observed in dioxane/water mix-
tures with high water contents, in which the formation of
molecular aggregates such as nanoparticles has been indicat-
ed.[14] In addition to the increased chance of discovering new
materials, the increased chance of discovering such interest-

ing photophysical properties is clearly the advantage of di-
versity-oriented synthesis in fluorescent materials science,
whereby the properties are often not predictable.

Scheme 9. Representative synthesis of 14 using 1c as a platform.

Scheme 10. Representative synthesis of 15 using 1d as a platform.

Figure 1. Representative fluorescent molecules found in our library.

Chem. Eur. J. 2006, 12, 3966 – 3974 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3971

CONCEPTSPlatform Synthesis

www.chemeurj.org


Platform Synthesis of Tamoxifen-type
Tetrasubstituted Olefins

We have been interested in multisubstituted olefins not only
because of their potential applications in materials science,
but also because of the existence of pharmaceutically impor-
tant molecules of this class as exemplified by tamoxifen,
which is the most important anti-breast-cancer drug in clini-
cal use and has the potential to be used as a chemopreven-
tive breast-cancer agent.[26]

We have developed a general synthetic scheme for tamox-
ifen-type tetrasubstituted olefins using alkynyl(2-pyridyl)si-
lane 19 as a platform (Scheme 11).[27,28] Unfortunately, use

of the vinyl–element platforms described earlier (1a–d) was
not applicable in this synthesis. The synthesis starts with a
novel Cu-catalyzed carbomagnesation across 19, which pro-
ceeds with high regio- and stereoselectivities. It was found
that Cu-catalyzed addition did not occur at all with the cor-
responding 3-pyridyl, 4-pyridyl, and phenylsilanes, which
clearly implicates the strong directing effect (complex-in-
duced proximity effect) of the 2-pyridyl group on silicon.[29]

The sequential arylations at the C�Mg and C�Si (C�B)
bonds of the resultant pyridylsilyl-substituted alkenylmagne-
sium compound (20) utilizing Pd-catalyzed cross-coupling
reactions with aryl halides afforded the targeted tamoxifen-
type tetrasubstituted olefins (22).

By following the synthetic scheme described in
Scheme 11, a wide array of electronically and structurally di-
verse tetrasubstituted olefins (22) can be prepared in a
regio-controlled, stereo-controlled, and diversity-oriented
manner. Noteworthy features are that 1) the three aryl
groups, which are believed to be important (essential) for
anti-estrogenic activity,[26] can be varied at will, because they
all stem from readily available aryl iodides; and 2) any
stereo- and regioisomer can be prepared by simply changing
the order of application of the aryl iodides in the sequence.

Platform Synthesis of Pyrimidine-Core Extended p
Systems

Having substantiated the potential of platform synthesis as a
useful strategy for generating molecular diversity, we next

became interested in the development of such a synthesis
for heteroaryl-core extended p systems, because it is well
known that the introduction of a heteroaryl moiety into ex-
tended p systems often brings about a number of interesting
properties that are useful in the development of advanced
electronic and photonic materials.[30] Fortunately, our investi-
gations along this line resulted in the accomplishment of se-
quential assembly of p systems onto the pyrimidine core
(platform) as a useful method for the construction of pyrimi-
dine-core extended p systems.[31]

We demonstrated the usefulness of 2-methylthiopyrimi-
dine (23) as a platform in this strategy, and the representa-
tive p-assembling reactions are shown in Scheme 12. The

nucleophilic addition of ArLi
to 23, followed by DDQ oxida-
tion resulted in the production
of 24.[32] The iterative reaction
sequence then gave 25. The re-
sulting adduct was further al-
lowed to react with ArMgBr
under the catalytic influence of
[NiCl2ACHTUNGTRENNUNG(dppe)] to afford 2,4,6-
triarylpyrimidines 26.[33] Fur-
thermore, the treatment of 25
with NiCl2/PPh3/Zn in DMF
resulted in a novel C�S homo-
coupling reaction giving substi-

tuted 2,2’-bipyrimidines 27. By applying dilithium reagents
(ArLi2) in place of ArLi in the first and/or second p-assem-
bling reactions, interesting extended p systems, such as 28
can also be prepared very efficiently.

Scheme 11. Platform synthesis of tamoxifen-type tetrasubstituted olefins.

Scheme 12. Platform synthesis of pyrimidine-core extended p systems.
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By following this synthetic scheme, interesting pyrimi-
dine-core p systems were rapidly constructed in a program-
mable fashion. Fortunately we were able to find some novel
functional materials from a relatively small library (ca. 50
compounds) of multisubstituted pyrimidines. For example,
2,4,6-triarylpyrimidines with an electron-releasing p-
Me2NC6H4 group and electron-accepting p-CF3C6H4 group
attached, such as 29, exhibit strong positive solvatofluoro-
chromism.[31] The emissive behaviors of 29 with various sol-
vents are shown in Figure 2. The decrease in the fluores-
cence energy with increasing solvent polarity corresponds to
an increase in the dipole moment, indicating the charge-
transfer character of the emitting state. Nevertheless, the re-
alization of a wide range of wavelengths with reasonable
fluorescence efficiency is notable. Its application as a fluo-
rescent probe might be interesting.

Summary and Outlook

Our approach of platform synthesis has been successfully
demonstrated as a useful strategy for generating molecular
diversity. This simple yet powerful strategy realizes the syn-
thesis of interesting multifunctional molecules, such as mul-
tisubstituted olefins, in a programmable and diversity-orient-
ed format. The successful discovery of a number of interest-
ing materials (e.g., highly fluorescent molecules, fluorescent
cross-conjugated polymers, fluorescent nanoparticles, and
solvatofluorochromic materials) and properties (e.g., aggre-
gation-induced enhanced emission) speaks well for the po-
tential of the platform strategy in the development of func-
tional materials. The successful syntheses of pharmaceutical-
ly important molecules, such as tamoxifen and CDP840,
demonstrate the importance of the present strategy in me-
dicinal chemistry. Although most of the platform syntheses
described herein are based on the interplay of organoele-
ment chemistry and coordination chemistry (directed reac-
tions), the concept itself should not be limited to this kind.
The evolution of other platforms will inspire novel applica-

tions (such as chemical genetics) and hopefully enable the
construction of as-yet unexplored chemical libraries to face
more challenging quest in science.
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