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Diversity-oriented organic synthesis[1] can be used to
prepare complex and diverse small molecules efficiently. By
coupling this approach to phenotypic and proteomic screen-
ing, a systematic means to explore biology may be realized.[2, 3]

Although efficient pathways leading to families of structurally
complex small molecules are being reported with increasing
frequency,[4] pathways leading to structurally diverse products,
with many different skeletal arrays, are rare. The primary
reason for this gap in our planning capabilities is that efficient
and effective ™branching∫ pathways remain elusive. Such
pathways require the identification of a substrate or class of
substrates that can be differentially manipulated, in single
transformations, to afford products containing distinct skel-
etal arrays of connecting atoms. Here we report new
annulation reactions of unsaturated boronic esters with allylic
and propargylic alcohols, as well as oxidation and cyclo-
addition reactions of the resulting cyclic organoboronic esters,

which are well-suited for diversity-generating, branching
pathways.[5, 6]

We anticipated that the transesterification of unsaturated
boronic esters (4) with allylic (2) or propargylic alcohols (3)
would transiently provide mixed organoboronic esters (7 or 8)
(Scheme 1),[7] which could be trapped using ring-closing
metathesis[8] to afford cyclic boronic esters (9 and 10).[9] The
pairing of unsaturated carbinols (11, 12, or 13) and unsat-
urated boronic esters (4, 14, or 15) was envisioned to provide a
diverse family of boron-containing heterocycles (16 ± 23)
whose unsaturation would facilitate subsequent functionali-
zation rections.

Scheme 1. Boronic ester annulation and conceptual matrix of resulting
boron-containing heterocycles; bolded structures illustrate the skeletal
types realized in this study. Mes�mesitoyl� 2,4,6-trimethylphenyl.

The annulation was tested with the triisopropylsilyl ether
containing propargylic (24) and allylic alcohols (25 and 26) as
a model for the alkylsilyl-tethered, high-capacity solid sup-
port[10] used in a one-bead, one-stock solution technology
platform.[11] Treatment of propargylic alcohol 24 with allyl-
boronic ester 4[12] and Grubbs× catalyst (5) in CH2Cl2 at reflux
afforded the cyclic dienylic boronic acid 31 in 91% yield
(Table 1, entry 1). The allylic alcohol 25 was transformed
under similar reaction conditions to the cyclic allylboronic
acid 32 (84% yield), whereas the substituted allylic alcohol 26
afforded 33, which, after oxidation, gave the stereodefined
trisubstituted olefin 38 in 56% overall yield (Table 1, entries 2
and 3). The annulation-oxidation sequence was similarly
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effective with the doubly activated allylic alcohol 27 to afford
the trisubstituted Z olefin 39 in 60% yield (Table 1, entry 4).
Aromatic- as well as alkyl-substituted propargylic alcohols
(28 ± 30) were excellent substrates for the annulation and
provided the cyclic dienylic boronic acids 35 ± 37 in 78 ± 92%
yield (Table 1, entries 5 ± 7). Oxidation of 35 ± 37 then gave the
stereodefined trisubstituted dienylic carbinols 40 ± 42 (59 ±
74% yield).

The cyclic allylboronic acids (32 and 33) are excellent
substrates for diastereoselective dihydroxylation.[13] A three-
step reaction sequence[14] converted the cyclic boronic acid 32
into the differentially functionalized xylitol derivative 45 with
�13:1 diastereoselectivity [Scheme 2, Eq. (1)]. Similarly, the
trisubstituted allylboronic acid 33 was converted into the

Scheme 2. Chemoselective and diastereoselective oxidation reactions of
cyclic allylboronic acids. a) OsO4, NMO, acetone, pH 7 buffer; then 2,2-
dimethoxypropane, CH2Cl2, PPTS; b) H2O2, NaOH, THF. NMO� 4-
methylmorpholine N-oxide, PPTS�pyridinium p-toluene sulfonate,
TIPS� triisopropylsilyl.

xylitol derivative 46 containing a tertiary ether with �20:1
diastereoselectivity [Scheme 2, Eq. (2)].[15]

The boracycles can be converted efficiently into small
molecules having completely different skeletons. For exam-
ple, Diels ±Alder cycloadditions of the dienylic boronic acid
31 provided stereoselective access to the tetracyclic and
tricyclic heterocycles 47 (d.s.�13:1) and 48 (d.s.�20:1;
Scheme 3). Importantly, the entire reaction sequence leading
to 52 was performed efficiently on the high-capacity bead-
linker reagent used in a one-bead, one-stock solution plat-
form[10] for chemical genetics (Scheme 4).[16]

Scheme 3. Diastereoselective Diels ±Alder cycloaddition reactions of
cyclic dienylic boronic acids. a) 1,4-Naphthoquinone, PhMe, 70 �C; b) N-
benzylmaleimide, PhMe, 70 �C.

This boronic ester based approach to diversity-oriented
synthesis yields complex structures (namely, 35, 40, 46, 47, and
48) containing multiple rings, stereocenters, and unsaturated
units in only one to four steps. The products of this approach
are strikingly dissimilar–the result of ™branching∫ as de-
scribed in the introduction. Therefore, we believe that the
chemistry reported herein is promising in terms of its

Table 1. Allylboronic ester annulation.

Entry Substrate Annulation product
(yield)

Oxidation product

1

2

3

4

5

6

7

Annulation conditions: [a] 4 (3 equiv), 5 (20 mol%), CH2Cl2, reflux; [b] 4
(3 equiv), 5 (10 mol%), CH2Cl2, reflux; [c] 4 (2 equiv), 6 (12 mol%),
CH2Cl2, reflux; [d] 4 (2 equiv), 6 (7 mol%), CH2Cl2, reflux; [e] 4 (2 equiv),
5 (8 ± 9 mol%), CH2Cl2, reflux. Oxidation conditions: H2O2, NaOH (1�),
THF, RT.
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Microporous Supramolecular Coordination
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Lattices**
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Chemical sensing–whether for human health assessment,
environmental quality monitoring, or myriad other purpos-
es–generally entails: a) recognition and binding, adsorption,
or other interaction with the molecule or ion to be sensed, and
b) transduction of the recognition/binding event into an
externally observable signal.[1] Coordination-based supramo-
lecular chemistry, with its ability to generate an enormous

Scheme 4. Boronic ester annulation/Diels±Alder cycloaddition sequence
performed on the high capacity bead-linker reagent used in a one-bead,
one-stock solution platform for chemical genetics. a) 1-propynylmagnesi-
um bromide, THF, 0 �C�RT; b) 4 (10 equiv), 5 (15 mol%), CH2Cl2, 40 �C;
c) N-benzylmeleimide (8 equiv), PhMe, 80 �C; d) H2O2, NaOH, THF;
e) HF ¥ pyr/pyr, THF. pyr� pyridine.

potential to provide access to complex and diverse small
molecules efficiently.
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