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a b s t r a c t

Affinity reagents are often used to address the target identification problem in chemical genetics. The
design of such reagents so that the linker does not occlude interactions with protein targets is an ongoing
challenge. This work describes a systematic approach to synthesize derivatives of a bioactive that should
avoid interference with binding to targets and be readily converted to affinity reagents.

� 2010 Elsevier Ltd. All rights reserved.

Forward genetics based on mutagenesis and phenotypic screening
for modified function is a powerful method for the study of biological
pathways. Forward chemical genetics offers a complementary
approach in which a small molecule plays a role similar to that of a
modified (and readily identified) gene in a classical forward genetics
experiment. One aim of forward chemical genetics is to use the small
molecule to identify its protein target(s) and its role in the pathway
under study. Powerful methods for target identification based on
small molecules are therefore needed.1

Past work from one of our laboratories described the methyl
scanning approach to mapping the interactions between a bioac-
tive compound and its receptor protein.2 The activities of a family
of systematically synthesized derivatives were used to design and
prepare an affinity reagent for use in identification of unknown tar-
gets.3 While effective, this approach had the drawback that once
positions that can be substituted are identified, a de novo synthesis
of the affinity reagent is required. A streamlined approach would
use a group that could not only be scanned to identify sites that
can be modified without compromising activity, but would also
be convertible to the affinity reagent. We propose the use of iodine
for this purpose based on its van der Waals radius (2.15 Å), which
is comparable to methyl groups (1.7 Å) that proved able to perturb
small molecule–protein interactions in our initial studies. C–I
bonds are also synthetically versatile, participating in radical-
based bond formation, organometallic cross-coupling, and nucleo-
philic substitution. The method of iodine scanning developed here
was applied to a compound discovered via chemical genetics to
play a role in gravitropism in plants.

Past work from the other of our laboratories focused on the
interplay between gravitropic signal transduction and the plant
endomembrane system, which is functionally and genetically com-
plex. Plants utilize many of the same components for vesicular
trafficking through the endoplasmic reticulum as animals and fun-
gi, but also carry out unique functions, such as storage of proteins
and the biosynthesis of cell wall precursors.4 Furthermore, many of
the gene families that encode trafficking proteins in plants have
many more members than their animal counterparts. Such a mul-
tiplicity of trafficking genes has confounded our studies of the
plant endomembrane system. Many genes that encode its compo-
nents are essential for viability, limiting the utility of knockout mu-
tants.5 Conversely, many point mutants have no phenotypes.6 The
latter could be due to gene redundancy, a situation to which chem-
ical genetics may be particularly applicable.

Classical genetics screens had already demonstrated that the
plant endomembrane system is intimately involved in gravitropic
signal transduction. This pathway is not well understood, but
mutations in a number of genes that encode endomembrane sys-
tem components result in agravitropic phenotypes. Screening of
a commercial chemical library for compounds that interfere with
gravitropic responses in the model plant Arabidopsis identified four
compounds.7 They not only inhibit gravitropism via the endomem-
brane system, but also cause changes in vacuole morphology. One
such compound is 5271050 (1; N-phenylphenazin-2-amine; Fig. 1).
To discern structure–function relationships, we examined analogs
of 1 that were also available commercially. These included the
dioxide 2 and the parent ring system, phenazine itself. Neither of
these compounds was active in either phenotypic readout, gravit-
ropism or formation of aggregates of a prototypical vacuolar cargo
protein, tonoplast intrinsic protein (dTIP), which has been labeled
with green fluorescent protein (GFP) (vide infra).
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We next became interested in applying the concept of iodine
scanning enumerated above to compound 1 so as to permit the gen-
eration of 1-based affinity reagents for identification of its target(s).
The only method reported for the preparation of 18 was unlikely to
have been used in a high-throughput synthesis for the generation
of a screening library. Both the presence of 2 in the ChemBridge li-
brary and a review of phenazine natural products9 suggested to us
a versatile synthetic route to phenazines based on the Beirut reac-
tion10 of benzofurazan-N-oxide (BFO; Scheme 1). The most common
version of the Beirut reaction is a hetero-Diels–Alder cycloaddition
between BFO and acetylenic dienophiles, after which bond reorgani-
zation and aromatization of the cycloadduct gives quinazoline-N,N’-
dioxides (Eq. 1). When the Beirut reaction of BFO is instead con-
ducted with a phenol in the presence of base, phenazine-N,N’-diox-
ides result (Eq. 2).

This approach toward 1 was readily tested, as both BFO and 4-
hydroxydiphenylamine (3) are commercial. Their reaction under
standard conditions provides 2, which could be reduced to 1 under
mild reaction conditions (Eq. 3). The wide availability of phenols
and the simplicity of this route suggest that this is very likely the
synthesis ChemBridge used to prepare 5271050.

This re-discovered route provided the convergent and modular
synthesis of 1 that is essential to efficient application of the iodine
scanning concept. The synthesis of iodinated derivatives of 1 sim-
ply required the preparation of the two building blocks of this syn-
thesis, BFO and 4-hydroxydiphenylamine, in iodine-substituted
forms. Several synthetic routes to BFOs are available; we adopted
the oxidation of o-nitroanilines, in part owing to the commercial
availability of 4-iodo-2-nitroaniline (4; Scheme 2). This compound
is oxidized with NaOCl under basic conditions to give a mixture of
the known11 5- and 6-iodinated BFOs 5 and 6.12 This mixture is a
result of the facile equilibration of the two positional isomers of
any substituted benzofurazan-N-oxide via o-dinitroso intermedi-
ates. This process is invisible when the BFO is symmetrical, but if
it is not, both isomers are routinely observed. Even if only one of

these two isomers were present, it is unlikely that a substituent
distant from the site of the Beirut reaction would have a significant
effect on the cycloaddition, with the result that a mixture of regio-
chemical outcomes is expected. Therefore, both 7- and 8-iodo-
substituted derivatives of 1 should be formed. Though a mixture
of compounds is not ideal, syntheses that would give one com-
pound exclusively were much more involved.

With the 5/6 mixture in hand, the Beirut reaction with 3 was
performed as before (Scheme 3), delivering a 3:2 mixture of 7
and 8 (50% yield), which proved to be inseparable. Upon dithionite
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Scheme 1. Methods for phenazine synthesis based on BFO.
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Figure 1. Structures of the vacuolar sorting inhibitor 5271050 (1) and its dioxide
analog 2.
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Figure 2. Iodinated analogs of 1 that were prepared.
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Scheme 5. Synthesis of analogs 11 and 12.
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