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ABSTRACT: A stereodynamic probe containing a central
1,4-di(phenylethynyl)benzene rod and two 2-formylphenyl-
ethynyl branches has been prepared through a series of
Sonogashira cross-coupling reactions with 62% overall yield.
This CD silent diarylacetylene-based framework carries two
terminal aldehyde groups and provides a strong chiroptical
response to substrate-controlled induction of three chiral
axes upon diimine formation. The chiral amplification
results in intense Cotton effects that can be used for in situ
ICD analysis of the absolute configuration and ee of a wide
range of amines.

The unique structure and stereodynamic properties of axially
chiral biaryls have been exploited in asymmetric synthesis,

and chiral amplification and for the development of fascinating
technomimetic devices, including molecular propellers and
switches.1 The use of internal or external means to control the
energy barrier to rotation, such as incorporation of steric bulk,
metal complexation, or photochemical activation, often plays a
crucial role in these applications. Elongation of the biaryl axis
with an acetylene unit increases the aryl-aryl distance to
approximately 4.0 Å. Because of the extended separation of the
two aryl rings, the steric hindrance to rotation about the pivotal
axis in diarylacetylenes is generally low, and conformational
isomers cannot be isolated at room temperature.2 This intrinsic
rotational freedom is a key feature of diarylacetylene-derived
molecular turnstiles3 and gyroscopes.4

The design of chromophoric stereodynamic receptors that
report a molecular recognition event through substrate-con-
trolled induction of axial or helical chirality has received increas-
ing attention in recent years.5 The amplification of central
chirality in supramolecular assemblies,6 molecular bevel gears,7

propellers,8 and other well-defined arrangements9 is often ex-
pressed by characteristic induced circular dichroism (ICD)
signals which can be used for configurational and conformational
analysis.10 Berova, Nakanishi, Canary, and others have intro-
duced practical ICD probes that are based on chiral amplification
via formation of hydrogen bond adducts11 and metal
complexes12 exhibiting fluxional porphyrin or other aromatic
ligands. Rosini and Toniolo have demonstrated that the covalent
attachment of a conformationally flexible biphenyl unit to chiral
amino acids, carboxylic acids, and alcohols followed by isolation
of the adduct and CD analysis provides a reliable means for the

assignment of the absolute configuration of these important
substrates.13

Despite the advance of stereodynamic biphenyl probes, a
rationally designed enantioselective sensor exhibiting a diaryl-
acetylene-based framework capable of “frictionless” central-to-
axial chirality induction has not been reported to date.14 Herein,
we describe that the central chirality of amines and diamines can
be imprinted on a conformationally flexible dialdehyde receptor,
resulting in remarkable chirality amplification, and intense Cot-
ton effects. The CD measurements of the corresponding di-
imines provide a convenient entry for in situ determination of the
absolute configuration and enantiomeric excess of amines.

In recent years, we have investigated the stereodynamics of a
wide range of axially chiral compounds15 and demonstrated the
usefulness of triaryl probes16 in several applications including
quantitative analysis of the enantiomeric composition of scalemic
mixtures of carboxylic acids, amino acids, and amino alcohols.We
have now designed a fluxional chromophoric scaffold 1 contain-
ing a central 1,4-di(phenylethynyl)benzene axis and two 2-for-
mylphenylethynyl branches. On the basis of the relatively free
rotation about the alkyne rods one can assume that 1 exists as a
mixture of rapidly interconverting conformers in solution. How-
ever, the molecular geometry, i.e. the relative orientation and the
length of the central axis and the branches, was carefully chosen
to provide a platform for two subsequent condensation reactions
between a diamine, such as 1,2-diaminocyclohexane, and the
terminal aldehyde functions. The underlying idea was that, upon
diimine formation, 1 would be locked into a macrocyclic
structure in which the central chirality of the substrate dictates
the axial chirality of the diarylacetylene-based framework, Fig-
ure 1. This substrate-controlled stereoselective cyclization was
thus anticipated to result in distinct chiral amplification and
generate a highly CD active compound, providing quantifiable

Figure 1. Structure of 1 and schematic illustration of a conformationally
locked diimine analogue.
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information on the absolute configuration and the enantiomeric
composition of the diamine used.

We were able to prepare 1,4-bis(2(2-formylphenylethynyl)-
phenylethynyl)benzene, 1, in four steps and 62% overall yield,
Scheme 1. Sonogashira coupling of 2-bromoiodobenzene and
1,4-diethynylbenzene gave 1,4-bis((2-bromophenyl)ethynyl)-
benzene, 2, in almost quantitative yields. Alkynylation with
trimethylsilylacetylene followed by deprotection of 3 using
TBAF then afforded precursor 4. Finally, 1,4-bis((2-ethynylphe-
nyl)ethynyl)benzene, 4, was converted to 1 in 88% yield by
palladium-catalyzed Sonogashira coupling with 2-bromobenz-
aldehyde.

Sensor 1 was then tested with aliphatic and aromatic diamines
5-7. Condensation with one diamine equivalent toward the
expectedmacrocycle was evident by NMR spectroscopy showing
quantitative disappearance of the formyl protons of 1 and ESI-
MS analysis revealing exclusive dimerization (see Supporting
Information). We were pleased to find that the corresponding
diimines have very strong Cotton effects even at micromolar
concentrations. The CD spectra of the cyclic diimines obtained
from the enantiomers of trans-1,2-diaminocyclohexane, 6, (m/z
612) at 3.76 � 10-5 M are shown in Figure 2.

Apparently, cyclocondensation of the CD silent probe gen-
erates a rigid ring topology that is controlled by the structure of
the diamine. Computational analysis suggests that 6 adopts a
diaxial chair conformation upon cyclization, Figure 3. The
chirality of the substrate is thus imprinted into the previously
fluxional diarylacetylene-based probe, and the high CD activity
can be attributed to the induction of three chiral axes represented
by the central 1,4-di(phenylethynyl)benzene rod and the two
2-iminophenylethynyl branches. According to the MM2 calcula-
tion of the diimine derived from (1S,2S)-6, the central rod of the
sensor accepts a (P)-conformation, whereas the two branches are
locked into (M)-axes. Interestingly, this probe is also suitable for
the CD analysis of monoamines 8-14. A representative example
obtained with two equivalents of 13 proves that this diimine (m/
z 804) affords distinctive Cotton effects, Figure 2. The general
CD activity of the acyclic condensation products derived from
8-14 is quite remarkable since one can assume that these acyclic
diimines can populate a complex mixture of discrete conformations.

In order to evaluate the practical use of sensor 1 for quanti-
tative ee determination of an amine substrate, a calibration curve
was constructed using diamine 6 in varying ee. The diimine
mixtures were obtained at 3.75 mM, and the samples were
diluted to 1.88 � 10-5 M for CD analysis. The CD amplitudes
(mdeg) at 288 nm were plotted versus % ee, showing a perfectly
linear relationship. Five scalemic samples of 6were then prepared

and treated with sensor 1 as described above. Using the linear
regression equation calculated from the calibration curve and the
measured CD amplitudes at 288 nm, the enantiomeric excess of
these samples was determined. Experimentally obtained data
were within 3.9% of the actual values (see Supporting Infor-
mation).17 While the stereochemical outcome of the cyclocon-
densation between 1 and diamines such as 6 is well-defined and
predictable, the reaction with two equivalents of a scalemic
monoamine can potentially result in a mixture of homochiral
and heterochiral adducts. The formation of a diastereomeric
mixture would be likely to complicate quantitative ee analysis due
to smaller Cotton effects and a nonlinear relationship between
the observed CD amplitude and the enantiomeric composition
of the amine used. However, we obtained very similar results, i.e.
a linear calibration curve and experimentally obtained ee’s within
5.5% of the actual values, when the sensor was applied in the
enantioselective analysis of monoamine 13; see Supporting
Information. MS examination of a mixture containing an acyclic
diimine of 1 in the presence of stoichiometric amounts of another
monoamine showed that the condensation is reversible under the
conditions used in our assay. Accordingly, the linear relationship
between the CD amplitude of the diimines obtained and the
enantiomeric composition of 13 may be attributed to highly
stereoselective formation of thermodynamically favored homo-
chiral products.

In summary, we have introduced a fluxional, CD silent probe 1
that shows substrate-controlled induction of three chiral axes
upon diimine formation. Dialdehyde 1 can be used for metal-free
enantioselective CD analysis of a wide range of chiral amines, and
it eliminates the need to prepare an enantiomerically pure, chiral

Scheme 1. Synthesis of Probe 1

Figure 2. (Top) Structures of amines tested. (Bottom) ICD spectra of
the diimines formed from 1 (3.75 mM in chloroform) and (1R,2R)-6
(blue) and (1S,2S)-6 (red) (left) and (1R,2R,3R,5S)-13 (blue) and
(1S,2S,3S,5R)-13 (red) (right) at room temperature. For CD analysis
the samples were diluted to 3.76 � 10-5 M and 7.52 � 10-5 M,
respectively.

Figure 3. MM2 computation of the structure of the diimine derived
from 1 and (1S,2S)-6. For better clarity, the hydrogens are omitted in the
space filling model.
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sensor. The intense Cotton effects of the diimines obtained with
1 occur at high wavelengths which excludes misinterpretation
due to overlapping CD signals of the substrate and interference
with chiral impurities. The extensive induction of axial chirality
results in a distinct CD output which allows determination of
the absolute configuration and the enantiomeric composition of
amines.
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