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Stereochemical study of cyclophynes, which is otherwise rather difficult to perform, can be achieved by
vibrational CD spectroscopy.
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The cyclophyne chemistry has met with great progress for the
last decade due to increasing attention to their unique cyclic aryl-
ene ethynylene architectures.1 Two- or three-dimensional struc-
tures are the focus of interest in view of conformational features
and electronic states. However, the conformational study, particu-
larly in solution, remains almost unexplored, since most of cyclo-
phynes are hydrocarbons, lacking functional groups from which
to acquire structural information by means of common spectro-
scopic methods such as NMR. We previously suggested that molec-
ular chirality could provide a clue to probe conformational features
of three-dimensional cyclophynes in solution.2 Electronic circular
dichroism (ECD) was invoked for this purpose. Unfortunately, how-
ever, the difficulty in simulating ECD spectra by theoretical calcu-
lations involving excited electronic states failed to give precise
stereochemical information with full reliability. In contrast, vibra-
tional circular dichroism (VCD), in principle, can show better
matching between experimental and theoretical outcomes, be-
cause calculations of vibrational spectra are feasible on the basis
of the ground electronic state only.3 Importantly, molecules should
be conformationally rigid to a considerable degree to attain reliable
theoretical estimation. Bearing these issues in mind, we postulated
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that the VCD method would serve suitably for configurational as
well as conformational elucidation of shape-persistent cyclophy-
nes. This is indeed the case, as disclosed herein.

We synthesized conformationally rigid enantiopure cyclophy-
nes, (R, P)-(+)-1 and (R, P)-(+)-2, according to the procedures shown
in Scheme 1.4 A precursor with terminal formyl and benzyl sulfo-
nyl functionalities was subjected to intramolecular double elimi-
nation reaction5 to furnish (R, P)-1, while intramolecular
Eglington coupling6 of a precursor with two terminal acetylenes
afforded (R, P)-2 in reasonable yield. The corresponding S enantio-
mers were prepared in the same way.

Figures 1a, c and e, g demonstrate VCD and IR spectra of (R)- and
(S)-1 and 2, respectively, measured in CDCl3.7 A pair of enantio-
mers exhibited completely antipodal profiles in VCD spectra. Sig-
nificantly, these spectra are almost superimposed on the spectra
calculated on the basis of molecular mechanics and ab initio den-
sity functional theory at B3PW91/6-31G(d) level (Figs. 1b, d and
f, h), confirming the reliability of the absolute configurations and
optimized conformations obtained by calculations (Figs. 2a and
b).8 It follows therefore that these non-polar molecules possess
nearly the same conformations in solution and gas phase, respec-
tively, since they are free from significant intermolecular interac-
tions and solvation. Utility of the VCD method for stereochemical
elucidation of the cyclophynes was highlighted by comparison
with acyclic analogue (R)-3,9 which also gave excellent consistency
between experimental and calculated spectra (Figs. 1i–l). The opti-
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Scheme 1. Synthesis of (P,R)-(+)-1 and (P,R)-(+)-2.
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mized conformation of this acyclic compound (Fig. 2c)8 differs dis-
tinctly from those of 1 and 2. The naphthyl planes are almost co-
planar with the benzene rings of the phenylethynyl moieties in
3, whereas connection of the benzene rings through a yne or diyne
unit in 1 and 2 induces rotation of the dihedral angle between the
Figure 1. Measured and calculated VCD and IR spectra (red line for R enantiomers and bla
(k), (l). Assignment: B for C-H bending in the binaphthyl group; P for C–H bending in th
naphthyl and benzene rings nearly to 90�. Analysis of vibrational
modes reveals that 3 exhibits characteristic absorption bands that
are assignable to C–H bending modes in the binaphthyl groups in
addition to weak bands that are assignable to C–H bendings in
the phenyl groups except for one at 1357 cm�1 arising from cou-
pled C–H bendings in both groups.10 Interestingly, 1, 2, and 3 show
common split typed VCD bands around 1519 and 1512 cm�1 de-
rived from their biphenyl group, which are potentially characteris-
tic markers arising from their absolute configuration. As the
structural differentiation between 1 and 2, the compound 1 shows
a band derived from C–H bending in the phenyl or phenylene
group at 1491 cm�1, while other VCD signals of 1 and 2 are gener-
ally similar. Apparently, the cyclophyne formation facilitates vibra-
tional couplings of the C-H bending modes in the binaphthyl and
phenylene groups.

(R)-3

The success of single crystal X-ray analysis of ( S, M)-(�)-2
(Fig. 3)11 allowed us to compare the conformations in the solution
and crystalline states. Heats of formation were calculated to be
�7811.2 kcal/mol and �7522.3 kcal/mol for the conformations
shown in Figures 2b and 3, respectively.10 The conformation,
though being C2-symmetric in solution, deviates from the C2 sym-
metry substantially in the crystal. This is most clearly reflected on
the dihedral angles between the planes of the o-phenylene and
naphthalene rings: one is 78.8� (C19–C20–C23–C24) and the other
is 86.1� (C2–C1–C38–C37) in the crystal in sharp contrast to 84.5�
for both dihedral angles in solution. Such distortion gives rise to
the less favorable heat of formation in the crystal than in solution
(DDH = 288.9 kcal/mol), which is presumably compensated by
crystal packing energy.
ck line for S enantiomers). VCD: 1 (a), (b); 2 (e), (f); 3 (i), (j). IR: 1 (c), (d); 2 (g), (h); 3
e phenyl or phenylene group; C for coupled C–H bending.



Figure 2. Optimized conformations. (a) 1, (b) 2, and (c) 3.

Figure 3. ORTEP drawing of crystal structure of (S, M)-(�)-2. Thermal ellipsoids are
set at the 50% probability level (at 293 K). Selected bond lengths [Å] and angles [�]:
C21–C22 1.200, C28–C29 1.422, C29–C30 1.198, C30–31 1.364, C20–C21–C22
173.8, C21–C22–C23 176.2, C28–C29–C30 176.3, C29–C30–C31 174.7, C19–C20–
C23–C24 78.8, C2–C1–C38–C37 86.1, C1–C10–C11–C20 107.2.
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In summary, VCD has proved to be useful for analyses of abso-
lute configurations and conformations of shape-persistent chiral
cyclophynes in solution, which is otherwise rather difficult to per-
form. Notably, lack of intermolecular interactions of non-polar
hydrocarbon molecules results in excellent consistency between
the conformations measured in solution and calculated in the gas
phase. Conformational profiles of cyclophynes can be delineated
well by comparison with an acyclic counterpart. Through combina-
tion with X-ray analysis, the conformational differences in solution
and crystal can also be revealed. As such, VCD will be of great use
for cyclophane chemistry.
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