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1. Introduction

“Rotational isomerism” is one of the basic concepts in
stereochemistry. It refers to isomerism that is due to the
difference in spatial arrangement of atoms affording distinc-
tion between stereoisomers that can be interconverted by
rotations about formally single bonds.' In principle, this
concept can be extended to rotations about any linear axes
involving more than one bond, with a typical example being
the C—C=C—C axis involving acetylene carbons. Eliel et
al. published a comprehensive book on organic stereochem-
istry in 1994.2 However, there was only one short paragraph
on the rotational isomerism of triple bonded species. This
could be attributed to the fact that the barriers to rotation
were so low that studies of this topic were much less frequent
than those of the ordinary rotational isomerism about single
bonds, and phenomena related to their rotational isomerism
were of little interest to organic chemists.

2-Butyne (1, dimethylacetylene) is the simplest alkyne
whose rotational isomerism can be taken into consideration
(Figure 1). This molecule is analogous to ethane (2) in terms
of conformation and symmetry but differs in the axis moiety
connecting the two methyl groups, if a rigid linear axis is
assumed. The determination of the rotational barrier of
2-butyne is still a challenging subject in the field of
spectroscopic chemistry. The energy changes during the
rotation of one methyl group relative to the other are so small
that special techniques and analyses are needed for quantita-
tive determination. Another fundamental compound in the
present topic is diphenylethyne (3, diphenylacetylene, tolane,
abbreviated as DPE hereafter), which is analogous to
biphenyl (4). Because the terminal benzene rings can
electronically communicate with each other across the
acetylene axis, this repeating unit is a fascinating tool for
the construction of novel sr-conjugated compounds in the
fields of molecular switches and electronics.’*

The structural modification that involves the insertion of
a -C=C- unit into single bonds is sometimes called “ex-
ploded”, as proposed by Houk and Scott et al.’ Similarly,
the exploded analogues are called “carbo-mers” of the parent
compounds, as proposed by Maraval and Chauvin.%’ While
these terms are used to indicate the insertion of C, units into
all bonds in a strict sense, partial carbo-mers can be defined
as compounds whose structures are modified at selected
bonds only. Hence, 2-butyne and DPE are regarded as
exploded compounds (or carbo-mers) of ethane and biphenyl,
respectively. Despite the usefulness of these terms, the word
“extended” will be used to indicate the structural change from
X—=Y to X—C=C—Y in most cases and the elongation of a
single bond axis with long linear linkers, for example
polyynes or those containing 1,4-phenylene groups, in a
broad sense.
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Recently, the acetylene axis has been extensively employed
as a linker in the construction of various molecular scaffolds
because it connects two moieties linearly at an interval of
4.1 A with the least steric demand.® This function has been
adopted in molecular machines and devices:® for example,
wheels are connected to a body with acetylene linkers in
molecular cars, where the acetylene axes work as freely
rotating shafts (see section 6.1). The acetylene axis is often
used as the axle part in molecular rotors to connect a rotor
to a stator or two rotors.'? In some alkynes, the rotation is
no longer free for structural reasons, and this feature makes
it possible to control conformational preference, even though
the rotation occurs much more easily than that in nonex-
tended systems. The remarkable progress in acetylene
chemistry is due to the development of practical synthetic
methods!!*!2 involving metal-catalyzed coupling reactions,
particularly Sonogashira coupling,'*'* alkyne metathesis,'>!®
elimination reactions,'’~2° and rearrangements reactions, such
as Fritsch—Buttenberg—Wiechell rearrangement?! and
Corey—Fuchs reaction,?? but the synthetic aspect is beyond
the scope of this review.

This review describes progress in rotational isomerism
involving sp carbons in alkynes and the relationship between
rotational isomers that differ in conformation about the
acetylene axes or related linear axes, as an emerging area in
stereochemistry. Section 2 provides general remarks essential
for the consideration of rotational isomerism about the long

original (nonextended)
systems

H uH H
1 2
—

3
Figure 1. Conformation of ethane (2) and biphenyl (4) and their
extended systems, 2-butyne (1) and diphenylethyne (3, DPE).

extended systems
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axes, including terminology, nomenclature, the structural
features of various linear linkers, and the methods of study.
In section 3, the conformational analysis of a few funda-
mental alkynes is explained to understand the basis of the
rotational isomerism of acyclic alkynes and to compare their
characteristics with those of nonextended systems. The
rotational barriers are influenced by such factors as steric
and electronic effects, which are classified in section 4 on
the basis of the experimental and theoretical data of various
alkynes. Sections 5 and 6 introduce recent examples of
structurally or functionally fascinating alkynes in which
rotational isomerism plays important roles. The strategic
control of rotational barriers, namely, enhancing rotational
barriers in solution and facilitating rotation in the solid state,
is a challenging attempt to revise common knowledge in
general organic chemistry. The regulation of the conforma-
tion of acyclic alkynes by molecular interactions and solvent
effects is an emerging area aimed at realizing regularly
shaped molecules, such as molecular helices. Recent ap-
plications of the rotational function to the molecular design
of supramolecules and functional molecules are instructive
to survey the scope and limitations of the role of acetylenes
as a shaft or an axle’?»* from structural and electronic
viewpoints. As examples of such, molecular vehicles, one-,
two-, and three-dimensional molecular architecture, and
sensing molecules based on photophysical properties are
selected, although not comprehensively, from relatively
recent studies.

2. General Remarks

2.1. Conformation about Acetylene Axis

General conventions and concepts of the conformation
about a single bond"? are applicable to the conformation in
an extended system, assuming that the acetylene axis is
practically linear. An important difference is the length of
the central axis connecting the two terminal groups, ca. 1.5
A vs 4.1 A, which leads to a considerable decrease in the
effects of conformation on the energies and properties of
alkynes. The conformation of alkynes is represented by such
conventional methods as stereochemical formulas and New-
man projections. Figure 2 shows examples of 3-hexyne (5),
where the Newman projections are viewed along the three
bonds (or four atoms) involving the central triple bond and
the attaching two single bonds. Based on the torsion angles
between two specified groups at both termini along the linear
axis (called fiducial groups), one can define the conformation
by the Klyne—Prelog nomenclature'?° as antiperiplanar (ap),
synclinal (sc), and so on or by other conventional terms, anti,
gauche, eclipsed, and staggered in obvious cases. When the
axis is significantly bent from the linear geometry, the
definition of torsion angles may be ambiguous. In such a

H H
He: M Mes: M
%:—<',<_ }:—<l<—
Me HH H HH

Stereochemical

Formula
Me Me
H H Me H
Newman
Projection H~~"H H H
Me H
ap (or anti) sc (or gauche)

Figure 2. Representation of the conformation of 3-hexyne (5) along
the acetylene axis. Only one form is shown for the sc conforma-
tion.
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case, the conformation should be characterized by bond
angles and torsion angles.

The rotational isomerism about an acetylene axis is fully
characterized by the energy profile, i.e., the change in
potential energy during the rotation by 360° as a function
of the torsion angle, similarly to that about a single bond. In
general, potential energy V is approximately expressed by a
Fourier-type equation (eq 1):

vV =",LV,(1 = cos @) + '1,V,(1 — cos 26) +
U, V(1 = cos30) + ... (1)

where 6 is the torsion angle and V,, are the potential constants
of respective terms.”’ The absolute values of the potential
constants are usually very small for the acetylene system.
The rotational barrier is defined as the energy barrier between
two adjacent minima of the rotamers, and the population of
rotamers reaching equilibrium is determined by the relative
energies of the minima. The mode and periodicity of
rotational energies are dependent on the hybridization and
substitution patterns of the terminal groups. The extended
biphenyl, ethane, and toluene, namely, DPE, 2-butyne, and
1-phenyl-1-propyne, respectively, should possess 2-, 3-,
and 6-fold potential curves, respectively. For example, the
3-fold potential is expressed by the above equation when V,
=V2=0andV3¢0.

2.2. Acetylene and Related Linkers

This review treats not only the ethynylene (monoacetylene)
linker but also various linear linkers involving acetylene
units. The length of a linear linker greatly influences the
interactions between the terminal groups. The distances
between the terminal carbon atoms in C—C=C—C and
C—C=C—C=C—C units are 4.2 A and 6.8 A, respectively,
based on simple molecular mechanics (MM) calculations
(Figure 3). In general, the length of polyyne linkers is a
function of the number of triple bonds. p-Phenylene and
related arylene groups (1,4-naphthylene and 9,10-anthrylene)
are occasionally incorporated into the linear axis, if they are
considered to be part of the linear axis. An additional
p-phenylene unit lengthens the axis by approximately 4.3
A. The length of linear linkers [ consisting of x triple bond
units and y p-phenylene units is approximately expressed in
the equation in Figure 3, although the values are somewhat
influenced by the order of repeating units and the hybridiza-
tion of terminal groups.

Although alkynic carbons are assumed to be linear in the
above discussion, the acetylene linkers are not as rigid in
real molecules as one might expect for simple molecular
models. Small deviations (ca. 10°) from the linear geometry
require small energies and are often observed for alkynic
carbons in ordinary alkynes and polyynes. In some cyclic
or strained alkynes, the bond angles can be as small as 160°
or even smaller.?® 3! The bending deformation at each

42A 6.8 A 1.1 A

—~

; = 1.54 +2.62x + 4.30y (A)
CH{+— C  Order of ethynylene and p-phenylene linkers
x ¥ is arbitrary.
Figure 3. Typical linear linkers involving acetylene units and their
linker lengths.
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alkynic carbon results in a nonlinear C—C=C—C linker,
typically possessing a zigzag shape and a bow shape, as
characterized by the torsion angle along the chain. For
polyyne derivatives, a small deformation at each alkynic
carbon leads to a remarkable curvature.’>** These deforma-
tions can be more significant in the transition state than in
the original state during the rotation about the axis. Hence,
the steric interactions between the terminal groups can be
relieved to some extent by the flexibility of linker moieties
in the transition state, resulting in the difficulty of barrier
enhancement by the steric effects.

2.3. Methods of Study

Rotational isomerism involving acetylene carbons has been
studied by experimental and theoretical methods convention-
ally used for conformational analysis.** For ordinary alkynes
with very low barriers, the rotational barriers can be
determined by spectroscopic (microwave or IR) or electron
diffraction measurements. However, the determination of
pure rotational barriers is not easy because of the association
with vibrations and other rotations.”” To overcome these
limitations, modern and special spectroscopic techniques
have been developed to observe such large-amplitude
dynamics as those mentioned in the next section. NMR and
X-ray spectroscopy are important methods for the confor-
mational and structural analyses of alkynes. When the
rotation is considerably restricted down to the NMR time
scale, the dynamic process can be observed as line shape
changes in the NMR signals. The dynamic NMR method
and related techniques afford kinetic information on con-
formational exchanges.*> Occasionally, long-range spin—spin
coupling is observed between proton nuclei across an
acetylene moiety. The coupling constants depend on the rates
of rotation about the axis: for example, the rotational barrier
was estimated to be 6 kJ/mol for phenylpropynal (PhC=
CCHO) from the 8/ value between formyl and p-phenyl
protons.* Density functional theory (DFT) calculations
suggested that Karplus-type equations were obtained in the
coupling constant between terminal methyl protons in
2-butyne (H—C—C=C—C—H) and longer analogues.?” For
2,4-hexadiyne, the calculated coupling constants between the
terminal methyl protons ("Juy) change in the range of 0—3.2
Hz during the internal rotation by 180°, even though the
protons are ca. 7.5 A apart. Such relationships are helpful
to predict the conformations of alkynes with protons at both
propargylic positions (sp? carbons next to the alkynyl group).
X-ray structural analyses give direct information of the
molecular structures in crystals. Structural features affected
by conformation and strain can be readily discussed on the
basis of the observed structural parameters.

Computational chemistry, such as MM, MO (semiempiri-
cal or ab initio), and DFT methods, has greatly contributed
to progress in the conformational studies of alkynes, espe-
cially when experimental approaches are impossible or
limited. Structural optimization should be carried out under
strictly controlled conditions to obtain accurate structures at
energy minima or maxima because of the very small energy
changes during the rotation about the acetylene axis.
Calculations at high levels tend to give reliable rotational
barriers, as exemplified by the calculations of DPE and
2-butyne.

Rotational barriers are represented by various energy units
according to the conventions of each method of study,
preferably in cm™! or eV for spectroscopic measurements
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and in H (Hartree) for theoretical calculations. The unit of
kJ/mol (or J/mol) will be used throughout this review. If
necessary, the following equations may be applied for the
unit conversion: 1 kJ/mol = 83.59 cm™! = 1.036 x 1072
eV = 3.809 x 10~* H (Hartree).

3. Rotational Isomerism of Fundamental Alkynes

The rotational isomerism of three fundamental alkynes is
described in this section: 2-butyne (1) with two methyl
groups (sp® substituents) at both ends, DPE (3) with two
phenyl groups (aromatic sp® substituents), and 1,5-hexadiene-
3-yne (6) with vinyl groups (alkenic sp? substituents), because
several experimental and theoretical data have been ac-
cumulated for them (Figure 4). These data are helpful to
monitor the progress in this research area and learn the
conformational features of other alkynes.

3.1. 2-Butyne (Extended Ethane)

As an example of large-amplitude motion, the internal
rotation of 2-butyne (1) has been a subject of interest to many
chemists for a long time. The rotational barrier of 2-butyne
is much lower than that of DPE because of the absence of 7
conjugation. The energy profile is expected to be 3-fold,
approximately represented by V = !/,V3(1 — cos 36), where
the absolute value of V; corresponds to the rotational barrier.
The experimental and theoretical rotational barriers of
2-butyne are compiled in Table 1.

H H H
Ha: M Hak _ ZoH
H H H H
sc-1 sp-1
staggered eclipsed
sp-3 3
coplanar perpendicular
/,—/: % \\ — //
ap-6 sp-6
coplanar, anti coplanar, syn

Figure 4. Typical conformations of fundamental alkynes, 2-butyne
(1), DPE (3), and 1,5-hexadiene-3-yne (6).

Table 1. Calculated and Experimental Rotational Barriers of
2-Butyne (1)

method barrier (J/mol) ref
Experimental
IR <420 44
far-IR <420 45
IR <48 46
microwave spectra 67¢ 47
IR 61 48
IR 76 49
Calculated®
HF/STO-3G 25¢ 51
HF/STO-4G 21¢ 51
HF/4-31G 31 52
HF/4-31G 30 53
HF/6-311++G(3df, 3p) 63 54
MP2/6-311++G(3df, 3p) 56 54
B3LYP/6-311++G(3df, 3p) 74 54

@ Determined for 2-butyne-1,1,1-d;. ® The eclipsed form is the energy
minimum unless otherwise stated. ¢ The staggered form is the energy
minimum.
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Early studies by calorimetric measurements,*®*° spectro-
scopic measurements,*’ and theoretical approaches* ~* pre-
dicted no or negligibly low rotational barriers. Although some
spectroscopic measurements proved the presence of the
barrier later, only the upper limits were reported because of
experimental limitations for the determination of very low
potentials.** ¢ The first reliable experimental barrier, 67
J/mol, was reported by Nakagawa et al. in 1984 by
microwave spectroscopy of partially deuterated 2-butyne.*’
Modern high-resolution IR measurements gave comparable
values (61 and 76 J/mol) by analyzing CH; rocking and C—H
stretching bands, respectively.*** However, these spectro-
scopic data cannot answer the question of whether the
staggered or eclipsed form is more stable. The molecular
structure of 2-butyne-ds was determined by neutron diffrac-
tion of the solid at 5 K.>° In the refined structure, the two
methyl-d; groups staggered each other along the linear
acetylene axis.

Theoretical calculations of 2-butyne were performed by
various methods. The eclipsed and staggered forms were
obtained as the energy minimum and maximum structures,
respectively, except for a few earlier results. The energy
differences between the two conformations were underesti-
mated (20—30 J/mol) by Hartree—Fock (HF) calculations
with minimal or 4-31G basis sets.’’? The experimental
values were reasonably reproduced by using basis sets with
sufficient diffusion and polarization functions.>*>* The effects
of the electron correlation are small, as revealed by the
calculated barriers by Mgller—Plesset (MP) and B3LYP
theories.> The rotational barrier was too low to detect by
MM calculations with the MM3 force field.*® The established
barriers are ca. 1/200 of that of ethane (12 kJ/mol).>-¢ The
interactions between the methyl groups are considerably
weakened by the insertion of a triple bond.

3.2. Diphenylethyne (Extended Biphenyl)

This compound is best studied among the alkyne deriva-
tives as a model of diarylethynes. A DPE molecule princi-
pally has one degree of freedom, namely, rotation about the
acetylene axis, and its conformation is specified by the
dihedral angle (8,) between the two terminal phenyl groups
(Figure 5). The energy profile is expected to be a 2-fold curve
as a function of 6, approximated to be V = '/,V5(1 — cos
26,). There are several X-ray structures of DPE and its
inclusion compounds, and at least nine polymorphic forms
have been reported for the guest-free crystals, where the
dihedral angles are completely or nearly 0°.577% A perfectly
planar structure is shown in Figure 6.%7 The distance between
the proximate hydrogen atoms in different phenyl rings is
4.4 A, being apparently longer than the sum of the van der
Waals radii.

The experimental and calculated rotational barriers of DPE
are compiled in Table 2. It was difficult to determine the
rotational barrier at the ground state by ordinary spectro-
scopic methods. In 1984, the first reliable experimental
rotational barrier was determined by single vibronic level
fluorescence spectroscopy in a supersonic free jet.®! The
coplanar conformation (6; = 0°) is more stable by 2.4 kJ/
mol than the perpendicular conformation (6, = 90°), and
this height corresponds to the 15th vibrational quantum state
(Figure 5). A similar value was also obtained by electron
diffraction on the basis of a dynamic model®® and by an
adsorption experiment on graphite.5
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64

Energy (kJ/mol)

-0 +90

Dihedral angle ¢, (°)

Figure 5. Potential curve of torsional motion of DPE (3)
determined by fluorescence spectroscopy. Horizontal lines indicate
vibrational levels with quantum numbers. Adapted with permission
from ref 61. Copyright 1984 American Chemical Society.

Figure 6. Two views of a typical X-ray structure of DPE with
selected structural parameters (one of the independent molecules
in the X-ray data in ref 57).

Table 2. Calculated and Experimental Rotational Barriers of
DPE (3)

method barrier (kJ/mol) stable conformation ref
Experimental
fluorescence 24 coplanar 61
electron diffraction 2.5 coplanar® 58
adsorption 2.5 coplanar 62
Calculated
CNDO 2.9 perpendicular 63
INDO 1.7 perpendicular 63
CNDO72 2.7 perpendicular 59
AM1 0.90 coplanar 64
HF/6-31G* 1.8 coplanar 64
MP2/6-311G** 2.7 coplanar 66
B3PW91/6-311G** 3.6 coplanar 67
B3LYP/6-311+G** 33 coplanar 68
B3LYP/6-31G**//AM1 4.1° coplanar 69

“The stable conformation depends on the model used for the
refinement. ® The transition state is a nearly bisected conformation rather
than the bisected conformation, which is a local energy minimum.

Earlier calculations by semiempirical methods gave bar-
riers of 2—3 kJ/mol, where the bisected conformation was
the global minimum, contrary to the experimental result.>¢%
The preference for the coplanar conformation was predicted
by AM1 and HF calculations, regardless of the underestima-
tion of the barrier height.**% The high level calculations

Toyota

based on the second-order MP (MP2) perturbation theory
and DFT with hybrid-type functionals (B3PW91and B3LYP)
gave reasonable results.®*"% The stability of the coplanar
conformation can be rationalized by the full conjugation of
the s electron systems of the two phenyl groups through
the C=C bond. More about the roles of conjugation will be
mentioned in section 4.4.

The thus obtained energy mode and magnitude are
different from those of biphenyl, where the dihedral angles
between the two phenyl groups are 44° in the global
minimum and 0° and 90° in the transition states.”®’! The
rotational barriers between the staggered conformations
across the two transition states are both predicted to be ca.
8 kJ/mol. The energy maximum in the coplanar conformation
in biphenyl is attributed to the increased steric hindrance
between the o-hydrogen atoms at proximate positions
(interatomic distance 2.1 A). It should be noted that DPE
still has a significant barrier that is as high as one-third of
the barrier of biphenyl.

3.3. 1,5-Hexadien-3-yne (Extended 1,3-Butadiene)

1,5-Hexadien-3-yne (6: divinylethyne) has two kinds of
coplanar conformations, sp (s-cis) and ap (s-trans), in
addition to other nonplanar conformations. As the two
eclipsed conformations have different energies, the potential
energy should contain a 1-fold term. The electron diffraction
data of 6 at 20 °C are explained by a free rotation model
rather than a model of both sp and ap forms or either of
them: the rotational barrier is too low to detect by this
method.” The IR spectra are consistent with the symmetry
of the ap conformation.” The theoretical calculations gave
two energy minima at the two coplanar conformations of
comparable stabilities and one energy maximum at the nearly
perpendicular conformation. The energies required for the
interconversion from the sp form to the ap form are 0.85
kJ/mol (AM1), 2.0 kJ/mol (HF/6-31G*), and 2.2 kJ/mol
(MP2/6-31G*).7477 As for 1,3-butadiene, the sp form suffers
from steric interactions and is less stable by 12 kJ/mol than
the ap form.””~"° The rotational barrier of the ap to sc process
was determined to be ca. 30 kJ/mol by experimental and
theoretical methods.”’

The conformational features of the three fundamental

alkynes and their nonextended analogues are compiled in
Table 3.

4. Factors Influencing Rotational Isomerism

The rotational barriers and populations of alkyne conform-
ers are influenced by various factors, such as steric and
electronic effects, as discussed in general kinetic and
thermodynamic studies.’*8! Other intermolecular and in-
tramolecular interactions, such as hydrogen bond, solvation,
electronic states, state of sample, and external stimulus, are
possible factors affecting the rotational isomerism. The
through-bond and through-space interactions between the two
terminal groups in alkynes are usually much weaker than
those in the corresponding nonextended analogues, as seen
for the three fundamental alkynes in the last section.
Therefore, the extent of these effects decreases sharply with
the extension of the central axis unless through-space
interactions operate effectively. The characteristics of each
factor or mode of substitution are described below, although
it is not always easy to separate overall effects into respective
factors.
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Table 3. Conformational Features of Extended and Original Compounds of Three Fundamental Systems

system (mode of

conformational energy) ethane system (3-fold)

biphenyl system (2-fold)

1,3-butadiene system (1-fold)

compound 2-butyne ethane

DPE biphenyl

1,5-hexadiene-3-yne 1,3-butadiene

stable conformation eclipsed (sp)
conformation in transition state staggered (sc) eclipsed (sp)

rotational barrier (kJ/mol) 0.07 12 3

staggered (sc¢) coplanar (sp)
perpendicular  coplanar (sp) and perpendicular ac

staggered (sc) coplanar (sp and ap) coplanar (ap)
perpendicular

2 (ap — sp) ca. 30 (ap — sp)

4.1. Substituents at Propargylic Positions

Conformational analyses of various substituted 2-butynes
7 (Figure 7) were carried out by HF calculations.> The data
in Table 4 suggest that the conformational stabilities and the
rotational barriers are dependent on the nature and combina-
tion of substituents at the propargylic positions. 2-Pentyne
(X = CHj;, Y = H: extended propane) and 3-hexyne (X =
CH;, Y = CHj;: extended butane) prefer to take the eclipsed
conformation, where the two methyl groups are ac in the
latter. The rotational barriers of these alkynes (50—80 J/mol)
are comparable to that of 2-butyne. In contrast, microwave
studies revealed that the two substituents were eclipsed; that
is, they had the sp conformation in 3-hexyne and 3-heptyne
in the gas phase®>® The preference for the eclipsed
conformation means that the hyperconjugation that stabilizes
the staggered conformation, as discussed in the rotational
barrier of ethane by Goodman et al.,’ is negligible in the
extended system.

The presence of one electronegative or one electropos-
itive substituent at the propargylic position results in small
effects on the energy profile. The observed barrier to
internal rotation was 0.12 kJ/mol for 1-chloro-2-butyne
(X =CIl, Y = H).?% On the other hand, the presence of
two electronegative or two electropositive substituents at
the propargylic positions apparently increases the rota-
tional barriers and changes the shapes of the potential
curves. For 1,4-difluoro, dichloro, and dilithio derivatives
(X =Y =F, Cl, or Li), the two substituents are ac in the
energy minimum conformation. As for 1,4-dichloro-2-
butyne, the torsion angle between the two CI atoms along
the acetylene axis is 120° in the global minimum, and

H H H H
H\/‘-. — ;‘\,H H\:‘: — \,Y
X Y X H
sp-7 ac-7
H H
He: . M Hae .
>T<,H >T<,H
X Y X H
sc-7 ap-7

Figure 7. Conformations of 1,4-disubstituted 2-butynes (7).

the rotational barriers across the ap and sp conformations
are 0.35 and 2.6 kJ/mol, respectively (Figure 8).° In
contrast, the presence of one electronegative substituent and
one electropositive substituent (X = F, Y = Li) stabilizes
the sp conformation via hyperconjugation between C—Li and
C—F bonds across the triple bond.>® The rotational barrier
from the stable sp to the less stable ap conformer was
calculated to be 11 kJ/mol for 1-fluoro-4-lithio-2-butyne.

The conformations of other substituted 2-butynes were
studied by experimental and theoretical methods. Microwave
spectroscopy revealed that 6-methyl-3-heptyne existed as a
mixture of two conformers, where the two terminal substit-
uents, Me and i-Pr groups, were eclipsed along the linear
axis.® The rotational barrier of the methyl group in 2-butyn-
1-ol was determined by microwave analysis to be 83 J/mol,
although the stable conformation about the acetylene axis
was not specified.?” The rotational barrier of 1,1,1-trifluoro-
2-butyne was too low to measure by microwave spectros-
copy, being consistent with the result of early MO calcula-
tions (16 J/mol).%®

Energy (kJ/mol)
»

0 1 L — | L
0 60 120 180 240 300 360
Torsion angle (°)

Figure 8. Energy profile of the conformation of 1,4-disubstituted
2- butynes (7): gray, 1,4-dichloro-2-butyne (X =Y = Cl) at HF/
6-31G*; black, 1-fluoro-4-lithio-2-butyne (X = F, Y = Li) at HF/
4-31G. Torsion angles are defined by the arrangement of substit-
uents X and Y.

Table 4. Calculated Results of the Conformation of 1,4-Substituted 2-Butynes (7) (X—CH,C=CCH,—Y)

substituent X, Y method stable conformation (deg)” barrier (kJ/mol)” ref
H H HF/4-31G 0 0.03 53
H CH; HF/4-31G 0 0.05 53
CH; CH; HF/4-31G 120 0.03 (ap), 0.08 (sp) 53
H F HF/4-31G 0 0.03 53
H Li HF/4-31G 0 0.03 53
F F HF/4-31G 103.7 2.1 (ap), 5.3 (sp) 53
Li Li HF/4-31G 113.9 2.7 (ap), 15.8 (sp) 53
Li F HF/4-31G 0 10.7 53
Cl Cl HF/6-31G* 120 0.35 (ap), 2.6 (sp) 76

“Torsion angles between X and Y along the acetylene axis. ° Barriers across ap and sp conformations when two values are given.
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4.2. Substituents at sp Carbons

The direct substitution of nonalkyl substituents, particularly
heteroatom substituents, at sp carbons could result in large
effects on the conformational energy profile compared with
the substitution at the propargylic positions. The calculated
data of variously substituted alkynes X—C=C—Y are
compiled in Table 5. In general, a coplanar conformation is
stabilized by a donor substituent and an acceptor substituent
at each terminal. DFT calculations predicted that the coplanar
conformation was more stable by 24 kJ/mol than the
perpendicular one for 3-aminopropynal (8), while the per-
pendicular conformations were more stable for diamino 9
and diformyl 10 derivatives (Figure 9).%° The difference in
the stable conformation was deduced by the orbital phase
theory. Similarly, the preference for the coplanar conforma-
tion was also suggested for alkyne 11 with NH, and BH,
groups because of the contribution of charge-separated
resonance structures, as depicted in Figure 9.°° Alkynes with
two oxygen substituents at both ends prefer to take the
perpendicular conformations, similarly to the diamino and
diformyl derivatives.”* A 3-fold barrier to internal rotation
was confirmed by microwave spectroscopy of 2-butynoyl
fluoride (CH;—C=C—COF), where the V; term was esti-
mated to be 26 kJ/mol.’!

The conformations of some alkynes with third-row element
substituents have also been reported. The calculations
suggested that the conformational feature of 1,2-dimercap-
toethyne (13) was similar to that of the oxygen analogue
12, although the former tended to enhance the rotational
barriers due to the high polarizability of S atoms.” The
rotational barrier of 1-propynylsilane was determined by
millimeter-wave spectroscopy to be 45 J/mol as the V; term.”?
The calculated rotational barrier of bis(trimethylsilyl)ethyne
is 40 J/mol at the MP2/6-311G** level, where the staggered
conformation of the D;; symmetry is slightly more stable
than the eclipsed one.”” The barrier heights of these silyl-
substituted alkynes are comparable to that of 2-butyne. The
conformations of hypervalent silicon derivatives, R—C=
C—SF,", were also calculated by the DFT method, and the
stable conformation was determined by the nature of sub-
stituents R through orbital interactions between the terminal
groups.¥

4.3. Linker Length

As for diyne and longer polyyne linkers, energy changes
during the rotation of the terminal groups rapidly decrease
as the lengths of the linear linkers increase. This trend is
supported by theoretical calculations of the aminoaldehyde
and aminoborane derivatives, as shown in Table 5.8 For
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Figure 9. Stable conformations of alkynes with various substituents
at sp carbons.

each series of compounds, the insertion of an extra -C=C-
decreases the barriers by 40—70%. A similar trend should
be found in further extended analogues of 2-butyne and DPE,
although reliable experimental and theoretical data of such
compounds are quite limited.”*~?® The vibrational spectra of
some diynes were satisfactorily analyzed on the assumption
of D3, symmetry for 2,4-hexadiyne and 2,2,7,7-tetramethyl-
3,5-octadiyne and D,, symmetry for 1,4-diphenylbutadiyne,
although the vibration frequencies relating to conformational
motion were difficult to assign.”’% This structural feature
of diyne and longer linkers, namely, practically free rotation,
has been utilized in the design of functional molecules and
macrocyclic compounds, as mentioned later.

4.4. Conjugation

The roles of conjugation have been discussed above in
terms of the preference for the coplanar conformation of DPE
and related compounds, and additional examples are de-
scribed here. According to a simple model, the overlap of p
orbitals of the two-terminal sz systems with the same set of
alkyne p orbitals leads to the coplanar conformation, while
that with a different set of p orbitals leads to the perpendicular
conformation.”> The low barrier of DPE means that the
difference in conjugation in the two modes is hardly of major
importance in determining the conformation about the
acetylene axis.>® The bond order of the formally single bond
is 1.18 in the X-ray structure of coplanar DPE, and this value
suggests a relatively low degree of conjugation.” Charge
density analysis of the X-ray diffraction data revealed that
the electron density around the acetylene linker in DPE was
apparently noncylindrical, with a small ellipticity indicating
the extended conjugation.’” As shown in the orbital plots in
Figure 10, the orbital of coplanar DPE spreads over the
molecule at the HOMO level due to effective conjugation,
whereas the other p orbitals of the alkyne are nearly localized

Table 5. Calculated Data of the Conformations of Various Alkynes and Polyynes [X—(—C=C—),—Y]

substituents X, Y n method stable conformation (deg)* barrier (kJ/mol) ref
NH, CHO 1 B3LYP/6-31+G* 0 24.4 89
NH, CHO 2 B3LYP/6-31+G* 0 12.5 89
NH, CHO 3 B3LYP/6-31+G* 0 7.4 89
CHO CHO 1 B3LYP/6-31+G* 90 4.0 89
NH, NH, 1 B3LYP/6-31+G* 90 21.7 89
NH, BH, 1 STO-3G 0 25.1 90
NH, BH, 2 STO-3G 0 8.0 90
NH, BH, 3 STO-3G 0 2.8 90
OH OH 1 HF/6-31G* 90 7.7 (sp), 5.3 (ap) 74
OCH; OCH; 1 HF/6-31G 102 7.7 (sp), 3.6 (ap) 74
SH SH 1 HF/6-31G 90 13.8 (sp), 13.4 (ap) 74

“Torsion angles between fiducial groups along the acetylene axis.

See Figure 9.
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Figure 10. HOMO (a) and HOMO-3 (b) orbital plots of coplanar
DPE (2) calculated at B3LYP/6-31G(d). Reprinted with permission
from ref 57. Copyright 2006 American Chemical Society.

& I

at the sp carbons at a lower energy level. The degree of
conjugation can be evaluated from the electronic spectra.
Spectroscopic measurements of some conformationally fixed
DPE derivatives showed that the UV —vis absorption bands
were blue-shifted as the two phenyl groups were twisted from
the coplanar conformation.®

4.5, Steric Effects

The substituents at both ends of the acetylene moiety are
so far from each other that the steric interactions between
the two moieties are expected to be minimal. If the steric
interactions seem to be present in a rigid molecular model,
they can be relieved by the bending deformation at sp carbons
and the attaching carbon atoms to avoid excess steric
hindrance in the transition state. Regardless of these structural
situations, bulky substituents can retard rotation due to
destabilization of the transition state by steric hindrance.
Energy profiles of the conformational changes in perhalo-
genated DPE derivatives 14 (X = F, Cl, or Br) were
determined by MM calculations (Figure 11).'% In the global
minimum, the dihedral angles between the two phenyl groups
are 0, 25, and 55° for 14a—c, respectively. These values
indicate that the coplanar conformation is obviously desta-
bilized by the nonbonding contact in Br compound 14¢. The
rotational barrier between the global minimum staggered
conformations across the coplanar conformation was calcu-
lated to be 20 kJ/mol in 14¢. A similar substituent effect
was also observed in the 1,3-butadiene system. In perchloro-
1,5-hexadien-3-yne (15), the sp form is not an energy
minimum anymore because of the steric effect, and the
rotational barrier from the global minimum sc form (6 =
ca. 35°) to the local minimum ap form is ca. 8 kJ/mol (cf.
2 kJ/mol for 1,5-hexadien-3-yne) according to electron
diffraction and MM studies.”® Further examples of hindered
rotation by bulky substituents will be introduced in section
5.1.

When two rotors are oriented at an appropriate distance
and angle, the rotation of one rotor may be correlated with
that of the other rotor, as observed for di(9-triptycyl)methane
and ether derivatives.'!”' It seems to be difficult to realize
such molecular gears with acetylene linkers because the

X X X X X X X X
xx X O = A
X X X X X X x X
coplanar 14 perpendicular aX=F
b X=Cl
cX=8Br
Cl
Cl / cl Cl Cl
= Cl Cl
i N\ __ 7/
Cl Cl —
Cl Cl Cl
coplanar, ap 15 coplanar, sp

Figure 11. Conformations of halogenated extended biphenyls 14
and extended 1,3-butadiene 15.
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Figure 12. Gear-type molecule having a triptycene rotor and a
metallocene rotor.

flexibility of the axis moieties leads to gear slippage.
Compound 16, having a triptycene (three-toothed) rotor and
a metallocene (four-toothed) rotor, was proposed as a
molecular gear, although there was no conclusive evidence
of the correlated rotation (Figure 12).!%?

4.6. Noncovalent Interactions

Attractive interactions, such as a hydrogen bond, can play
significant roles in fixing the conformation or enhancing the
rotational barrier of alkyne derivatives. Compound 17 with
functional groups at the 2 and 2 positions prefers to take sp
conformation 17a because of the stabilization by the in-
tramolecular hydrogen bond between the ester and amide
moieties (Figure 13).'%%1% This coplanar conformation is
more stable than coplanar ap form 17b by 24 kJ/mol, and
the barrier to rotation from 17a to 17b is 30 kJ/mol, 12 times
that of DPE, according to the calculation at the B3LYP/6-
31G(d,p) level. The conformation of a similar derivative 18
is also defined by an intramolecular hydrogen bond.'®
Similarly, C—H+++O, C—H-***7, and 7+ * 7 interactions and
metal coordination can control the rotational barrier and the
rotamer population. Some concrete examples are given in
the following divisions.

4.7. Solvent Effects

Solvent effects on the conformation of alkyne derivatives
are similarly considered to general chemical processes in
terms of polarity, protic/aprotic property, solvation, and so
on.'% However, solvent effects are very difficult to observe
by experimental methods because the energy differences in
kinetics and thermodynamics are very small for ordinary
alkynes. Nevertheless, solvophobic (or solvophilic) effects
play dominant roles in controlling the conformation of some
oligomeric alkynes bearing hydrophilic side chains. Examples
of helical foldamers based on solvophobic effects are
introduced in section 5.3.1.!%7 The rotational barrier of DPE
in a liquid crystal solvent was determined by the theoretical
analysis of spin coupling constants.'®!% The calculated
barrier of 3.6 kJ/mol is higher by ca. 1 kJ/mol than the

/Me Me /Me
>:O o
0O--H-N o

/_\ — <‘\ /> — /_\ — </\ />

b H7N>=
17a 17| o
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H-N o
O--H-N
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Figure 13. DPE derivatives bearing hydrogen bond sites.
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experimental value in the gas phase (Table 2) because the
coplanar conformation is stabilized by the liquid crystal
solvent.

4.8. State of Sample

In most cases, experimental measurements to determine
the rotational barriers are carried out in the gas and liquid
states or in solution. The mobility of molecules is consider-
ably restricted in the solid state compared with the above
conditions because of the strong intermolecular interactions.
However, the motion is not completely frozen in the solid
state. A sample of crystalline 2-butyne was investigated by
'H NMR at low temperature, and the analysis of 7} values
gave a barrier of 3.5 kJ/mol.""° Neutron scattering measure-
ment at 4.5 K gave a comparable barrier of 4 kJ/mol.!!!-112
On the basis of the X-ray crystal structure of DPE, the
rotational barrier (4.9 kJ/mol) was calculated with a model
of semirigid molecules.!'* As far as we know, there is no
report of the internal rotation in 2,4-hexadiyne in the fluid
state. However, its rotational barrier was determined by
neutron scattering measurement at 4 K in the solid state to
be 5.5 kJ/mol."*

The rotation of phenyl groups is considerably restricted
in the solid state because of intermolecular contacts in the
packing. In an Ar matrix at 5 K, DPE molecules are frozen
into several conformations to give many bands in the
electronic spectra.''® This experimental result was supported
by molecular dynamics (MD) calculations, which also
simulated the relaxation of the frozen conformers into
different conformers.!!® A tactical molecular design is needed
to realize facile rotation of phenyl rotors in the solid state,
as mentioned in section 5.2.

4.9. Electronic Excited and Charged Species

The structure and the rotational barrier of DPE are
considerably affected by the electronic state. The optimized
structures of DPE are planar with a linear acetylene axis for
the neutral, radical cation, radical anion, and triplet excited
(T,) species according to calculations at the HF/4-31G*
level.®> The triple bond is apparently long in the charged
and excited species (1.22—1.26 A) relative to that in the
neutral ground state (1.19 A). Time-resolved Raman spectra
showed that the C=C stretching bands of DPE were shifted
to the low wavenumber region in the order of the neutral
ground state, radical cation, radical anion, and T, species,
indicating that the triple bond was dramatically weakened
in this sequence.'!” The rotational barrier is dramatically
enhanced in the charged and excited species. DFT calcula-
tions at the B3PW91/6-311G** level predicted barriers of
50 and 59 kJ/mol for the anion and cation species, respec-
tively (cf. neutral species 3.6 kJ/mol).®’ The barrier enhance-
ment is attributed to the breaking of the cylindrical structure
of the electron density along the axis of symmetry. Photo-
electron spectroscopy revealed that the rotational barrier of
DEP was 24 kJ/mol for the ground state cation due to
effective 7 electron conjugation.'!®

4.10. Miscellaneous Effects

The rotational barrier of 2-butyne is slightly enhanced by
5—10% in the excited states of methyl rocking and C—H
stretching compared with that in the ground state.** It is
interesting that the rotational barrier of DPE is influenced
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by the external electric field.*® DFT calculations at the
B3LYP/6-311+G** level showed that the barrier was
enhanced from 3.30 to 4.37 kJ/mol on applying an electric
field at 2.57 x 10° V m~L. The coplanar conformation is
more stabilized than the perpendicular conformation by the
induced dipole moment. This function is fascinating in the
molecular design of electronic devices.

5. Strategic Control of Rotational Isomerism
5.1. Restricted Rotation

The enhancement of rotational barriers in an extended
system is a challenging quest in this research area because
interactions between the terminal groups are much weaker
than those in a nonextended system. Nevertheless, very bulky
substituents do enhance the rotational barrier due to desta-
bilization of the transition state of the rotation process by
the steric hindrance. For some compounds, the barriers are
sufficiently enhanced to allow observation of the dynamic
process by NMR spectroscopy. In general, the enhancement
is more difficult for acyclic alkynes than cyclic alkynes
because of the increased freedom of motion in the former.
Some examples of highly restricted rotations are introduced
here by structure.

5.1.1. Acyclic Diarylethynes

Because several atropisomers were isolated for 2,2',6,6'-
substituted biphenyls,” their extended analogues, DPEs with
four ortho substituents, are candidates for the realization of
the restricted rotation about the acetylene axis. As bromo
substituents only slightly enhance the rotational barrier as
mentioned in section 4.5,'% one needs to introduce bulkier
groups, such as phenyl groups at the ortho positions.
Tetrakis(4-methylphenyl) derivative 19a takes a nonplanar
conformation with a dihedral angle of 63° to avoid steric
hindrance between the 4-methylphenyl groups (Figure 14).'"°
NMR measurement of its C, symmetric analogue 19b having
two 4-methoxymethyl groups showed no line shape changes
due to restricted rotation even at —100 °C, with the upper
limit of the barrier being 35 kJ/mol. When two 2.4,6-
trimethylphenyl groups were introduced at the ortho positions
as wing moieties, the barrier of 20 was enhanced to 51 kJ/
mol, as determined by the line shape analysis of the signal
due to the 2,6-methyl groups.'® A higher barrier was
observed for DPE derivative 21, having four (trialkylsilyl)-
ethynyl groups at the ortho positions.'?! The rotational barrier
was estimated to be 78 kJ/mol by analyzing the line shape
of the "H NMR signals due to the alkyl groups. These results
mean that ethynyl groups possessing large end groups are
effective for the restricted rotation relative to the phenyl
groups.

SiMes,

RZ
19
aR'=R?=Me
b R = Me, R® = CH,OMe

21
R® = CMe,CHMe,

Figure 14. DPEs with bulky substituents at all ortho positions.
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Figure 15. Extended bianthryl and naphthyls with bulky substituents.

Polycyclic aromatic moieties can act as rigid rotors in the
diarylethyne system. In compounds 22, which are extended
9,9'-bianthryl derivatives, the two anthryl groups show a
staggered arrangement about the acetylene axis to avoid steric
interactions with the 1-phenyl groups (Figure 15).!12%123 The
rotational barriers about the acetylene axis were determined
by the total line shape analysis of the signals due to the
substituted phenyl groups. The barriers were in the range of
45—51 kJ/mol, and the highest barrier was found for the 3,5-
diisopropyl derivative. Compounds 23, which are extended
1,1'-binaphthyl derivatives, also prefer to take a staggered
conformation because of the steric hindrance.!?* The enan-
tiomerization via the rotation about the acetylene axis results
in site exchanges between the diastereotopic methylene
protons. This process was nearly frozen at —70 °C to give
the barrier height of 49 kJ/mol for the 2,6-dichloro com-
pound. This barrier is higher by ca. 12 kJ/mol than that of
the nonsubstituted compound, this meaning that the two
chloro substituents are effectively destabilize the transition
state. The above rotational barriers are much lower than those
of the nonextended analogues, >170 kJ/mol for 9,9'-
bianthryl'?>126 and 98 kJ/mol for 1,1'-binaphthyl.!?’

5.1.2. Acyclic Dialkylethynes

The 9-triptycyl (9,10-benzeno-9,10-dihydroanthracene-9-
yl) group is known to be extremely bulky, as it possesses
three benzeno groups fixed in the bicyclic system. This
feature has been extensively utilized in the chemistry of stable
rotational isomers about the C—C bonds.!?® For example,
9-tert-alkyltriptycenes and 9,9'-bitriptycyl are conformation-
ally fixed about the C—C single bonds at the 9-positions even
at high temperatures. In particular, the rotational barriers of
the latter system are so high that the rotation does not take
place at all even at 300 °C.'?° Therefore, the extended 9,9'-
bitriptycyl, namely, di-9-triptycylethyne (24), should be
promising to achieve restricted rotation about the long axes.

The 'H NMR spectrum of tetramethyl compound 24d gave
two sets of signals due to the ap and sc forms at room
temperature, and the signals became broad at high temper-
ature due to interconversion (Figure 16).!*° The kinetic and
thermodynamic parameters of the rotational isomerism of
this compound and other derivatives were determined by the
dynamic NMR technique (Table 6).'3!"!3 The rotational
barriers range from 42 to 79 kJ/mol depending on the
substituents at the 1-positions, and the highest barrier was
found for mesityl compound 24j. For the 1,4-dimethyl
derivatives (X = Me), the barrier heights are linearly
correlated to the van der Waals radius of the substituents at
the 1'-position, as shown in Figure 17. This relationship
indicates that the steric size of the phenyl group is ca. 1.8
A, comparable to that of the methyl group, and is consistent
with literature data.'3* The estimated steric sizes are 2.0 and
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X
ap-24 sc-24

Figure 16. Rotational isomerization in di-9-triptycylethyne deriva-
tives. See Table 6 for substituents X, Y, and Z. Stereodescriptors
are valid for 24¢—24l and 24n.

Table 6. Kinetic and Thermodynamic Data for Rotation about
the Acetylene Axis in Substituted Di-9-triptycylethynes (24)*

substituent
compound X Y Z AG* (kJ/mol)” AG® (kJ/mol)
24a H H H
24b Me H H 42
24c¢ Me OMe OMe 53 —1.1
24d Me Me Me 64 3.7
24e Me F H 49 —1.0
24f Me Cl H 62 0.8
24g Me Br H 70 1.8
24h Me 1 H 72 3.3
24i Me Ph H 66 3.8
24j Me  Mes H 79 10.0
24k Me -C=CPh H 73 29
241 Me -C=C(l-naph) H 74 33
24m OMe H H 33 (168K)
24n OMe OMe OMe 39 —2.0 (168K)

4 Solvent is CDCl;, CD,Cl,, or 1,1,2,2-tetrachloroethane-d,. Tem-
perature is 273 K unless otherwise mentioned. See structures in Figure
16 for positions of substituents. ® Free energy of activation for rotation
from ap to sc isomer or for topomerization. °Free energy difference
from ap to sc isomer. Because statistical contribution is considered,
the population ratio of ap and sc isomers is 1:2 when the energy
difference is zero.

wor -t 24 (Mcs)
" 24h (1) 4~~~ 241]-C=C(1-naph}|
1 24k (-C=CPh)
k) - 24g (Br) O
E
=+ g = 24i (Ph)
= 24d (Me)
2 60 0
1 24f (Cl)
s |
»F 24c¢ (OMe)
&) L
< o
24e (F)
F 24b(H)
40
1 1 1 |
1.0 15 2.0

van der Waals radius (A)

Figure 17. Plot of van der Waals radii of 1'-substituent vs free
energies of activation of rotation from ap to sc isomer for 24b—241.
Adapted with permission from ref 133. Copyright 2001 Elsevier.

2.1 A for arylethynyl and mesityl groups, respectively. The
X-ray analysis and the MM calculations revealed that
acetylene carbons in 24 suffered from small bending
deformations depending on the combination of substituents:
the angles were usually >170°, except for some derivatives
with bulky substituents, such as 24j (166° and 172°,
X-ray).!** These deformations should have a minor contribu-
tion to the steric energy because of a small bending constant.
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Figure 18. Fully extended cyclohexane 25 and its hexathia
analogue 26.

The thermodynamic data in Table 6 indicate that the
population of the sc isomer tends to decrease with increasing
the size of the substituents at the 1-position. However, there
are some irregularities in this trend: namely, compounds with
OMe and F substituents (24¢, 24e, and 24n) show negative
AG® values (i.e., the population of the sc isomer is more
than 66%) regardless of the steric congestion. This result is
attributed to the intramolecular C—H++-O or C—H-**F
hydrogen bonds that stabilize the sc isomer.!3>!3¢ The
presence of these interactions is supported by MM calcula-
tions: for example, the distance between the interacting H
and F atoms is 2.54 A, which is shorter than the sum of the
van der Waals radii of the two atoms (2.67 A), in the
optimized structure of sc-24e. Systematic analysis of
the above kinetic and thermodynamic data gives useful
information of the steric effects and the weak molecular
interactions.

5.1.3. Cyclic Alkylethynes

The conformational interconversion of cyclohexane by
concurrent rotation about single bonds was also investigated
for the extended system by MM2 calculations. The fully
extended cyclohexane 25, also referred to as [6]pericycline,
has comparable energies in the chair, boat, and twist-boat
forms, which are more stable by 8 kJ/mol than that in the
planar form (Figure 18).> This energy relationship is similar
to that observed in the corresponding dodecamethyl analogue.
These data mean that [6]pericycline is much more confor-
mationally flexible than cyclohexane. In contrast, hexathia
derivative 26 has a significant barrier to inversion between
chair forms via the half-chair form as the transition state
(39 kJ/mol) based on DFT calculations.'?’

5.1.4. Cyclic Arylethynes

The restriction of rotation about the acetylenic axis is more
easily accomplished in the aromatic cyclic systems than in
the other compounds discussed above because of the facile
construction of rigid ring systems with decreased freedom
of motion. There are several examples of cyclic arylene
compounds with acetylene linkers showing restricted motion.
The interconversion between stereoisomers results from ring
transformation accompanied by the rotation about the
acetylene linkers, although it is not always easy to differenti-
ate the two processes. Dynamic processes are classified as
shown below according to the shape persistence of the ring
structures and the mode of dynamic motion.

5.1.4.1. Twisting of Helical Molecules. Some cyclic
compounds with arylene groups and acetylene linkers take
helical structures that undergo interconversion between the
enantiomeric forms via twisting of the framework involving
rotation about the acetylene axis.'*® Compound 27, one of
the earliest examples of such structures, consists of two
biphenyl units and two acetylene linkers (Figure 19).'3° The
chiral D, symmetric structure was confirmed by X-ray
analysis,'*® while the resolution of the enantiomers has
remained unsuccessful. The mobility of such helical systems
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Figure 19. Helical cyclic compounds 27—31 and enantiomerization
between enantiomeric helical structures of 27.

is strongly affected by the length and combination of linkers.
Compound 28, with two C, and two Cy linkers, is a unique
macrocycle because it exploded violently at 245 °C to give
tube- and onion-like carbon particles.!*! The helical structure
of 28a was established by X-ray analysis, while the barrier
to enantiomerization between the helical structures was
determined by the dynamic NMR method to be 39 kJ/mol
for tetraisopropyl derivative 28b. Compounds 29—31 are
examples of helical structures incorporated with p-phenylene
units (Figure 19). The two phenylene rings are located in a
nearly overlapping manner in the X-ray structures of 29 and
30, where the interlayer distances are 7.0 and 3.6 A,
respectively.'*>!% Molecular modeling suggested that 31
would require a large energy for isomerization between
enantiomeric forms via a strained, planar, and rectangular-
like intermediate.!#*

Compound 32, consisting of four o-phenylene and two
m-phenylene units, was obtained as a mixture of isomers in
a 3:1 ratio: the major and minor isomers were assigned to
bow tie 32a and butterfly 32b conformations, respectively,
on the basis of the NMR signal pattern (Figure 20).'* Each
isomer is stable, even on heating to 100 °C, indicating a
high barrier to interconversion between the diastereomeric
forms. The structure of 33b with six o-phenylene units was
confirmed by X-ray analysis to be twisted and nearly D,
symmetric.'* This molecule is expected to undergo enan-
tiomerization or topomerization via conformational changes,
although such possibilities are not mentioned in the literature.
Corresponding decamer 33c takes a less symmetric confor-
mation in the crystal and must be conformationally flexible
in solution.’® In contrast, tetramer 33a has a saddle-like
nonplanar and relatively rigid structure.'*® Compound 34,
an m-substituted analogue of 27, was designed as a potential
fragment of a double-helical system (Figure 21).!47 While
tetramethoxy compound 34b existed in the meso form in
crystals, the interconversion between the meso and chiral
forms was observed by 'H NMR at low temperature (barrier
ca. 50 kJ/mol).

Another type of helical structure was constructed by two
benzene groups and two or three eneyne linkers (Figure 22).
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Figure 20. Phenylene cyclic oligomers 32 and 33 with acetylene
linkers.

Figure 21. Isomerization between meso and chiral forms of cyclic
compound 34. Only one of the chiral forms is shown.

Figure 22. Interconversion between enantiomeric twisted forms
of cyclic compounds 35 and 36.

Two benzene rings are connected with two linkers in
cyclophane 35, which prefers to take a twisted conforma-
tion.'*® The possibility of resolution of the enantiomers was
pointed out, although the barrier to enantiomerization via
an untwisted form was not determined. Highly extended
helical system 36 (CgoH;5) was constructed with two benzene
rings and three C4 eneyne linkers.!* X-ray analysis revealed
that the molecule took a nearly D; symmetric structure with
two benzene rings separated by 3.3 A. Racemization of the
enantiomeric forms proceeds via the rotation of the two
benzene planes in the opposite direction. The transition state
of D3, symmetry has 12—26 kJ/mol higher energy than the
twisted structures, as predicted by semiempirical and MM
methods.

The incorporation of coordination sites into a macrocyclic
structure considerably influences the conformational mobility
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Figure 23. Cyclic oligomers 37 and 38 with coordination sites.

by the addition of metal ions (Figure 23). Compound 37 with
two 2,2'-bipyridyl units exists as a mixture of several twisted
conformers, and the freedom of motion of the macrocyclic
ring is decreased by coordination to such metal ions as Cu?*
and Ag*.!> Phenanthroline cyclophane 38 undergoes enan-
tiomerization between twisted conformations via ring inver-
sion at a barrier of <39 kJ/mol.">! Upon the addition of Cu™,
the barrier was enhanced to 57 kJ/mol due to stabilization
of the helical structure by complexation, as revealed by
variable temperature (VT) '*C NMR analysis. However, this
barrier is not sufficiently high to allow isolation of enan-
tiopure forms.

5.1.4.2. Swing and Pedaling. Anthrylene units are utilized
to construct fascinating cyclic structures by taking advantage
of the rectangular shape and the possibilities of connection
sites. Cyclic 1,8-anthrylene tetramer with four ethynylene
linkers 39 adopted a diamond prism structure in the crystals,
as revealed by X-ray analysis, where the interlayer distance
between the facing anthracenes was ca. 3.4 A (Figure
24).'52153 This compound showed a dynamic process between
two possible diamond structures via the concurrent rotation
of the four linker moieties. The barrier to skeletal swing was
estimated by VT 'H NMR measurements to be 38 kJ/mol.
The relatively high barrier is attributed to the me*-x
interactions between the facing anthracene moieties in the
diamond form. This dynamic behavior is influenced by the

Figure 24. Various anthrylene—ethynylene cyclic oligomers
39—43 and swinging motion of 39.
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Figure 26. Chiral anthrylene—ethynylene cyclic tetramer 46 and
its naphthylene analogue 47.

incorporation of diacetylene linkers into the cyclic struc-
ture.!>* Tetramer 40 with two longer linkers exists as one
diamond form solely, and enantiomers of this chiral oligomer
were successfully resolved by chiral HPLC. In contrast, all-
diacetylene tetramer 41 undergoes the skeletal swing rapidly
even at low temperature. Cyclic trimers 42 and 43 adopt
nonplanar and strained ring structures.'>> The former exists
in the C, symmetric form, which undergoes very rapid
pseudorotation-like motion in solution. The degree of
freedom of the cyclic system increases with increasing
number of arylene units. Actually, 1,8-anthrylene dodecamer
44 with acetylene and diacetylene linkers exhibited temper-
ature dependence in its '"H NMR spectra, indicating the
presence of a large number of conformers in solution (Figure
25).1% A similar conformational change was also observed
in higher helicene oligomers 45: octamer (n = 8) had a
flexible structure while smaller analogues (n = 2—7) had
rigid structures.'>’

Cyclic tetramer 46 features a chiral structure containing
1,5- and 9,10-anthrylene units, and undergoes racemization
via rotation of the 1,5-anthrylene units about the acetylene
linkers (Figure 26).!°%!%° The barrier to this pedaling motion
is so high that the enantiomers could be resolved by chiral
HPLC at room temperature. The barrier to racemization was
determined by classical kinetics to be 114 kJ/mol. In contrast,
1,5-naphthylene analogue 47 undergoes a similar dynamic
process very rapidly at low temperature because of the
decreased bulkiness of the crank moiety.

5.1.4.3. Shape-Persistent Framework with Rotors. Be-
dard and Moore proposed the molecular design of a “mo-
lecular turnstile”, which consisted of a rigid macrocyclic
phenylene—ethynylene framework and a spindle p-phenylene
moiety as shown in Figure 27.'% Compounds 48 prefer to
take a nonplanar conformation because of the steric interac-
tions between substituents attached to the spindle and the
macrocycle. The rates of rotation were monitored by measur-
ing '"H NMR signals due to the diastereotopic methylene
protons. The barriers to rotation were estimated to be 56 kJ/
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48 aR =-CH,OCH,
b R = -CH,0(3,5-1Pr,CgH3)

Figure 27. Isomerization of molecular turnstiles 48 via rotation
of the spindle moiety.

mol for 48a and >86 kJ/mol for 48b, and a locked spindle
was achieved in the latter.

Macrocyclic compound 49 with four m-phenylene and two
p-phenylene moieties has a shape-persistent scaffold where
interconversion between diastereomers via rotation of the
p-phenylene groups takes place much faster than the NMR
time scale at room temperature (Figure 28).!®! Compounds
50 and 51 have 9,10-anthrylene units that can rotate along
the macrocyclic rings.!®> Whereas the X-ray analysis of 50
showed a nonplanar structure with rotation of the anthrylene
units from the averaged plane of the framework, the
calculations suggested that the rotation required a small
energy, ca. 8 kJ/mol per unit. Compound 51 features strong
self-association in chloroform solution because of 7+**7
stacking interactions. Compound 52 bears three triptycene-
9,10-diyl rotors within a rigid trigonal prism framework
constructed by pyridyl ligands and six Pt atoms.'®*!% MM
calculation revealed that this self-assembled system furnished
inner space sufficiently for the rotation of the triptycene
paddle wheels. Actually, the rotation occurred rapidly on the
NMR time scale.

Cyclic p-phenylene—ethynylene oligomers are a novel
class of strained sz-conjugated compounds, and compound
53 is an example of a hexamer (Figure 29). Some derivatives
feature the inclusion of guest molecules, such as fullerenes,
into their central cavities.!0>!% Hexamer 54, with six 1,4-
naphthylene units, exists as a mixture of eight possible
conformers with rapid interconversion, but its conformational
mobility is restricted in the Cgy complex. The flipping of
one naphthalene ring along the bent acetylene axis while
maintaining the complexation was observed at low temper-
ature by VT '3C NMR measurements of a complex with '*C-
enriched Cqy (AG* 49 kJ/mol).
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Figure 28. Cyclic compounds bearing rotors along macrocyclic
frameworks.

Figure 29. Cyclic phenylene and naphthylene oligomers 53 and
54 and dynamic process observed in a complex of 54 with Ce.

5.1.5. Metalated Alkynes

Complexes 55 and 56 (Figure 30) have different metal
atoms at both ends of the alkyne moiety.!®’ In the 'P NMR
spectra, these complexes showed two signals due to two
phosphine ligands attaching to the Pd or Rh atom at low
temperature, which broadened and became a sharp single
peak upon averaging the temperatures. These phenomena
were attributed to restricted rotation about the acetylene axis.
The rotational barriers were determined from the coalescence
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Figure 30. Dimetallic alkyne complexes 55—57.

temperature to be 49 and 46 kJ/mol for 55 and 56,
respectively. Diyne derivative 57 did not show similar
dynamic behavior, indicating facile rotation about the di-
acetylene axis.

5.2. Facilitated Rotation in the Solid State

As mentioned in section 4.8, the rotation about the
acetylene axis is considerably retarded in the solid state
because of tight intermolecular contacts in the crystal lattice
or packing. Therefore, a strategic molecular design is required
to facilitate the rotation in the solid state. Garcia-Garibay
and co-workers proposed such a design for molecular
gyroscopes or compasses, which consists of an arylene rotor
and bulky stator moieties (Figure 31).!%%1% The fundamental
assembly is 1,4-bis[(triphenylmethyl)ethynyl]benzene (58),
where the p-phenylene unit can rotate about two ethynylene
linkers.!”%17! Theoretical calculations suggested that the
rotational barrier of the rotor was negligibly low for an
isolated molecule. The dynamic processes in the solid state
were observable by VT measurements of *C CPMAS NMR
or 2H NMR quadrupolar-echo line shape analysis with a
deuterated sample. The activation energies of benzene clathrates
of 58a and 58b are 54 and 49 kJ/mol, respectively,!’’~!7% and
the rotation takes place rapidly in dodeca--Bu compound

aR'=R2=H
bR'=0OMe, R2=H
¢R'=R2=tBu

rotor

59

e Me Me EOE

cHHEE toMe Pro )

Figure 31. Core structures of molecular gyroscopes with p-
phenylene and a related rotor.
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58c on the NMR time scale (k> 10 x 108 s7").!73 This trend
clearly suggests that the bulky stators prevent neighboring
molecules from interacting with the rotor moiety in the
crystal lattice. The rotational barriers of desolvated forms
of 58a are 47—61 kJ/mol, indicating a relatively small effect
of the presence of solvated molecules.!”' These values are
reasonably reproduced by MM calculations using a partially
relaxed model (ca. 67 kJ/mol), while they are very much
overestimated in a rigid lattice approximation (ca. 310 kJ/
mol).'7* Therefore, the correlated motion plays an important
role in the low barrier rotation in the crystals. A dirotor
system consisting of two 1,4-bis(tritylethynyl)benzene struc-
tures in a molecule was designed, and the phenylene rotation
in a deuterated analogue was found to take place at a rate of
>10% s! at 240 K by the 2H NMR technique.'” A triply
bridged derivative of the bis-trityl compound was success-
fully synthesized to obtain a real gyroscope structure.!’®
Triptycyl groups are also used as stator fragments by
taking advantage of the rigid bicyclic framework (Figure 31).
AMI calculations of 1,4-bis(9-triptycylethynyl)benzene (59a)
suggested frictionless rotation of the phenylene moiety about
the acetylene axis (barrier <0.2 kJ/mol), meaning that it is a
free rotor even at 25 K.!7” This situation was also found in
analogous compounds 59b and 59¢ with biphenyl and pyrene
rotors, respectively, while anthracene derivative 59d had a
small barrier of 16 kJ/mol. In the solid state, the phenylene
rotor in 59a is static, as revealed by the 13C NMR spectra,
because of the high packing coefficient, that prevented
motions correlated with neighboring molecules.'® To in-
crease the free space around the rotor moiety, highly
alkylated derivatives 59e and 59f were also synthesized from
the corresponding alkylated 9-ethynyltriptycene.'’® The *H
NMR spectra of compound 59f with a deuterated phenylene
rotor were measured at 150—183 K to give an activation
barrier of 18 kJ/mol.'” A hybrid-type gyroscope with an
asymmetric triptycyl—trityl stator showed faster rotational
dynamics (33 kJ/mol) than the ditrityl compound.'®°

5.3. Folding of Acyclic Alkynes
5.3.1. Helicates

Chains of m- or o-phenylene—ethynylene (mPE and oPE)
oligomers are conformationally flexible under ordinary
conditions because of the facile rotation about the acetylene
axis. As illustrated in Figure 32, each side of the oligomeric
zigzag is ca. 4.5 times as long as that of an alkane chain.
Such oligomers should exist as a mixture of a large number
of conformers. However, the molecules can fold into well-

Alkane
1120

SN 1454W

m-Phenylene—ethynylene

P O 120°
O O ~ 6.89 A

Figure 32. Schematic presentations of zigzag conformations of
m- and o-phenylene—ethynylene oligomers and a straight-chain
alkane.
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Figure 33. m-Phenylene—ethynylene oligomers wih various long
side chains 60 and 61 and schematic diagrams of a folding
oligomeric chain accompanying complexation of a guest molecule.

defined conformations, such as a helix, upon introduction
of appropriate side chains based on solvent effects and other
molecular interactions. Molecular models suggest that one
helical cycle needs ca. 7 and 4 repeating units (including
terminal units) for the mPE and oPE oligomers, respectively,
being reflected by the angles at the corners.

Compounds 60a and 60b consist of a mPE chain and
ethylene glycol side chains at the benzoic acid units (Figure
33). These molecules form a helical coil in chloroform, as
detected by UV and NMR spectroscopy, while such a
phenomenon was negligible in acetonitrile.'3"!8? Observations
due to intramolecular s+ stacking become significant
when the chain length is greater than 8, being consistent with
the geometrical requirement. The degree and mode of the
folding of mPE oligomers are influenced by the nature of
side chains and phenylene moieties. The oligomer with ester
side chains (61a: n = 18) prefers to adopt a helically folded
conformation in a range of solvents, whereas those with
benzylic and phenolic ether side chains (61b and 61c: n =
18) have only limited ability for s-stacking.'®®> Oligomers
with the ester side chain and terminal pyridyl units undergo
cooperative self-assembly by coordination to Pd atoms.!'8*
The twist sense of these chiral helices can be biased into
one helical form by various ways. When oligomers with
enantiopure tethers or side chains, for example 60c, were
dissolved in appropriate solvents, the solutions gave induced
bands in the CD spectra, which are evidence of enantiomeric
bias.!®~187 Achiral oligomeric chains can form CD active
complexes with enantiopure guests. A dodecamer with long
hydrophilic chains (60b: n = 12) accommodates a.-pinene
in its hydrophobic interior cavity with the helical conforma-
tion in aqueous acetonitrile, as illustrated in Figure 33,1818
Long achiral oligomers 61 (n = ca. 20) form well-ordered
helical structures around a rodlike diamine molecule.!”®

An intramolecular hydrogen bond is utilized in the
construction of rigid backbones in mPE oligomers with
bonding sites, as mentioned in section 4.6.1%1% Oligomers
up to the heptamer (for example, hexamer 62 in Figure 34)
were found to be helical even in nonpolar solvents such as
chloroform. This feature was confirmed by NMR and UV
spectroscopy: for example, NOE contacts between end
groups in the oligomeric chain were observed for pentamer
and higher oligomers, being consistent with the helical
geometry.
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R = -(CH,CH,0)sCHa
R2 = -(CH,),CHz

Figure 34. Conformationally rigidified m-phenylene—ethynylene
hexamer by intramolecular hydrogen bonds and calculated structure
of an all-methyl-ester compound by MM3. Adapted with permission
from ref 104. Copyright 2004 American Chemical Society.

Oligomers based on an oPE chain can form helical
structures where each linear unit is connected to the next
one at small angles (ca. 60°). For example, tetramer 63 with
polar side chains adopts a helical conformation in acetonitrile,
as confirmed by NMR spectroscopy (Figure 35).!°! Longer
oligomers 64, hexamer and nonamer, with polar and nonpolar
substituents also undergo folding into helical conformations
in solution.'”” NMR and CD measurements revealed that
oligomers 65 up to nonamer adopted a helical conformation
in heptane, while they adopted extended conformations in
chloroform.!** This phenomenon is attributed to solvophilic
effects of the nonpolar enantiopure alkoxy groups in the
oligomeric chain. Compound 66 has longer linkers (ca. 11
A) between o-phenylene units bearing dodecyloxy side
chains.!™ The spectral features in cyclohexane are consistent
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R2 67 R'=-CONH, 68 R'=H
R? = -(GH,),CH, R2=H
R®=CH, R® = +-Bu

Figure 36. Interconversion between open and closed forms of
molecular hinges 67 and 68. Only one enantiomeric form is shown
for the closed conformation.

with a folded compact conformation, possibly a triangle-
like helical structure with a large interior.

5.3.2. Molecular Hinges

Acetylene linkers are utilized as a pivot connecting two
plate moieties in molecular hinges. The mobility and the
preferred conformation are controlled by the nature of the
wing substituents. Although compound 67 undergoes rapid
rotation about the diacetylene linker, the conformation is
fixed in the presence of diamine due to the complexation
via a hydrogen bond, where the two pyrene moieties come
close to each other (Figure 36).'> Induced CD bands were
observed in the region of the pyrene band upon the addition
of an enantiopure diamine, meaning that the two enantiomeric
forms of the closed formation exist in an unequal ratio under
the given conditions. Compound 68 formed two types of
crystals upon recrystallization from hexane, and X-ray
COOR?

COOR'! COOR'

65 n=0,1,2

R*0 OR* R*0 OR*

Figure 35. o-Phenylene—ethynylene oligomers 63—66.

66
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Figure 37. Dynamic process between s stacking and nonstacking forms of 69.

analysis revealed that the crystals had different conforma-
tions, open and closed forms.' In solution, the two forms
are in equilibrium and the closed form is predominant at
room temperature due to sr+*-sr interactions between the
pyrene moieties. Compound 69 with four pyrene moieties
and a longer linker prefers to take a closed form with two
pairs of s-stacking interactions between pyrenyl groups
(Figure 37).'7 The dependence of the equilibrium between
the two forms on the temperature could be monitored from
the chemical shifts of the 'H NMR signals.

5.4. Tuning of Photophysical Properties

Acetylene linkers play an important role in extending the
conjugation between terminal st systems. Therefore, the
conformation about the acetylene axis, namely dihedral
angles between the terminal groups, influences the photo-
physical properties of diarylethynes and their longer ana-
logues. The effects of conformation on DPE have already
been mentioned in section 4.4. This section treats two other
examples involving larger st systems.

5.4.1. Bis(phenylethynyl)anthracene Chromophores

9,10-Bis(phenylethynyl)anthracene (70) and its derivatives
are highly fluorescent (®; 0.85 for 70 in benzene)'*® 2% and
useful fluorophores or light emitters in sensor and device
chemistry (Figure 38). Their emissive properties are tunable
by the structure and conformation of the terminal groups as
well as the conditions. According to AMI calculations, the
global minimum structure of 70 is fully coplanar, and the
perpendicular conformation is less stable by only 1.4 kJ/
mol than the global minimum.?’! The conformational change
from the coplanar form to the perpendicular one results in a
blue-shift of 32 nm for the absorption band at the longest
wavelength, as predicted by ZINDO/S calculations. The
UV —vis spectrum of this compound shows poorly resolved

71
aR'=H, R2=tBu
bR'=R?=tBu

Figure 38. 9,10-Bis(phenylethynyl)anthracene 70 and its analogues
71 and 72.

bands in solution due to the presence of several conforma-
tions. In contrast, molecules exist in the planar conformation
in a polymer film, showing well-resolved bands. Compounds
71 give information on the effects of the fert-butyl groups
at the o-positions on the structures and electronic spectra.???
In the X-ray structure of compound 71a, the two phenyl
groups are orthogonal to the anthracene and the two tert-
butyl groups are anti relative to the anthracene plane.
Compounds 70 and 71a showed very similar UV—vis
spectra, a broad absorption band, as well as fluorescence
spectra at room temperature. A significant hypsochromic shift
as well as appearance of distinct vibrational bands was
observed in the absorption spectra of 71b that carried terz-
butyl groups at all the ortho positions. Such conformational
changes were also applied to the photophysical properties
of 9,10-diethynylanthracenes with terminal imidazolyl
groups.?®® DFT calculations suggested that the dihedral angles
between the anthracene and the imidazolyl groups were 14°
in the global minimum structures of 72. Its UV—vis and
fluorescence spectra are considerably influenced by the
addition of trifluoroacetic acid because of the preference for
the twisted conformation by the protonated dication species.

5.4.2. Porphyrin Chromophores

Porphyrin chromophores give characteristic absorptions in
the visible light region, the B band (or Soret band) and the
Q-band. The interactions between multiple chromophores via
acetylene linkers lead to significant effects on the absorption
bands depending on the modes of connectivity.?*#?% For
example, when two porphyrin moieties are connected with
a diacetylene linker at the meso positions as in 73 (Figure
39), the B band is split and the Q-band is red-shifted and
intensified relative to those in a monomeric model compound
due to coupling between the two chromophores. The absorp-
tion bands of such dimers also depend on the concentration,
the solvent, and the presence of amines because these
conditions influence the conformation and aggregation states
of extended sr-conjugated systems. Theoretical calculations
suggested that butadiene dimer 74 preferred to adopt the
coplanar conformation with a low rotational barrier (Figure
39).206207 The calculated rotational barrier was 4 kJ/mol
(AM1) for butadiene dimer 75.2°® Recent DFT calculations
indicated that butadiene dimer 76 had a very low barrier,
2.9 kJ/mol (B3LYP/6-31G*), in the ground state, while the
barrier was enhanced to 16.4 kJ/mol in the first excited
state.?” Actually, the absorption spectrum of this dimer is
an average of a broad distribution of conformations. In a
similar butadiene dimer, spectroscopic measurements sug-
gested that each conformer could be excited selectively due
to inhibition of torsional rotation about the linker in a viscous
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R2 = -(CHp)sCHy
R3 = 3,5-bis(octyloxy)phenyl

Figure 39. Porphyrin dimers connected by diacetylene linkers at
meso positions.

medium.?!® This phenomenon plays a significant role in
producing singlet oxygen by photosensitization.

The rotational barrier in ethynylene bridged porphyrin
dimer 77 is ca. 2 kJ/mol (AMI), while the coplanar
conformation is an energy maximum, in contrast to the case
of the diacetylene derivative (Figure 40).2% The electronic
coupling between the terminal chromophores in 77 is larger
than that in the butadiene analogue. The conformational
analyses of porphyrin dimers connected at various positions,
meso and 3 positions, were similarly carried out for the
analogues of 75 and 77.2% In dimers 78, the two porphyrin
moieties are connected with longer linkers involving p-
phenylene groups. Their rotational barriers were obtained
by analysis of direct dipole interactions in the 'H NMR
spectra.?!! The observed values are 2.4 kJ/mol and ca. 0.5
kJ/mol for 78a and 78b, respectively, in agreement with those
for DPE and 1,4-diphenylbutadiyne (see sections 3.2 and
4.3). Dimers with one metalated porphyrin and one free-
base porphyrin are attractive compounds in designing mo-
lecular photonic devices, because of facile triplet energy
transfer.?'?2!3 The rate and efficiency of energy transfer are
influenced by the nature of linker moieties. DFT calculations
of dimers 79 and their bimetalated derivatives showed that
the electronic coupling between the two porphyrins was
sensitive to the conformation of the central arylene rotor
about the acetylene linkers.?'*

6. Applications of Rotation about Acetylene Axis

6.1. Molecular Vehicles

An ethynyl group with a spherical group, such as fullerene
or a 9-triptycyl group, is used as the axle-wheel part in
molecular vehicles by taking advantage of the facile rotation
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Figure 40. Porphyrin dimers with acetylene and diacetylene
linkers.

of the wheels relative to the chassis moiety (Figure 41). The
rapid rotation was supported by MO calculations of a model
compound: the rotational barrier in (phenylethynyl)dihydro-
fullerene-Cgy (80a) was 1 kJ/mol at the HF/3-21G level
(Figure 40).2!5 The barrier was slightly enhanced to 4 kJ/
mol in 2,5-dimethoxyphenyl derivative 80b because of the
weak intramolecular C—H-«++O interactions in the energy
minimum conformation. As for 9-triptycyl wheels, 1,4-bis(9-
triptycylethynyl)benzene (81a) (wheel length 11.0 A)?'6 and
its terphenyl analogue 81b (19.7 A)*"7 are adopted in
molecular wheelbarrows. It is striking that the rolling motion
of di-9-triptycylbutadiyne (82) (6.8 A) was observed by
scanning tunneling microscopy (STM) on a Cu surface at
the molecular scale in real time.?'® Other modes of motion,

Figure 41. Model compounds for axle-wheel parts in molecular
vehicles.
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Figure 42. Nanocars 83 and 84 with C4y wheels.

pushing and pulling, were also observed depending on the
relative orientation of the molecule relative to the surface
and the STM tip.

Tour and co-workers have developed various types of
nanocars consisting of chassis, axles, and wheels.?!*??
Compound 83 possesses a phenylene—ethynylene chassis and
four Cg wheels (Figure 42).2'>22! This molecule showed
thermally induced translational motion on a gold surface as
monitored by STM. The mode of motion can be modified
by the direction and number of Cg, wheels and the shape of
the chassis. For example, a nanocar bearing three wheels 84
and its four-wheel analogue with a porphyrin chassis undergo
pivoting motion on the surface.??!*> When an angled chassis
is incorporated into ordinary four-wheeled nanocars, the
molecules should undergo circular motion rather than trans-
lation.?”* A new type of nanocar with p-carborane wheels
has been designed to improve the solubility and the yields
of the reactions to introduce the wheels. Various nanocars
with four p-carborane wheels (e.g., 85 in Figure 43) and its
three- and six-wheeled models were synthesized in reason-
able yields with no or short alkyl chains to increase
solubility.??#?>> One fascinating example of p-carborane
analogues is driven by a light-powered unidirectional mo-
lecular motor, as the small wheels do not absorb light
required for the motor, contrary to fullerene wheels.??® A
new type of nanocar 86, having different front (p-carborane)
and back (Cgy) wheels, was recently reported.?”” The use of
other wheels, e.g., a Ru complex, was also proposed.??®

6.2. Molecular Wires

Molecular wires consisting of DPE units are attracting
considerable attention in the chemistry of organic electron-
ics.?® As a model compound, the torsional motion of 1,4-
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Figure 43. Nanocars 85 and 86 with p-carborane wheels.

bis(phenylethynyl)benzene (87) was extensively investigated
by various methods (Figure 44). AMI calculations indicated
that the fully planar structure was more stable by only 2 kJ/
mol than the twisted structure and the energy difference in
the excited state was much larger than that in the ground
state.?Y Bathochromic effects were observed in the absorp-
tion and emission bands in the following order: the twisted
form, the coplanar form, and the aggregated coplanar form.
The rotational barrier of this compound was determined by
cavity ring-down spectroscopy, which allowed for highly
sensitive measurements of the UV absorption bands.?*! The
obtained barrier heights in the ground state were ca. 2.7 kJ/
mol for the two modes of rotation, namely, symmetric and
antisymmetric normal mode twists (Figure 44). These barriers
are comparable to the experimental and theoretical values
for DPE in Table 2. The electronic spectra of pPE oligomers
up to the decamer were studied by theoretical calculations.??
Molecular orbital analyses revealed that the extent of
conjugation can be significantly reduced by conformational
rotation from the fully planar conformation, leading to the
blue shifts of the absorption and emission bands.

The above results show that the electronic and other
properties of DPE-type molecular wires are influenced by
the conformation as well as the chain length. Much effort
has been exerted to control the conformation of phenylene
moieties. Examples of conformationally regulated wires are
shown in Figure 45. In 88, each phenyl group has two amide
moieties or two ester moieties to form a hydrogen bond
network in the coplanar conformation.** The extended
conjugation was confirmed on the basis of the photophysical
data of the trimer, the pentamer, and the heptamer. Com-

@Z\_/:® (@—@—\_/>

fully planar

symmetric mode

@ZE/:@ (@i\i/:\iﬂ

twisted antisymmetric mode
7

Figure 44. Conformation of 1,4-bis(phenylethynyl)benzene (87)
and its rotational modes.
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Figure 45. Conformationally regulated p-phenylene—ethynylene
wires, coplanar compounds 88 and 89, and helical compound 90.

pound 89 was synthesized as a mimetic of the 3-strand in
protein chemistry, where indolin-3-one moieties form suc-
cessive hydrogen bond networks.?** The sense of the twisted
conformation is controlled by an enantiopure helical peptide
bridge across the terminal phenyl groups in the trimer
structure.?®> Compound 90 gave induced CD bands in the
UV region due to the linear chain helicity. The structures of
PPE oligomers and polymers are modified by the introduction
of substituents at phenylene moieties to develop new organic
materials. Swager and co-workers designed fascinating
structures with various functional groups as chemical sensors
and devices, where the photophysical properties of the pPE
chromophores are sensitively influenced by the environment
involving conformation.?*~2* In their models, triptycene and
pentiptycene units are occasionally adopted as arene units
to control the molecular arrangement and the fluorescence
performance.

There are a large number of molecular wires consisting
of other aromatic units, such as polycyclic and heterocyclic
aromatic units,>?*>2%2% and only a few examples are
introduced here. Di-9-anthrylethyne is a repeating unit of
molecular wires with anthracene rings and takes a planar
conformation to maximize the stabilization by conjugation,**
regardless of a low barrier to rotation about the acetylene
axis. The electronic properties of trimer 91?*! and the
magnetic character of 92 with pendant radicals and its longer
analogues®**?* are well deduced from the planar conforma-
tions (Figure 46). Another type of wirelike molecule is the
1,5-naphthylene—ethynylene oligomer, although the main
chains are not always rigid and linear.?****> According to
the structural analysis of model compounds such as di-1-
naphthylbutadiyne, all aromatic moieties in 93 and 94 prefer
to take the ap conformation about the linkers to form zigzag
chains. Porphyrin cores are also intriguing aromatic units in
molecular wires.”® One of the longest well-defined oligomers
is hexamer 95 (n = 6) with ca. 8 nm length.?*S In this series
of compounds, the Q-band absorptions are red-shifted (4 630
— 820 nm) with increasing chain length (n = 1 — 6),
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Figure 46. Molecular wires and related nanostructures with arene
and porphyrin units.
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Figure 47. Interconversion between two chiral forms of diplatinum
polyyne 96. Polymethylene -(CH,),- chains are abbreviated as
curved lines.

although the rotation about butadiyne linkers may take place
very rapidly in solution.

Platinum complexes 96 are also regarded as extended
biphenyls (Figure 47).24’ In this case, two square planar Pt
atoms are involved in the linker moiety. When the terminal
platinum atoms are spanned with two diphosphine ligands,
the relative conformation between the terminal groups and
the dynamic properties are influenced by the chain lengths
of the polyyne and ligand moieties.”*® In 96 (m = 14, n =
3), the alkyl chains twist around the Cq wire in a chiral
double-helical structure, and this molecule undergoes rapid
interconversion between helical enantiomers in solution at
low temperature. In contrast, analogous complex 96 (m =
8, n = 2) with Cg chains and C4 wire takes a nonhelical
conformation, undergoing interconversion between the two
stereoisomers at a rotational barrier of 33 kJ/mol.

6.3. Molecular Scaffolds

The structural features of acetylene and related linear
linkers are utilized to construct molecular scaffolds and
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+-Bu
102
Figure 48. Conformationally directed macrocyclization to form multiple cyclic systems.

control the alignment of constituent units. Although we have
already seen several such examples above, some additional
compounds involving dendrimers and oligomers are intro-
duced here.

The conformational characteristics of macrocyclic com-
pounds based on phenylene units and acetylene or longer
linkers have been discussed in section 5.1.4. Most of these
compounds were synthesized by the metal-catalyzed mac-
rocyclization of acyclic precursors,**?3 where the linearly
rigid but rotatable nature of the acetylene axis was an
important factor for the effective synthesis. For example,
although the terminal alkyne moieties should be randomly
oriented in the desilylated product of 97, the rotation about
the diacetylene linkers directs intramolecular coupling to
form doubly cyclized product 98 in high yield (Figure 48).%!
Interestingly, coupling of the terminal alkyne derived from
99 gave different products 100 and 101 depending on the
metal catalyst.>?> This selectivity can be explained by the
formation of different metal-acetylide intermediates due to
facile rotation about the four acetylene axes. The cyclization
of 102 by pinacol coupling is also accompanied by rotation

Si(i—Pr)s 1. TBAF
2. Cu cat.

R = -(CHp)gCHj3

1. TBAF

Toyota

2. Cuor Pd cat.

BuoN NBu,

tBu
103  74%

about the six acetylene axes to form tricyclic product 103 in
a reasonable yield regardless of the possibility of site-random
coupling.?®® The vicinal diol moieties can be transformed
into triple bonds by a conventional method.

Several types of structures are constructed with acetylene
linkers as shown in Figure 49. For example, 1,8-diethynyl-
anthracene units can furnish cyclic structure 104 having a
hexagonal prism shape by incorporating m-terphenyl units.>>*
This system is proposed to form two-dimensional polymers
by the intermolecular photodimerization of the anthracene
moieties. In 105, benzene rings in p-cyclophane moieties and
terminal anthracene groups are layered with 4,5-diethynyl-
9,9-dimethylxanthene units in polymeric chains.?> Com-
pound 106 is an example of arylene—ethynylene polymers
involving enantiopure arene units.?*?7 This material is
expected to have chiral configurations, even though the linker
moieties can rotate within a certain range.

Acetylene linkers are also utilized in extending the
structures of branched molecules such as dendrimers.?®
Compound 107 is a propeller-shaped molecule with three
doubly branched arms bearing hydrophilic substituents
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106

R? = -(CH,)sCH3 R?O OR?

Figure 49. Application of acetylene linkers in cyclic and acyclic
scaffolds.

Figure 50. Propeller-shaped branched aromatic compound with
hydrophilic chains.

(Figure 50).2*° The molecules are self-assembled into a well-
defined structure in the water—THF system, and this unique
aggregation behavior is attributed to the conformationally
flexible aromatic cores. Moore and his co-workers reported
several types of dendrimers and related compounds with DPE
repeating units.’®® Compound 108 is an example of dendrons
with seven phenyl groups, and this molecule can take a
coplanar or twisted form (Figure 51).2%! This precursor was
convergently extended to form dendrimer 109 with 94
benzene rings, which possessed a globular shape with ca.
55 A diameter to avoid steric interactions by twisting about
each linker. When longer DPE linkers are incorporated into
the central region, larger dendrimers of up to 127-mer can
be built.?*? Thus, the shape of branched molecules depends
on the generation, the number of branches, the length of
linker moieties, and other conditions.
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+Bu
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Figure 51. Dendron 108 and dendrimer 109 composed of DPE
repeating units.

0

111 R=H,F

Figure 52. Molecular rotors with sulfur functionalities for mount-
ing on a gold surface.

Figure 52 shows examples of molecular motors with sulfur
functionalities as stator mounted on a gold surface. Com-
pound 110 possesses a tripod base, and the carbazole-based
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arms can rotate relative to the base moiety about the
acetylene axis.?®> Donor—acceptor groups are introduced in
the arm moiety for an attempt at controlling its rotation in
response to the outer electric field. Compounds 111, pos-
sessing three triptycene groups and two acetylene linkers,
were designed to realize a molecular altitudinal rotor.'63 If
eight sulfur atoms in the 1-triptycyl stands are tightly bonded
to the gold surface, the central triptycene paddle can rotate
about the acetylene axis.

6.4. Molecular Recognition

The rotation about the acetylene axis plays important roles
in molecular recognition. In typical cases, host molecules
carry multiple binding sites via acetylene linkers and readily
change their shapes by rotation in order to fit guest molecules.
These phenomena involving preorganization, cooperativity,
selectivity, and chelate effects are detectable by spectroscopic
measurement and occasionally by visual observation. Only
selected examples of such systems are introduced here.

Extended hexaphenylethane derivative 112 carries a
coordination site at each phenyl group (Figure 53).26* Once
the first equivalent of Ag(I) ion is captured by coordination
sites across the acetylene axis, the resulting conformational
change from the staggered form to the nearly eclipsed one
considerably accelerates the binding of additional equivalents
of Ag(I) ions. This cooperative effect can be monitored by
fluorescence measurement. This strategy was applied to other
extended hexaphenylethanes with longer linkers, diyne and
phenylenediyne, to monitor metal and dicarboxylate ions by
fluorescence measurement.?®>2%¢ Compound 113 was origi-
nally designed by Kelly as a molecular brake with a
9-triptycyl group and a bipyridine unit (Figure 54).2°7 The
coordination of this bidentate ligand to a metal ion results
in a conformational change so that the fused naphtho moiety
is directed into a notch of the triptycene unit. However, NMR
spectroscopy revealed no restricted rotation upon the addition
of a metal ion because of facile rotation. This function was
realized by using a nonextended system without an acetylene
linker.268

Compound 114 was designed for the molecular recognition
of the clinical anticoagulant heparin by incorporation of
phenylboronic acids and ammonium groups into a 1,3,5-
tris(phenylethynyl)benzene core (Figure 55).%%° The three side
chains can come to the same side of the central benzene core
by rotation about the acetylene axis, which results in high
selectivity and affinity for various types of heparin. Com-
pound 115 also has a similar trefoil structure with three
chlorophyll units and forms a 3:3 supramolecular system with
DABCO.? Bis-porphyrin tweezer host 116 forms complexes
with pyradine, 4,4'-bipyridine, and other bidentate lig-
ands.?"!"?’? The cavity size, which is defined by the distance
between the two Zn atoms, is adjustable by rotation about
the acetylene and diacetylene linkers.

metal ion
(M2*)

break on

Figure 54. Original model of molecular brake by using metal
coordination.

RS
R3 = 3,5-+Bu,CgHj

Figure 55. Typical examples of host compounds with acetylene
linkers and multiple binding sites.

7. Conclusions and Perspectives

In the early days following the discovery of the rotation
about the acetylene axis as a meaningful phenomenon in

-Agt..

MeQ R “R'  OMe

Figure 53. Cooperative complexation of extended hexaphenylethane with six coordination sites.
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structural chemistry 70 years ago, studies of rotational
isomerism involving the acetylene axis had been conducted
constantly but slowly because of limitations in the methods
available for the observation of small energy processes.
Nevertheless, research in this field has grown rapidly in the
last 30 years, owing to the rapid development of experimental
and theoretical methodologies. Recent widespread studies
have been sparked by the application of a great number of
alkynes of small to ultralarge sizes to supramolecules and
functional molecules, accompanied by innovations in alkyne
synthesis.

As described in the previous sections, acetylene and related
linkers are unique building blocks that can connect two units
in a linear fashion and potentially extend conjugation through
their 7 electrons. The rotational isomerism about such long
axes can be discussed on the basis of the well-established
concept for ordinary single bonds, although the rotational
barriers are very low in the extended system. The observed
and calculated data suggested that the barrier heights were
influenced by electronic effects, steric effects, weak interac-
tions, and other factors, some of which were only recently
revealed by modern techniques. The rotational barriers can
be controlled by modifying the original structures of the
extended ethane and biphenyl. The rotation can be restricted
in sterically hindered alkynes by steric effects, leading to a
few examples of rotational isomers isolable at room tem-
perature. On the other hand, a molecular design was proposed
to enhance the rotation rate of rotor moieties in the solid
state, as exemplified by molecular gyroscopes. Some acyclic
arylene—ethynylene oligomers form helical structures in
appropriate solvent systems, producing interesting properties
in the chemistry of helicates. Diarylethynes and their
extended derivatives are chromophores that show charac-
teristic absorption and emission bands in electronic spectra,
and their performances are influenced by the conformation
of aryl moieties about the acetylene axis. These structural
and spectroscopic properties are applied to the construction
of large systems such as molecular vehicles, dendrimers, and
molecular wires. Acetylene units are occasionally used as
linkers to maintain an appropriate distance between two
terminal groups with easy rotation about the axis. This feature
is available in preorganizing recognition sites in supramo-
lecular systems, resulting in molecular sensors, switches, and
other devices.

The above findings show that the rotational isomerism
about the acetylene axis is an important topic in organic
stereochemistry and has spread over interdisciplinary fields
of material and biological sciences. The versatility of
acetylene units as linkers is due to the linear connections at
adjustable lengths as well as the ease of connection by
various synthetic approaches toward acetylene formation or
coupling. Therefore, it is possible to introduce long branches
or arms into a core structure by using acetylene linkers, in
which the rotation about the long axes can result in a dramatic
change in the molecular structure. Recently, long polyynes,
up to decaynes and beyond, have become accessible by
modern synthetic techniques.?>* It is interesting to see to
what extent the conformational change is observable across
a linear axis (e.g., 2.8 nm for a linear decayne across 21
bonds). One of the possible ways to determine the conforma-
tion of such long alkynes is STM or related microscopic
measurements on surfaces. The conformation of alkynes
should influence their reactivity, but the effects have not been
well noticed so far. If there are differences in rates and
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selectivity of the reactions of alkyne conformers, one can
observe stereoselectivity in alkyne chemistry, which is a
novel phenomenon in terms of the remote control of reactions
across a long axis. Studies on the control of rotational barriers
in various alkynes are underway, and great progress is
expected. The further enhancement of rotational barriers in
acyclic alkynes would lead to the isolation of rotational
isomers, namely atropisomers, at room temperature, which
would make it possible to investigate the properties and
reactivities of each isomer separately. The dynamic behavior
of acetylene rotation in the solid state is an attractive
phenomenon to realize facile or correlated rotation toward
real molecular gears and gyroscopes in the crystal lattice.
These subjects should be tackled by chemists in the future
to magnify the importance of the stereochemical aspect in
alkyne chemistry.
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9. Note Added in Proof

A macrocyclic arylene—ethynylene oligomer with an-
thracene and pyridine units was synthesized as a shape-
persistent cyclic arylethyne.”’> Molecular hinge 68 with
triphenylene units instead of pyrene units was found to form
intramolecular excimer in the excited state.”’* A new highly
fluorescent nanocar with p-carborane wheels was reported.?”>
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