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Rotational Isomerism Involving an Acetylenic Carbon:
Synthesis of and Barrier to Rotation around C(sp)—C(sp3) Bonds
in Bis(1,4-disubstituted 9-triptycyl)ethynes
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The substituent effect on the rotational barriers of acetylenic to tetrahedral C—C bonds was studied for the title
compounds carrying Me or OMe substituents at the 1,4-positions in the 9-triptycyl groups. These compounds were
prepared by use of the Diels—Alder and the Sonogashira reactions from a 9-ethynylanthracene derivative. The kinetic
parameters were determined by the total lineshape analysis of the signals observed by the variable temperature 'HNMR
for five compounds. The rotational barriers are in the range of 9—15 kcal mol ™', and are enhanced as the steric size of the
substituents is increased (H < OMe < Me). This substituent effect is attributed to the destabilization of the transition state
of the rotation process, where the two triptycyl groups are almost eclipsed about the central axis, by the steric interactions
between the peri substituents. The acetylenic carbons are significantly deformed from the linear geometry in the X-ray
structure of the tetramethyl compound. The substituent effect on the rotamer population is also discussed with the aid of

the MM calculation.

While the rotational isomerism about C—C single bonds
formed between sp® and sp? carbons has been extensively
studied, little is known about that about C—C bonds involving
at least one acetylenic sp carbon because of very low rota-
tional barriers.'— For example, the insertion of an acetylenic
moiety between two methyl groups considerably decreases
the barrier height to rotation from ca. 3 kcal mol~! for eth-
ane’ to less than 10 cal mol~! for 2-butyne® (1 cal = 4.184
1). In the latter, the two terminal methyl groups are so far
away (4.1 A) that steric and stercoelectronic interactions are
too little to furnish any meaningful rotational barrier.

Although the interaction can be increased by introducing
bulky substituents at both ends of ethyne, the effective en-
hancement of the rotational barrier is very difficult due to the
geometrical reasons. To the best of our knowledge, the only
example of the restricted rotation at an acetylenic carbon in
acyclic compounds was reported by Vogtle et al. for bis(9-
triptycyl)ethyne derivatives.” The rotational barrier of the
tetramethyl compound (4) was determined by the NMR line-
shape analysis as 15.6 kcal mol~'; The unusually high barrier
is attributed to the bulkiness of the 1-substituted triptycene
groups. In order to discuss the substituent effect on the bar-
rier height in detail, it is necessary to obtain additional kinetic
data for the compounds with various substituents. Therefore,
we determined the kinetic parameters for the C(sp)~C(sp”)
bond rotation in the C—C=C—C unit (hereafter designated as
C—C bond for simplicity) in the title compounds with Me
and OMe groups at the 1,4-positions, 2—6 (Chart 1), to con-
tribute toward a systematic study of the rotational isomerism
around bonds involving acetylenic sp carbons.

This paper reports a convenient route for the synthesis

1 X=Y=H
2 X=H, Y=Me
3 X=H, Y=OMe
4 X=Me, Y=Me
5 X=Me, Y=OMe
6 X=OMe, Y=0OMe
Two forms are identical for 1-3.
X X
ap sc
Chart 1.

of the title compounds, especially those carrying different
substituents on the two triptycyl groups (X #Y). On the basis
of the kinetic and thermodynamic data of the conformational
change, and the molecular structures, the substituent effect
on the rotational isomerism about the C—C bonds is discussed
from various aspects.

Results

Synthesis.  Compounds 1 and 4 had been synthesized
by the Diels—Alder reaction of bis(9-anthryl)ethyne with a
benzyne in the literature.” This method was not always useful
for the synthesis of unsymmetrically substituted compounds:
2, 3, and 5. Therefore, we chose an alternative pathway
involving the stepwise construction of each triptycene (Trip)
skeleton by the Diels—Alder reaction and the connection of
the acetylenic unit by the Sonogashira reaction (Scheme 1).*

9-[(TrimethylsilyDethynyl]anthracene (8) was prepared
from 9-anthrone and lithium (trimethylsilyl)acetylide. The
first triptycyl skeleton was constructed by the reaction of
8 with a substituted benzyne, generated from 3,6-disubsti-
tuted anthranilic acid (9) with isopentyl nitrite (‘PenONO),
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Scheme 1.

in reasonable yields. After the desilylation of 10 by fluoride,
the terminal acetylene 11 was coupled with 9-iodoanthrance
under conditions of the Sonogashira reaction. Thus formed
9-[(9-anthryl)ethynyl]triptycenes 12 were reacted with an
appropriate benzyne to give the target compounds 1—6 in
moderate yields with the recovery of a small to moderate
amount of 12. Compounds 2, 3, and 5, in which X#Y,
were prepared by the combination of 12 and 9 shown in
Scheme 1, although the reaction of another combination was
also available.

Kinetic and Thermodynamic Measurements by NMR.
The kinetic and thermodynamic parameters for rotation
around the C—C bond were determined by the variable tem-
perature NMR measurements except for 1, which has no
probe for the observation of the dynamic process. According
to the substitution pattern, compounds 2—6 should exhibit
two types of dynamic behavior, as illustrated in Scheme 2.

For 2 and 3, in which X = H and Y #H, there are three con-
formers of equal energy (Scheme 2(a)). Rotation around the
C—C bond exchanges the magnetic sites of the three benzeno
groups in the nonsubstituted Trip, in which one of them is
anti to the substituent Y and the other two are syn, the mutual
exchange among AAX systems taking place. This process

was observed as the lineshape changes of the signals due to
the peri protons (1’, 8, and 13’-positions) in 2 (Fig. 1): A
doublet at § = 8.01 observed at room temperature in CD,Cl,
broadened and separated into two doublets at 6 = 7.73 and
8.14 in 1:2 intensity as the temperature was lowered. The
total lineshape analysis afforded the kinetic data of the bond
rotation listed in Table 1. Although the methoxy compound
(3) also showed a similar lineshape change at lower temper-
atures, the dynamic process was not completely frozen at the
lowest attainable temperature, —110 °C, in CD,Cl,. The
estimated free energy of activation was 8 kcal mol~! for 3.
The other type of dynamic behavior should be observed
in 4—6, where X#H and Y#H. Among three conformers
shown in Scheme 2(b), the ap form, in which X and Y are
anti, has a different stability from the others, a pair of enan-
tiomers of the s¢ form, in which X and Y are gauche.’ The
analysis of the lineshapes due to the exchange between the
unequally populated isomers gives the rates of bond rotation.
For example, the tetramethyl compound (4) gave two kinds
of signals in the ratio of 3.3: 1 in CDCl; at —55 °C, where
the rate of rotation was sufficiently small. The isomers were
unambiguously assigned by the signal pattern of the aromatic
signals: The major and minor forms gave one and two sets

(b)

k/% k&i X, ¥ = Me or OMs k//:_la,, k“

2and 3

¢ 4,5and6  *C

Scheme 2.



S. Toyota et al. Bull. Chem. Soc. Jpn., 73, No. 1 (2000) 207

temp / °C

H8' H13'

~-105.2

H1' H8' H13'
H8,H13

severe in the former. The rotamer ratio was monitored by the
integral intensity of the signals due to each isomer at several
temperatures where the exchange was slow, the data giving
the thermodynamic parameters shown in Table 2. The line-
shape changes were observed at higher temperatures (Fig. 2),
and the lineshape analyses of the 1-Me proton signals afford
the kinetic data listed in Table 1.

The thermodynamic and kinetic data for § and 6 were de-
termined similarly (Tables 1 and 2). We could not obtain the
details of the thermodynamic data of 6, because the exchange
between the isomers was not sufficiently slow, even at — 105
°C.

Molecular Structure. Among compounds 1—6, only 4
gave crystals suitable for X-ray analysis by recrystallization
from chloroform. An ORTEP drawing is shown in Fig. 3, in
which solvent molecules are omitted. The selected structural
parameters are listed in Table 3.

H1' In order to get further structural information, the molecu-
lar mechanics (MM) calculations were carried out with the

Fig. 1.

Table 1.

X 8.0 77 ppm
'H NMR signals due to aromatic protons at the peri- .
positions in 2 at various temperatures (Solvent CD,Cly). temp / °C
.. . 532
Kinetic Parameters for Rotation around C—C bonds

in 2—6 in CD,CL?

Compound AH” AS* AGhp

2
3
4c.d)
59

6c)

keal mol ! kecal mol™'-K ™! keal mol ™! 28.2
8.61+0.3 —54+12 10.1
g®
15.1+04 —1.1+1.2 15.4
11.2+£0.2 —5.1+£0.6 12.7 10.9

a) 1 cal

94+04 0.3+1.9 9.3 Met(1) Me1(1") 4Me
=4.1841. b) At 163 K. ¢) Data from ap to sc isomer. sc ap se P ,
d) In CDCl5. Me4(4')
-28.8 l

of the signals due to the benzeno groups which do not carry

any peri substituents, expected for the ap and sc isomers, re- 33 3.0 25

spectively. This assignment is consistent with the low-field ppm

shift of the 1-Me signal (¢ = 3.15) in the sc isomer relative Fig. 2. '"HNMR signals due to methyl protons in 4 at various
to that in the ap (& = 2.65) because the steric compression is temperatures (Solvent CDCl;).

Table 2. Thermodynamic Parameters for Equilibrium between ap and s¢ Rotamers in 4—6 in CD,C1,?

AH° AS° AGS,Y AGSY SE(sc-ap)*’
Compoound kcal mol ™! calmol™'.K™! kcal mol ! kcal mol ! keal mol ™!
4% 0.8+0.2 -0.2+£0.6 0.88 0.86 1.87
< (1:0.40) (1:0.15)
5 —-09+0.2 —2.3+0.8 —0.27 —0.52 0.93
(1:3.3) (1:9.5)
6 —-0.47 0.17
(1:8.1)

a) Data from ap to sc isomer. The statistical distributions of the two isomers were taken into account in the calculation.  b) Values
in parentheses are the rotamer populations (ap : s¢) at the temperature. c) Relative steric energy of sc from ap isomer obtained
by MM3 calculation. d) In CDCl3.
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Fig. 3. ORTEP drawing of 4 with thermal ellipsoids at 50%
propabilities (Solvent molecules are omitted for simplicity).

MM3* force-field parameters for the ap and sc forms of 4, 5,
and 6. The structural parameters of 4 are listed together with
the experimental values in Table 3. The optimized structures
of the sc forms of 4—6 are shown in Fig. 4. The relative
steric energies between the two isomers are listed in Table 2.

Rotational Isomerism of Bis(9-triptycyl)ethynes

Discussion

Molecular Structure.  The X-ray structure of 4 shows
that molecules take ap conformation in the solid state. The
acetylenic carbons are significantly deformed from the lin-
ear arrangement: The bond angles at C(19) and C(19"), ca.
171°, are one of the most strained acetylenic carbons in non-
conjugated acyclic acetylenes.'® The torsion angle along the
central axis indicates that the acetylenic moiety deforms into
a zig-zag form. These deformations are attributable to the
steric interaction between the two triptycyl groups. The dis-
tances of the triple bond and the attaching single bonds are
in the normal ranges.

A notable difference between the X-ray and calculated
structures of ap-4 is the bond angles at the sp carbons: The
calculated values are close to 180°. The underestimation of
the bending deformation by the MM calculation can perhaps
be attributed to the quality of the force-field parameters for
highly strained acetylenic carbons. The calculation predicts
that the bending deformation is significant for sc-4, of which
the steric energy is larger by 1.9 kcal mol~! than that of the
ap isomer, the value being also an overestimation to some
extent.

I3CNMR signals of the acetylenic carbons were observed
at & = 88—90 for 2 and 4, this value being comparable to
those in ethynes carrying t-alkyl substituents at both ends, for
example 2,2,5,5-tetramethyl-3-hexyne at 6 = 87."* At —36
°C, where the exchange was slow, 4 gave two acetylenic car-
bon signals assigned to the ap and sc isomers at 6 = 89.4 and
90.3, respectively, the latter being slightly but significantly
deshielded than the former. If we can apply the general ten-

Table 3.  Selected Structural Parameters of ap and sc Forms of 4 Deremined by X-Ray Analysis and Molecular Mechanics (MM)
Calculations
ap-4 (X-ray)” ap-4 (MM)» sc-4 (MM)®
Bond distances (A)
C(19)-C(19") 1.19(1) 1.215 1.217
C(9)-C(19) 1.46(1) 1.479 1.484
C(9)—C(8a) 1.57(1) 1.528 1.530
C(9)—-C(9a) 1.55(1) 1.530 1.531
C(9)-C(12) 1.54(1) 1.528 1.529
C(9a)-C(1) 1.40(1) 1.406 1.405
C(DH-C7) 1.50(2) 1.508 1.506
Bond angles (°)
C(9"H-C(19)-C(19) 170.2(10) 177.0 170.5
C(19)-C(19)-C(9) 171.4(10) 177.0 170.5
C(19)-C(9)-C(9a) 119.6(8) 119.0 120.5
C(19)-C(9)-C(8a) 110.3(7) 109.7 108.7
C(19)-C(9)-C(12) 111.2(5) 109.7 109.7
C(92)-C(9)-C(8a) 105.8(5) 105.6 105.5
C(92)-C(9)-C(12) 104.7(7) 105.6 106.3
C(8a)-C(9)—C(12) 103.9(7) 106.6 105.5
C(9a)-C(1)-C(17) 126.3(9) 1234 123.1
Torsion angles (°)
C9)-C(19)-C(19)-C(9") —179(3) —175.3 —14.5

a) Values in parentheses are estimated standard deviations.

b) Optimized structures by MM3 calculation.
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sc-4
(170.5, 170.5)
Fig. 4.
sp carbons, respectively, in °).

dency that the bending deformation causes the chemical shift
of the acetylenic signals toward downfield,"'"” this finding
means that the deformation should be more severe in the sc¢
isomer.

Rotational Barrier. The rotational barrier in 4 reported
earlier (15.6 kcal mol~')” was excellently reproduced by our
measurement with an NMR instrument at a high-magnetic
field. Thanks to the good separation of the signals of each
isomer, we could determine the rate constants over a wide
temperature range to give the enthalpy and entropy of ac-
tivation with reasonable reliability. Because the entropy of
activation is not far from zero in each case, as expected for
internal rotation, the enthalpy of activation plays a dominant
role in determining the barrier height.

Table | clearly indicates that the rotational barrier is en-
hanced as the steric size of the substituent becomes large.
For example, when the kinetic data of the compounds of Y
(or X) = Me are compared, the free energy of activation in-
creases in the order of 2, 5, and 4, in which the substituents
on the other Trip are H (1.20), OMe (1.52), and Me (1.80),
respectively, the effective van der Waals radius (A) being in-
dicated in parentheses.'® This tendency means that the tran-
sition state of the bond rotation is destabilized more than the
initial state by the steric interaction. As expected from the
general conformational analysis of ethane-type molecules,
the two Trip moieties will be completely or nearly eclipsed
at the transition state for rotation in bis(9-triptycyl)ethynes.
In such structures, the steric interactions between the peri
substituents on the two triptycyl groups reach a maximum
even though the acetylene moiety can deform further so as
to release the severe steric congestion.'’

As shown in Scheme 2(a), when the C—C bond rotates
from one staggered form to another in any direction by 120°,
the peri substituents in the substituted Trip, Y and two H’s,
should pass over any peri hydrogens in the other Trip for 2
and 3. Because the steric interaction of Y is most important
among the nonbonding interactions at the transition state, its

sc-5
(174.6, 176.7)

Optimized structures of sc¢ forms of 4—6 by MM3 calculations (Values in parenthese are bond angles at the top and bottom

sc-6
(178.4, 178.3)

steric size mainly influences the rotational barrier. For com-
pounds 4—6 (X#H and Y #H), both the substituents X and
Y interact with the peri hydrogens during the rotation from
ap to sc, whereas X should interact with Y during the isomer-
ization between the two sc¢ forms. From a steric viewpoint,
the latter process requires much larger activation energy than
the former. Namely, the relationship &, (or k_,) > k> holds
in the process shown in Scheme 2(b), and the rate constants
observed by the lineshape analysis should correspond to &;.
Therefore, the steric bulk of both X and Y is important in
determining the rotational barriers in these compounds. The
above discussion implies that the introduction of larger and
more substituents at the peri positions can make the rotational
barriers higher. Further study along this line is in progress.

The comparison of these data with those of bis(9-tripty-
cyhmethane'® or cis-1,2-bis(9-triptycyl)ethene' derivatives
is meaningful to evaluate the interaction between two 9-tri-
ptycyl groups. The activation energies for the isomerization
caused by the slippage of two triptycyl groups are ca. 30
kcal mol~! for the methane and ethene analogs, even though
the molecules carry no peri substituents. Although the exper-
imental value is not available for 1, its barrier, at least smaller
than that in 3, is much smaller than those in the above two
compounds. The finding is readily understood by the spa-
tial arrangement of the two triptycyl groups. In the ethyne
compound, they are oriented far by being attached to both
ends of ethyne to diminish the interactions. The distances
between the two 9-bridgehead carbons are 4.1 and 3.0 A for
the ethyne (4) and ethene compounds, respectively.

Rotamer Population.  The thermodynamic data in Ta-
ble 2 indicate that the ap form is more stable than the sc
for 4 as expected from the steric interaction between the I-
methyl groups. The trend is reproduced by the MM calcula-
tion, although the energy gap between the two isomers (1.9
kcal mol™!) is a little Jarger than the experimental one (0.9
kcal mol=!).

On the contrary, the stability of the two isomers is vice



210  Bull. Chem. Soc. Jpn., 73, No. 1 (2000)

versa for the methoxy- containing compounds, 5 and 6. We
have to consider other factors stabilizing the sc form in these
compounds.

A possible explanation is the C-H---O interaction in the
sc form, which has been recognized in various 9-alkyl-1-
methoxytriptycenes.” In the calculated structure of sc-5, one
of the 1-Me hydrogens is close to the oxygen in the 1’-OMe
with the interatomic distance of 2.54 A, which is within
the sum of van der Waals radii of H and O atoms. This
might indicate the presence of the C—H---O interaction in
the sc form, although it was reported that the MM3 calcula-
tion could not evaluate the weak interaction correctly.?’ As
for the tetramethoxy compound (6), there are no significant
H:--O contacts ( > 3.4 A) in the calculated structure of sc-
6; the C—H---O interaction is unlikely.?* Another plausible
reason is the attractive dipole—dipole interaction between the
two C—O-C moieties in the sc form. However, we could
not obtain supporting evidence, though the effect of solvent
polarity on the rotamer population would lend a clue, owing
to the solubility problem. Further study is awaited on this
point.

Experimental

'H and *CNMR spectra were measured on a Varian Gemini-
300 at 300 and 75 MHz, respectively. Some *CNMR spectra
were measured on a JEOL Lambda 500 instrument at 125 MHz.
The variable temperature NMR spectra were measured on a JEOL
GSX-400 at 400 MHz. Unless otherwise noted, the NMR data were
collected at room temperature. Melting points are uncorrected.
Elemental analyses were performed by a Perkin—Elmer 2400-type
analyzer. High-resolution mass spectra were measured on a JEOL
JMS-700 MStation spectrometer.

9-[(Trimethylsilyl)ethynyl]anthracene (8).  To a solution of
0.94 mL (6.7 mmol) of (trimethylsilyl)acetylene in 11 mL of dry
ether was added 3.8 mL (6.2 mmol) of butyllithium solution in hex-
ane at 0 °C under a nitrogen atmosphere. After the solution was
stirred for 30 min at room temperature, 584 mg (3.01 mmol) of 9-
anthrone was added to the flask and the whole was heated overnight
under reflux. The mixture was quenched with ca. 10 mL of aqueous
ammonium chloride. The organic layer was separated, and the
aqueous layer was extracted with benzene. The combined organic
solution was washed with aqueous NaCl, dried over MgSQy4, and
evaporated. The residue mainly consisted of 9-[(trimethylsilyl)eth-
ynyl]-9-anthrol, which was dehydrated during the purification by
chromatography on silica gel (hexane eluent) to form the desired
anthracene. The yield was 0.73 g (85%). The pure material was a
pale yellow oil, which crystallized upon standing. The analytical
sample was obtained by sublimation. Mp 61.0-—62.0 °C. Found:
C, 82.97; H, 6.69%. Calcd for CioH;3Si: C, 83.16; H, 6.61%.
'"HNMR (CDCly) 6 = 0.49 (9H, ), 7.50 2H, t, J = 7.5 Hz), 7.59
(2H, dt, J = 0.8, 7.5 Hz), 8.00 (2H, dd, J = 0.8, 8.3 Hz), 8.42 (1H,
s), 8.56 (2H, d, J = 8.3 Hz). *CNMR (CDClz) 6 = 0.28, 101.57,
106.16, 117.08, 125.60, 126.66, 126.74, 127.86, 128.61, 131.03,
132.87.

9-[(Trimethylsilyl)ethynyl]triptycene (10a). A solution of
1.10 g (4.00 mmol) of 9-[(trimethylsilyl)ethynyl]anthracene (8) in
10 mL of 1,2-dimethoxyethane (DME) was refluxed in a flask. To
the solution were added a solution of 2.74 g (20.0 mmol) of anthra-
nilic acid in 10 mL of DME and a solution of 3.51 g (30.0 mmol)
of isopentyl nitrite in 10 mL of DME from respective dropping
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funnels in 1.5 h. The mixture was further refluxed for 2 h. The
volatile materials were removed by evaporation and the residue was
chromatographed on silica gel (eluent hexane—dichloromethane).
The elution of the starting anthracene was followed by that of the
desired material. Recrystallization from hexane—dichloromethane
gave 591 mg (42%) of the pure material as colorless crystals, and
260 mg of 8 was recovered. Mp 179—181 °C. Found: C, 85.35;
H, 6.57%. Calcd for CosHaSi: C, 85.66; H, 6.33%. '"HNMR
(CDCl) 6 = 0.46 (9H, s), 5.39 (1H, s), 6.98—7.09 (6H, m), 7.36
(3H,dd, J = 6.4,2.1 Hz), 7.70 (3H, dd, J = 6.6, 1.9 Hz). "CNMR
(CDCl3) 6 = 0.38, 53.23, 53.76, 97.62, 100.05, 122.44, 123.32,
125.15, 125.62, 144.13, 144.38.

1, 4- Dimethyl- 9- [(trimethylsilyl)ethynyl]triptycene (10b).
This compound was similarly prepared as above from the anthra-
cene 8 and 3,6-dimethylanthranilic acid®® in 55% yield. The pure
material was colorless powder. Mp 168—170 °C. Found: C, 85.99;
H, 6.84%. Calcd for Co7H6Si: C, 85.66; H, 6.92%. 'HNMR
(CDCl3) 8 = 0.42 (9H, s), 2.47 (3H, 5), 2.81 (3H, s), 5.61 (1H, s),
6.56 and 6.64 (2H, ABq, J = 7.8 Hz), 7.06 (2H, dt, J = 1.6, 7.3 Hz),
7.09 (2H, dt,J = 1.3, 7.5 Hz), 7.36 (2H, dd, J = 7.1, 1.5 Hz), 7.83
(2H, dd, J = 7.3, 1.3 Hz). "CNMR (CDCl;) 6 = —0.12, 18.84,
21.33,49.76, 53.40, 98.38, 103.64, 123.02, 123.11, 125.09, 125.57,
126.85, 128.87, 129.43, 131.87, 140.60, 143.50, 144.15, 144.97.

1,4- Dimethoxy- 9- [(trimethylsilyl)ethynyl]triptycene (10c).
This compound was similarly prepared as 10a from the anthra-
cene 8 and 3,6-dimethoxylanthranilic acid® in 19% yield. The
compound was purified by recrystallization from hexane—dichlo-
romethane to give colorless crystals. Mp 215—217 °C. Found:
C, 78.97; H, 6.57%. Calcd for C»7H»0,Si: C, 78.98; H, 6.38%.
"HNMR (CDCl3) 6 = 0.44 (9H, 5), 3.76 (3H, 5), 3.81 (3H, 5), 5.87
(1H, s), 6.54 and 6.55 (2H, ABq, J = 8.9 Hz), 7.02 (2H, dt, J = 1.0,
7.1 Hz), 7.07 (2H, dt, J = 1.4, 7.5 Hz), 7.38 (2H, dd, J = 1.7, 6.8
Hz), 7.84 (2H, dd, J = 1.7, 7.0 Hz). "CNMR (CDCL3) § = 0.41,
46.21, 51.01, 56.23, 58.32, 95.36, 102.05, 109.70, 112.95, 123.03,
123.35, 125.01, 125.50, 133.83, 135.21, 144.39, 145.07, 149.01,
150.35.

9-Ethynyltriptycene (11a).  To a solution of 591 mg (1.69
mmol) of 9-[(trimethylsilyl)ethynyl]triptycene in 5 mL of THF was
added 0.17 mL (1.7 mmol) of 1.0 mol L™ solution of tetrabutyl-
ammonium fluoride in THF. The solution was stirred for 30 min at
room temperature. The solvent was removed by evaporation, and
the residue was treated with 10 mL of dichloromethane and 10 mL of
water containing a few drops of acetic acid. The organic layer was
separated, dried over MgSOy4, and evaporated. Recrystallization
from hexane—dichloromethane afforded 432 mg (92%) of the pure
material as colorless crystals. Mp 239—240 °C. Found: C, 94.70;
H, 5.07%. Caled for CoxHya: C,94.93; H,5.07%. 'HNMR (CDCl3)
6 =3.27(1H, s), 5.41 (1H, s), 6.99—7.09 (6H, m), 7.38 (3H, m),
7.74 (3H, m). *CNMR (CDCl;) 6 = 52.92, 53.23, 78.43, 80.47,
122.33,123.39, 125.19, 125.72, 143.86, 144.30.

11b and 11c were similarly prepared from 10b and 10c¢, respec-
tively.

9-Ethynyl-1,4-dimethyltriptycene (11b).  Yield 93%. Mp
196—199 °C. Found: C, 94.32; H, 6.06%. Calcd for C24His: C,
94.08; H, 5.92%. 'HNMR (CDCls) & = 2.48 (3H, s), 2.81 (3H,
s), 3.26 (1H, s), 5.63 (1H, s), 6.64 and 6.72 (2H, ABq, J = 7.7
Hz), 7.04 (2H, dt, J = 1.2, 7.6 Hz), 7.10 (2H, dt, J = 1.2, 7.6 Hz),
737 (2H, dd, J = 14, 6.9 Hz), 7.87 (2H, dd, J = 1.4, 7.6 Hz).
BCNMR (CDCl3) 6 = 18.85, 21.30, 49.75, 52.53, 81.57, 81.80,
122.93, 123.18, 125.11, 125.65, 126.93, 128.88, 129.61, 131.85,
140.31, 143.44, 144.05, 144.71.

9-Ethynyl-1,4-dimethoxytriptycene (11c).

Yield 94%. Mp
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264—266 °C. Found: C, 84.91; H, 5.36%. Calcd for C24H305:
C, 85.18; H, 5.36%. 'HNMR (CDCl3) & = 3.21 (1H, ), 3.78 (3H,
s), 3.81 (3H, s), 5.89 (1H, s), 6.56 and 6.58 (2H, ABq, J = 8.9
Hz), 7.03 (2H, dt, J = 1.5, 7.5 Hz), 7.08 (2H, dt, J = 1.5, 7.5 Hz),
7.40 (2H, dd, J = 6.7, 1.8 Hz), 7.88 (2H, dd, J = 6.9, 1.9 Hz).
"CNMR (CDCl3) 6 = 46.22, 50.18, 56.30, 58.51, 78.74, 80.08,
109.87, 113.14, 122.91, 123.46, 125.06, 125.62, 133.58, 135.20,
144.30, 144.79, 149.12, 150.33.

9-[(9- Anthryl)ethynyl]triptycene (12a). In 10 mL of de-
gassed triethylamine, 96 mg (0.35 mmol) of 9-ethynyltriptycene,
147 mg (0.48 mmol) of 9-iodoanthracene,® 17 mg (0.024 mmol) of
[PAC12(PPhs),], and 2.5 mg (0.013 mmol) of Cul were suspended.
The mixture was refluxed for 20 h under a nitrogen atmosphere. The
solvent was removed by evaporation and the residue was submit-
ted to chromatography on silica gel with hexane—dichloromethane
10:1—2:1 eluent. The fractions showing a bright fluorescence
on TLC were collected, and this material was recrystallized from
chloroform to give the desired compound as yellow powders in 78%
yield. Mp 289—291 °C. Found: C, 94.78; H, 4.82%. Calcd for
CiH: C,95.12; H, 4.88%. 'HNMR (CDCly) 6 = 5.53 (IH, ),
7.10 3H, dt,J = 1.6, 7.4 Hz), 7.13 (3H, dt, / = 1.6, 7.6 Hz), 7.47
(3H, m), 7.58 (2H, dt, J = 1.4, 6.8 Hz), 7.68 (2H, ddd, J = 1.4, 6.8,
7.6 Hz), 8.06 (3H, m), 8.13 (2H, d, J = 8.4 Hz), 8.58 (1H, s), 8.96
(2H, d, J = 8.4 Hz). *CNMR (CDCly) 6 = 53.41, 54.64, 89.28,
95.24, 116.93, 122.71, 123.57, 125.39, 125.76, 125.83, 126.70,
127.11, 128.13, 128.90, 131.25, 133.12, 144.54, 144.71.

12b and 12¢ were similarly prepared from 11b and 11c, respec-
tively.

9-[(9-Anthryl)ethynyl]-1,4-dimethyltriptycene (12b).  Yield
72%. Yellow crystals. Mp 294—295 °C. Found: C, 94.87; H,
5.55%. Caled for CyHae: C, 94.57; H, 5.43%. "HNMR (CDCl5)
0 = 2.54 (3H, s), 2.95 (3H, s), 5.74 (1H, s), 6.70 and 6.78 (2H,
ABq, J = 8.0 Hz), 7.10 (2H, dt, J = 1.4, 7.5 Hz), 7.15 (2H, dt,
J =14,75Hz), 746 (2H, dd, J = 1.7, 6.7 Hz), 7.57 (2H, ddd,
J=1.1,66,79 Hz), 7.64 (2H, ddd, J = 1.4, 6.6, 7.9 Hz), 8.11
(2H,dd,J = 1.4,7.7Hz),7.21 (2H,dd,J = 1.7, 7.1 Hz), 8.55 (1H,
s). 8.92 (2H, dd, J = 1.1, 7.7 Hz). "CNMR (CDCl3) 8 = 18.91,
21.94,50.02, 54.31, 90.53, 98.75, 117.41, 123.30, 123.42, 125.33,
125.73, 125.77, 126.73, 126.95, 127.07, 127.96, 128.92, 128.95,
129.65, 131.35, 131.74, 133.23, 141.10, 143.64, 144.39, 145.62.

9-[(9-Anthryl)ethynyl]-1,4-dimethoxytriptycene (12¢). Yield
72%. Recrystallization from dichloromethane gave yellow crystals
containing solvent molecules. Mp 350—353 °C. Found: C, 87.36;
H, 5.02%. Calcd for CsxH60,-1/8(CH,Cl): C, 87.18; H, 5.04%.
"HNMR (CDCl3) § = 3.81 (3H, s), 3.86 (3H, 5), 5.30 (1H, 5), 6.63
and 6.66 (2H, ABq, J = 8.9 Hz), 7.04—7.13 (4H, m), 7.49 (2H, m),
7.52—7.64 (4H, m), 8.10 (2H, d, J = 7.5 Hz), 8.15 (2H, m), 8.53
(1H,s),9.03 2H, d,J = 8.9 Hz).

(1,4-Dimethyl-9-triptycyl)(9-triptycylethyne (2). To are-
fluxing solution of 100 mg (0.207 mmol) of 12b in 10 mL of DME
were added a solution of 142 mg (1.03 mmol) of anthranilic acid in
5 mL of DME and a solution of 182 mg (1.55 mmol) of isopentyl
nitrite in 5 mL of DME from respective dropping funnels in 1 h.
The mixture was refluxed for 2 h. The volatile materials were re-
moved by evaporation. The residue was submitted to a plug column
on silica gel with hexane—dichloromethane eluent to give 105 mg
of a mixture of the starting material and the Diels—Alder adducts.
This mixture was further separated by another chromatography on
silica gel with the same eluent system to afford 57 mg (49%) of
the desired compound as colorless powder with 30 mg of recovery
of 12b. The corrected yield was 70%. The analytical sample was
obtained by recrystallization from hexane—dichloromethane. Mp
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420—438 °C (decomp). Found: C, 94.59; H, 5.41%. Calcd for
CuHag: C, 94.69; H, 5.58%. '"HNMR (CDCl3) 8 = 2.56 (3H, s),
3.00 (3H, s), 5.54 (1H, s), 5.77 (1H, s), 6.71 and 6.80 (2H, ABq,
J =7.7 Hz), 7.04—7.14 (10H, m), 7.44—7.51 (5H, m), 8.01 (3H,
m), 8.13 (2H, m). “CNMR (CDCl;) § = 18.96, 22.22, 49.94,
53.34,53.43, 53.83, 87.83, 90.34, 122.58, 123.07, 123.43, 123.69,
125.49, 125.68, 125.81, 125.85, 127.16, 129.03, 129.74, 131.73,
140.50, 143.62, 144.34, 144.51, 145.49.

Bis(9-triptycyl)ethyne (1) was prepared from 12a and anthra-
nilic acid in 38% yield with the recovery of 22% of 12a. Mp 425—
435 °C (decomp) (lit, 450 °C).” '"HNMR (CDCl3) 6 = 5.57 (2H,
s), 7.09—7.12 (12H, m), 7.50 (6H, m), 8.04 (4H, m). HRMS (FAB)
MH" Found: m/z 531.2122. Calcd for CqyHze: MH', 531.2113.

(1,4-Dimethoxy-9-triptycyl)(9-triptycyl)ethyne (3) was pre-
pared from 12a and 3,6-dimethoxyanthranilic acid in 36% yield
with recovery of 40% of 12a. Mp 395—415 °C (decomp). Found:
C, 89.66; H, 5.22%. Calcd for C44H300,: C, 89.46; H, 5.12%.
"HNMR (CDCl3) é = 3.56 (3H. s), 3.87 (3H, s), 5.54 (1H, ), 6.02
(1H, s), 6.59 and 6.63 (2H, ABq, J = 8.9 Hz), 7.04—7.12 (10H,
m), 7.44—7.52 (5H, m), 8.11 (3H, m), 8.16 (2H, m).

Bis(1,4-dimethyl-9-triptycyl)ethyne (4)  was prepared from
12b and 3,6-dimethylanthranilic acid in 37% yield with the recovery
ot 45% of 12b. Mp 395—415 °C (decomp), (1it, 423 °C (decomp)).”
HRMS (FAB) MH" Found : m/z 587.2761. Calcd for Cs6Hzs : MH*
587.2739. '"HNMR (CDCl3) 6 = 2.56, 2.69 and 3.18 (12H, br),
5.77 (2H, s), 6.58—6.82 (4H, m), 7.14 (8H, br s), 7.50 (4H, br s),
8.30 (4H, brs). 'HNMR (CDCl3, —55°C) & = 2.55 (6Hgp, 3), 2.57
(6Hsc, ), 2.65 (6Hyp, s), 3.15 (6Hy, s), 5.80 (2H, s), 6.63 (2Hqp,
d,J = 7.9 Hz), 6.78 (2Hyp, d, J = 7.9 Hz), 6.75—6.91 (6H;c, m),
7.04 2Hs, t, J = 6.8 Hz), 7.10—7.20 (8Hyp and 8H,¢, m), 7.48
(4Hyc, d, J = 7.5 Hz), 7.54 (4Hyp, m), 7.73 (4Hye, d, J = 7.5 Hz),
8.27 (4Hyp, m). The rotamer population (ap:sc) was 3.29:1 at
~55°C. "CNMR (CDCls, 125 MHz) 6 = 18.95,22.0 (br), 49.94,
53.62, 89.95 (br), 123.22, 123.62, 125.35, 125.82, 127.10, 128.99,
129.62, 131.68, 141.0 (br), 143.64, 144.36, 144.6 (br). At —36 °C,
the acetylenic carbon signals were observed at 0 = 89.40 and 90.30
(ca. 3:1 intensity) assignable to ap and sc forms, respectively.

(1,4-Dimethoxy-9-triptycyl)(1,4-dimethyl-9-triptycyl)ethyne
(5)  was prepared from 12b and 3,6-dimethoxyanthranilic acid
in 72% yield with the recovery of 10% of 12b. Mp 380—405 °C
(decomp). Found: C, 89.29; H, 5.54%. Calcd for C4sH3.O7: C,
88.98; H, 5.62%. 'HNMR (CDCl3) 6 = 2.55 (3H, s), 3.02 (3H,
br), 3.54 (3H, br), 3.85 (3H, s), 5.75 (1H, s), 6.00 (1H, s), 6.55 and
6.62 (2H, ABq,J = 9.0 Hz), 6.71 and 6.78 (2H, ABq, J = 7.9 Hz),
6.99—7.12 (8H, m), 7.42—7.51 (4H, m), 8.19 (4H, m). '"HNMR
(CD2ClLy, —84°C) 6 =2.47 (3H, 5, Mey), 2.48 (3H, s, Meyp), 2.64
(3H, s, Meqgp), 2.97 (3H, s, Mey.), 3.01 (3H, s, OMe,p), 3.58 (3H,
s, OMeyc), 3.73 (3H, s, OMeyy). 3.78 (3H, s, OMey), 6.42—8.32
(aromatic signals). The major isomer gave four sets of aromatic
ABCD signals, being consistent with the stereochemistry of sc.
The rotamer population (ap : s¢) was 1:7.0 at the temperature.

Bis(1,4-dimethoxy-9-triptycyl)ethyne (6) was prepared from
12¢ and 3,6-dimethoxyanthranilic acid in 19% yield with the recov-
ery of 52% of 12¢. Recrystallization from dichloromethane afforded
crystals containing solvent molecules. Mp 405—435 °C (decomp).
Found: C, 80.32; H, 5.13%. Calcd for C46H3404-172(CH,Cp2): C,
80.57; H, 5.09%. '"HNMR (CDCl3) 6 = 3.55 (6H, 5), 3.86 (6H, s),
6.00 (2H, s), 6.59 and 6.62 (4H, ABq, J = 8.9 Hz), 7.06 (8H, m),
7.48 (4H, m), 8.27 (4H, m). '"HNMR (CD:Cl, —105°C) & = 3.61
(3H, s), 3.75 (3H, s), 5.95 (2H, 5), 6.59 and 6.67 (4H, ABq, J = 8.9
Hz), 6.90 (2H, t, J = 6.8 Hz), 6.98—7.13 (6H, m), 7.39—7.50 (4H,
m), 7.84 (2H, d, J = 7.5 Hz), 8.45 (2H, m) for the sc isomer. Most
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Table 4. Rate Constants of C—C Bond Rotation Determined by Total Lineshape Analysis®”

Compound k/s™! (temp/°C)

2 12.0 (—89.6), 25 (—84.1), 52 (—=79.1), 90 (—73.9). 160 (—68.8),
260 (—63.5), 450 (—58.3), 750 (—53.1), 1300 (—47.9)

4 43 (5.1), 7.5 (10.9), 13.0 (16.7), 22.5 (22.5), 37.5 (28.2),
65 (34.0), 100 (39.8), 150 (45.5)

5 4.8 (—46.8),9.0 (—41.1), 17.5 (=35.1), 30 (—29.6),
52.5(=23.9),90 (—18.2), 150 (—12.2), 250 (—6.4)

6 15 (—93.7), 35 (—87.4), 90 (—80.0), 350 (—70.5),

1400 (—57.8), 5000 (—45.2)

a) The solvent was CDCI; for 4 and CD,Cl, for the other compounds. For 4—6, k’s are those from ap to sc isomers,

namely k; in Scheme 2.

of the signals due to the ap isomer could not be read independently
due to the overlapping, except for the signals at 3.17 (3H, s) and
8.20 (4H, m). The rotamer population (ap:sc) was 1:8.1 at the
temperature.

Dynamic NMR Measurement. The samples were prepared by
the dissolution of ca. 5 mg of a compound in 0.6 ml of a deuterated
solvent for 2—4. Because of the poor solubility, saturated solutions
were used for the measurements of 5 and 6 (ca. 1 mg per sample).
During the variable temperature measurements, the temperatures
of the sample were read from a thermocouple after the calibration
with chemical shift differences of the methanol signals. The total
lineshape analysis was performed by the DNMR3K program.”
The lineshapes were analyzed as an exchange of three sites of AX
systems for 2 and 3, and as that between unequally populated two
sites for 4—6. Chemical shift differences, coupling constants, and
rotamer populations were measured at several temperatures, where
the exchange was negligibly slow. The chemical shift differences
were assumed to be correlated with the temperature linearly. The
coupling constants were independent of the temperature in 2. The
rotamer population was analyzed by the van't Hoff equation for
4 and 5. Spin—spin relaxation times (7>’s) were estimated from
the lineshapes at the slow exchange limit. The signal due to the
peri protons in the nonsubstituted Trip in 3 was in the process
of decoalescence at the lowest attainable temperature, — 110 °C,
in CD,Cl, where the rate constant was estimated to be 100 s™',
corresponding to 8.0 kcalmol™' in the free energy of activation.
For 6, the dynamic process was practically frozen at —105 °C in
CD,Cl,, and the chemical shift difference at the temperature was
used for the lineshape analysis. The correlation of the chemical shift
difference (Av) with the temperature (#/°C), the coupling constants
(J), and the T values for each compound are as follows. 2: Av =

175.0Hz,J = 6.8 Hz, T> = 0.10—0.125. 4: Av = —0.099:+197.3

Hz, T, = 0.14s. 5: Av = —0.086r+118.66 Hz, T>» = 0.12—0.14
s. 6: Av =179.0 Hz, T> = 0.08—0.10 s. The rate constants are
listed in Table 4.

X-Ray Analysis of 4.%® A crystal used for the X-ray mea-
surement was grown from a chloroform solution, and contains two
solvent molecules with respect to one molecule of 4. The crystal
size was 0.15x0.10x0.10 mm’. X-Ray measurement was per-
formed on a Rigaku AFC7R four circle diffractometer with Cu
Ko radiation (A = 1.54178 A) at room temperature. The scan
mode was the @—26 method and the scan rate was 10.0° min~"'
in w. The scan range was calculated by 0.79° +0.30° tan 4.
The structure was solved by the direct method and refined by the
full-matrix least-squares method by using a TEXSAN program.

Anisotropic thermal parameters were employed for non-hydrogen
atoms and isotropic ones for hydrogens. The reflection data were
corrected for the Lorentz-polarization effects and secondary extinc-
tion. The total number of measured unique reflections was 3408 in
the range of 2° < 26 < 120° and 3270 reflections were used for
the structure determination and refinement. The function minimized
was Z[w(|Fo| —|F.|)*], where w = [GZ|Fo| +(p* /$)|Fo|*]™" and p-
factor = 0.096. The parameters of some atoms were fixed during
the refinement. The carbon and chlorine atoms in solvent molecules
occupied multiple positions due to disorder. Formula CssH3sCls,
F.W. 825.53, Monoclinic, Space group P2, (#4), a = 15.592(2),
b =8.642(2), ¢ = 16.677(2) A, B = 114.773(9)°, V = 2040.4(6)
A Z=2,D.=1344gem™, u(CuKa) = 40.95cm™', R 0.089,
Ry 0.068.

MM Calculation. The calculations were carried out by Macro-
Model ver. 6.0 program®’ with a Silicon Graphics INDIGO2 work-
station. The MM3™ force-field parameters were used without mod-
ification. The optimized structures were initiated by Chem3D pro-
gram on a Macintosh computer.
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