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Abstract The existence of a short C–H� � �� (alkyl–

alkyne) interaction in the structure of a strained and

relatively rigid tolanophane is expected to hinder the

rotation about the C–C sp3 single bond. Variable-tem-

perature NMR experiments (performed in three sol-

vents, CDCl3, THF-d8, and acetone-d6) and ab initio

density functional calculations were carried out to

investigate its dynamic nature. An energy barrier of

48.6 kJ=mol is determined at coalescence (210 K) with

acetone-d6 which is in good agreement with calcula-

tion result (54 kJ=mol).
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Introduction

Diarylacetylenes have generally a flexible nature

with facile internal rotation about the alkynyl–aryl

single bond because of the negligible interactions

between terminal aromatic moieties [1]. The barrier

to rotation about the alkynyl–aryl single bond is very

low, estimated at less than 4 kJ=mol [1, 2]. The ori-

gin of the fascinating properties of diarylacetylenes,

such as molecular switching [3], directly attributed

to the relative orientation of the planar aromatic moi-

eties. Therefore, the engineering control over the

molecular conformation is a significant challenge.

Tolanophanes 1–5 are excellent templates in achiev-

ing a degree of such control [4, 5], and the relative

orientation of the aromatic moieties in these cyclic

tolans is strongly influenced by the length of methy-

lene chain [6, 7].

Among these cyclic alkynes, the smallest synthe-

sized tolanophane 1 has attracted our attention be-

cause of the existence of strain in its structure.

Results and discussion

The used method for the synthesis of tolanophane 1
includes a Sonogashira coupling of terminal alkyne,

followed by intramolecular Mitsunobu reaction in

five steps (Fig. 1, route a). From the synthesis stand-

point, the use of harsh reaction conditions and a

time- and cost-consuming, and tedious experimental

procedure are drawbacks of the method [8].

In contrast, we applied the bromination=dehydro-

bromination of the corresponding stilbenophane as

a practical, simple, and efficient strategy (Fig. 1,

route b) [9]. The method is significantly superior to

the reported method.

A comparison of the NMR spectra of 1–5, as col-

lected in Table 1, reflects the direct effects of meth-

ylene chain length on the molecular structures. The

sp carbon atoms of 1 (�¼ 95.4 ppm) resonate highly

at lower field than the ones for larger ring size 5
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(�¼ 89.9 ppm) and acyclic 6 (�¼ 89.7 ppm), which

is consistent with the increased ring strain in 1 as a

consequence of its decreased ring size. The effect of

ring size on the flexibility of 1–5 is revealed by the

comparison of aromatic hydrogens: the 1H NMR

resonances for the aromatic hydrogens of 1 appeared

from �¼ 7.09 to 7.39 ppm (��¼ 0.30 ppm), while it

gradually becomes larger toward the biggest ring

size 5 (��¼ 0.67 ppm) to confirm the highest rigid-

ity in 1 due to its shorter alkyl chain.

In general, tolanophane 1 has the highest strain

and rigidity compared to 2–5. An ab initio calcu-

lation on 1 shows a short distance (2.5 Å) between

C–H (alkyl) and �-system (alkyne) as a soft acid and

a soft base. This C–H � � �� (alkyl–alkyne) interac-

tion is expected to hinder the rotation about the C–

C sp3 bond and consequently give an AA0BB0 peak

for diastereotopic geminal protons of methylene in
1H NMR, while they otherwise resonate as a singlet.

Therefore, tolanophane 1 was examined by 1H

NMR spectroscopy at 500 MHz over the temperature

range of 298–189 K. At ambient temperature, the

Table 1 Comparison of some selected NMR data of 1–6

Compound 1H NMRa (��=ppm) 13C NMR (C-6) �=ppm 13C NMR (C-7) �=ppm Ref.

1 7.09–7.39 (0.30) 162.5 95.4 [8, 9]
2 7.10–7.52 (0.42) 161.1 92.2 [8]
3 6.93–7.43 (0.50) 161.1 91.9 [9]
4 6.93–7.52 (0.59) 160.3 90.1 [10]
5 6.87–7.54 (0.67) 159.0 89.9 [10]
6 6.88–7.59 (0.71) 159.8 89.7 [10]

a Aromatic hydrogens

Scheme 1

Fig. 1 Synthesis routes for the preparation of 1

Fig. 2 1H NMR variable-temperature spectra of 1 in ace-
tone-d6 (aliphatic region: �=ppm)
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spectrum of 1 itself in various solvents (a 5% solu-

tion) shows similar NMR pattern with no unusual

features. 1H NMR spectra of 1 in CDCl3 and THF-

d8 shows a sharp singlet for the protons of meth-

ylenes which remains as a broad peak when the

samples are cooled to 220 and 175 K. In contrast,

the 1H NMR spectra of 1 in acetone-d6 show a sig-

nificant change, as shown in Fig. 2. Gradual cooling

of the solution of 1 in acetone-d6 broadens the 1H

NMR signal of the hydrogens of the CH2 group

(�¼ 4.47 ppm) and a coalescence peak was observed

at 210 K, which then splitted to a symmetrical dou-

blet at 200 K and remained unchanged till 189 K.

Since the aromatic peaks remain sharp in all sol-

vents, the broadening and splitting of the methylene

signal cannot be attributed to an increase in viscosity

at low temperatures. The coalescence temperature of

1 is 210 K with �G# ¼ 48.6 kJ=mol, �H#¼ 49 kJ=
mol, and �S#¼�0.5 eu, using the Eyring equation

[11]. The observed coupling constants are found to

be 3J¼ 7.51 Hz and 2J¼�10.51 Hz. The value of

�S# indicates that the rotation proceeds fast because

the transition state is highly disordered compared to

the ground state.

In order to gain a prediction on conformational

behavior of 1, its possible conformers were fully

optimized at B3LYP=6-311g(d) level with no initial

symmetry restrictions by considering the acetone as

the solvent at room temperature. A search was di-

rected for transition state while conformer A was

converted to conformer B using the QST2 procedure

by considering acetone as solvent. Conformer C with

half chair configuration and one imaginary vibra-

tional frequency was found as a transition state.

As shown in Table 2, the chair conformation A is

21.8 kJ=mol more stable than the boat conformation

B. This calculation showed that the energy barrier to

convert the stable symmetry planar A through orthog-

onal geometry C to planar B is 54 kJ=mol. The twist

angle between the two arene rings is decreased from

conformer C (�44�) to the conformers B and A
(�16�). Furthermore, the torsinal angle between two

oxygenes through the O–C(sp3)–C(sp3)–O is increas-

ed from conformer A (�22�) to conformer B (�52�)
and then to conformer C (�78�) and so, this regularity

may also be invoked to justify the observed computa-

tional stability trend. On the other hand, the less sta-

blility of B compared to A may be due to the high

deformation of its O–C(sp3)–C(sp3) bond angle (150�).
Calculated chemical shifts of conformer A, em-

ploying the GIAO method [12], in the coalescence

and lower temperature indicate the doublet peak at

4.81 and 4.62, which should be compared with the

experimental results of �¼ 4.39 and 4.34 ppm.

The energy barrier of 1 (48.6 kJ=mol) derived

from the dynamic NMR method is in good agree-

ment with the calculated value (54 kJ=mol) to prove

that interconverting of A and B conformations, via

conformer C, is possible. However, no trace of con-

former B was captured from both 1H and 13C NMR

spectra even at the lowest temperature. Therefore,

Fig. 3 Computationally obtained geometries for three possible conformations of 1: chair conformer A, boat conformer B, and
twisted conformer C

Table 2 Selected data from conformers A, B, and C

Entry Conformer
A

Conformer
B

Conformer
C

C15C16O=deg 110 150 120
C1C7C8=deg 172 172 160
OC15C16O=deg 22 52 78
OC14C9C8=deg 0.3 0.3 17
C1C7C8C9=deg 15 16 11
C1C6C14C9=deg 16 16 44
(sp3) C–H � � �C
(sp)=Å

2.48, 3.98 2.45, 3.85 3.60, 4.39

H–C–C–H=deg 33 25 39
Barrier energy=
kJ �mol�1

0.0 21.8 54
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the changing in the appearance of the spectrum is

due to the rotation about single bonds between sp3

carbons of methylene, leading to detection of gemi-

nal protons of methylene at �¼ 4.34 and 4.39 ppm.

Conclusion

The C–H � � �� (alkyl–alkyne) interaction in strained

and rigid tolanophane 1 hinders the rotation about

single bonds between sp3 carbons of the methylene

groups. Therefore, variable-temperature NMR ex-

periments were performed in three solvents, CDCl3,

THF-d8 and acetone-d6. For acetone as the solvent,

which exerts a better splitting of the methylene pro-

tons, a free energy of 49 kJ=mol at coalesence tem-

perature (210 K) was found. In parallel, theoretical

study shows that the chair conformer A is energeti-

cally preferred to the boat conformer B by about

21.8 kJ=mol. Considering the solvent effect using

the PCM method ("¼ 20.7), the energy barrier is

54 kJ=mol which is in good agreement with the exper-

imental result (48.6 kJ=mol). As no trace of other con-

formers was captured by either 1H or 13C NMR spectra,

the splitting of methylene protons at lower tempera-

tures is due to the slow rotation about the C–C sp3

single bond. In other words, ring inversion intercon-

verts the two enantiomeric forms, and at the same time

exchanges the diastereotopic protons mutually.

Experimental

13,14-Didehydro-6,7-dihydrodibenzo[e,l][1,4]dioxecine (1)

A solution of 270 mg Br2 (1.50 mmol) in 5 cm3 CCl4 was
added dropwise to 119 mg stilbenophane 7 (0.50 mmol) [13]
in 15 cm3 CCl4. The red color of the solution fades gradually
to a pale yellow during about 30 min. More bromine was
added until a permanent red color indicates a slight excess
of bromine in the flask. The reaction mixture was quenched by
a dilute solution of sodium thiosulfate and then washed with
water. The organic layer was dried (Na2SO4), and evaporated
to afford the dibromide quantitatively (m=z¼ 396).

To a cooled mixture of crude dibromide in 15 cm3 THF
were added, in portions, 130 mg tBuOK (1.2 mmol). After
being stirred for 30 min, the mixture was quenched with dis-
tilled water. The organic layer was separated, dried (Na2SO4),
and evaporated. A flash column chromatography on silica gel
(ethyl acetate:hexane¼ 2:8) afforded 105 mg pure 1 (90%).
Colorless solid; mp 77�C; 1H NMR (300 MHz, CDCl3):
�¼ 4.45 (s, 4H), 7.09 (d, J¼ 7.6 Hz, 2H), 7.13 (t, J¼ 7.9 Hz,
2H), 7.28 (dd, J¼ 1.5, 7.9 Hz, 2H), 7.39 (dd, J¼ 1.5, 7.6 Hz,
2H) ppm; 13C NMR (75 MHz, CDCl3): �¼ 73.7 (t), 95.4 (s),
117.0 (d), 122.2 (s), 123.8 (d), 129.8 (d), 129.9 (d), 162.5 (s)
ppm; MS: m=z (%)¼ 236 (Mþ, 80).

NMR rate analysis

Rate constants were calculated for exchange spectra by using
an iterative nonlinear least squares regression analysis to ob-
tain the best fit of the experimental spectrum. Rate constants
were extracted from the 1H NMR exchanging spectra. The
complete band shape (CBS) method of analysis first requires
the measurement of chemical shifts and natural transverse
relaxation times (T2nat) in the absence of exchange to separate
spectral changes due to natural temperature dependence from
those due to exchange. A linear relationship was assumed and
adjusted parameters were estimated for exchanging tempera-
tures. In the calculation of the kinetic activation parameters,
the Eyring equation was used to obtain �H# and �S#. The
Gibbs free energy of activation, �G298

#, was obtained from
�G# ¼�H# � (298 K) �S# assuming �H# and �S# to be
independent of temperature.

Computational methods

Ab initio calculations were carried out with the Gaussian
program series 1998 [14]. The optimization of the geometry
was performed employing a hybrid Hartree-Fock density
functional scheme, the adiabatic connection method –
Becke three-parameter with Lee-Yang-Parr (B3LYP) func-
tional [15] of density functional theory (DFT) [16] with the
standard 6-311þþG�� basis set. Full optimizations were
performed without any symmetry constrains. We computed
the harmonic vibrational frequencies to confirm that an
optimized geometry correctly corresponds to a local mini-
mum that has only real frequencies. The solvent effects
on the conformational equilibrium have been investigated
with a PCM method at the B3LYP=6-311þþG�� level.
Solvation calculations were carried out for acetone
("¼ 20.7) with the geometries optimization for this solvent.
QST2 were used to search for transtion state. The TS ge-
ometry was double checked by using IRC method and
FREQ calculations. In this case, one imaginary frequency
confirmed the TS observed, after carrying out proper geom-
etry optimizations.

References

1. Barzoukas M, Fort A, Klein G, Boeglin A, Serbutoviez C,
Oswald L, Nicoud JF (1991) Chem Phys 153:457

2. a) Abramenkov AV, Almenningen A, Cyvin BN, Cyvin
SJ, Jonvik T, Khaikin LS, Romming C, Vilkonv LV (1988)
Acta Chim Scand A42:674; b) Inoue K, Takeuchi H,
Konaka S (2001) J Chem Phys A 105:6711; c) Okuyama
K, Hasegawa T, Ito M, Mikami N (1984) J Phys Chem
88:1711

3. Donhauser ZJ, Mantooth BA, Kelly KF, Bumm LA,
Monnell JD, Stapleton JJ, Price DW, Rawlett AM, Allara
DL, Tour JM, Weiss PS (2001) Science 292:2303

4. McFarland SA, Finney NS (2002) J Am Chem Soc
124:1178

5. Brizius G, Billingsley K, Smith MD, Bunz UHF (2003)
Org Lett 5:3951

6. Beeby A, Findlay K, Low PJ, Marder TB (2002) J Am
Chem Soc 124:8280

1188 H. R. Darabi et al.



7. Cornil J, Karzazi Y, Bredas JL (2002) J Am Chem Soc
124:3516

8. Crisp GT, Bubner TP (1997) Tetrahedron 53:11881
9. Darabi HR, Jadidi K, Mohebbi AR, Faraji L, Azimzadeh

M, Aghapoor K, Shahbazian S, Nasseri SM (2008)
Supramolecular Chem 20:327

10. Brizius G, Bunz UHF (2002) Org Lett 4:2829
11. a) Friebolin H (2005) Basic One- and Two-Dimensional

NMR Spectroscopy; VCH Publishers: New York, p 305;
b) Piccinni-Leopardi C, Fabre O, Reisse J (1976) Org
Magn Reson 8:233

12. Ditchfield R (1974) Mol Phys 27:789
13. Kawase T, Darabi HR, Oda M (1996) Angew Chem Int

Ed Engl 35:2664
14. Gaussian 98 (revision A.9). Frisch MJ, Trucks GW,

Schlegel HB, Scusevia GE, Robb MA, Cheeseman JR,

Zakrzewski VG, Montgomery JA, Stratmann RE, Burant
JC, Dapprich S, Millam JM, Daniels AD, Kudin KN,
Strain MC, Farkas O, Tomasi J, Barone V, Cossi M,
Cammi R, Mennucci B, Pomelli C, Adamo C, Claifford
S, Ochterski J, Petersson GA, Ayala PY, Cui Q,
Morokuma K, Malich DK, Rabuck AD, Raghavachari
K, Foresman JB, Cioslowski J, Ortiz JV, Stefanov BB, Liu
G, Liashenko A, Piskorz P, Komaromi I, Gomperts R,
Martin RL, Fax DJ, Keith T, Al-Laham MA, Peng CY,
Nanayahkara A, Ghonzalez CV, Challacombe M, Gill
PMW, Johnson BG, Chen W, Wang M, Andres JL, Head-
Gordon M, Replogleand ES, Pople JA (1998) Gaussian
Inc., Pittsburgh, PA

15. Beck AD (1993) J Chem Phys 98:5648
16. Parr RG, Yang W (1989) Density-Functional Theory of

Atoms and Molecules. Oxford University, New York

Conformational study of a strained tolanophane 1189


