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Dynamic NMR effects are observed in both the ‘H and 13C NMR spectra of cis,cis,cis-1,5,9-cyclododecatriene 
in the vicinity of -140 to -150 ‘C. Empirical force field calculations show that the NMR data can be interpreted 
in terms of a “helix” conformation of Cz symmetry. This conformation pseudorotates with a calculated strain 
energy barrier of 6.3 kcal/mol, in agreement with an experimental free-energy barrier of 5.9 kcal/mol. The 
pseudorotation of the helix takes place via a pair of enantiomeric “saddle” conformations which are calculated 
to be 0.6 kcal/mol above the helix. Other conformations are calculated to have relatively high strain energies: 
crown-I (2.0 kcal/mol), crown-I1 (3.0 kcal/mol), and propeller (7.8 kcal/mol). 

cis,cis,cis-1,5,9-Cyclododecatriene (1) is a compound of 
importance as a synthetic intermediate’ and as a potential 
homoaromatic system2 Unlike the other three stereo- 
isomers of 1,5,9-~yclododecatriene, the all-cis isomer has 
not been observed as a product of the cyclotrimerization 
of 1,3-butadiene on Ziegler-type  catalyst^.^ However, 1 
can be made by a chemical trans-to-cis inversion of the 
three double bonds, in trans,trans,trans-l,5,9-~yclo- 
dodecatriene.2 

The ‘H NMR spectrum of 1 in the temperature range 
-115 to 150 “C has been reported to show no change be- 
yond a loss of fine structure below -80 O c a 2  On the basis 
of molecular models, TJV spectroscopy, and the low melting 
point of 1, Untch andl Martin concluded that this hydro- 
carbon did not adopt a crown conformation with CBU sym- 
metry.2 They suggested that 1 was likely to have an all 
s-trans conformation of C2 symmetry. 

Dale has briefly discussed possible site-exchange paths 
in 1 in a “helix” conformation with C2 symmetry and a 
“propeller” conformation with D3 Ollis and 
co-workers have reported the dynamic ‘H NMR spectra 
of a variety of tribens:o-1,5,9-cyclododecatrienes and het- 
erocyclic analogues.““ In solution these compounds were 

found to exist as ‘‘helix” and/or “propeller” conformations. 
Since the presence of fused benzene rings and of hetero- 
atoms can lead to substantial effects on conformational 
equilibria and barriers, the data of Ollis et al. cannot be 
easily extrapolated to the parent system. We now report 
an investigation of the conformational properties of cis,- 
cis,cis-1,5,9-cyclododecatriene by both dynamic NMR 
spectroscopy and empirical force field calculations. 

Experimental Section 
cis,cis,cis-1,5,9-Cyclododecatriene was synthesized by the 

method of Untch and Martin.2 Its 13C NMR spectrum in CDC13 
at  room temperature exhibits chemical shifts a t  b 27.9 (CH,) and 
130.7 (CH). 

All low-temperature NMR spectra were measured on a su- 
perconducting solenoid spectrometer operating a t  59 kGn8 The 
proton noise decoupled 13C NMR spectra are Fourier transforms 
of accumulated free-induction decays and were obtained with 
standard 10” tubes under the following conditions: 45’ pulse 
angle, 8K data points, 11-KHz spectrum width, an exponential 
broadening function corresponding to a broadening of 4 Hz. For 
variable-temperature studies a mixture of CHClzF and CHCIFz 
(3:l) was used as a solvent and a 19F peak of the solvent was 
employed for lock purposes. The ‘H NMR spectra were obtained 
with 5-mm tubes in a frequency-sweep mode, with the magnetic 
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Figure 1. 63.1-MHz 13C NMR spectra of cis,cis,cis-1,5,9-cyclo- 
dodecatriene in CHC121F/CHClF2 (3:l) at various temperatures. 

field locked on a 'H line of the solvent. Tetramethylsilane was 
used as an internal reference for both 'H and 13C NMR spectra. 
Temperatures were measured with a copper-constantan ther- 
mocouple situated in the probe and a few centimeters below the 
sample. As a result of the high power (ca. 10 W) used for de- 
coupling protons, the temperature measurements associated with 
the spectra are estimated to be of lower accuracy (h3 "C) than 
are those associated with the 'H spectra (hl "C). 

Theoretical spectra were calculated by means of a Fortran 
program on the Data General Corp. Nova computer of the NMR 
spe~trometer.~ Force field calculations were carried out on an 
IBM-360/91 computer at the Campus Computer Network of 
UCLA. 

Results and Discussion 
NMR Data. 'H NMR spectra of cis,cis,cis-1,5,9-cyclo- 

dodecatriene (1) were obtained from -10 to -170 "C. The 
spectra at temperatures above -120 "C consist of fairly 
narrow bands at 6 2.2 (methylene protons) and 5.7 (olefinic 
protons). The methylene resonance broadens below -120 
"C and gives rise to two barely resolved bands (6 2.15 and 
2.33) at -160 "C. The two bands do not sharpen at  lower 
temperatures, presurnably because they represent several 
chemical shifts, as will be discussed below. Also, line 
broadening caused by dipole-dipole relaxation becomes 
important in molecules as large as 1 at  very low temper- 
atures, especially for methylene protons, which are quite 
close together. Because of these effects, it is difficult to 
obtain accurate rate constants for the dynamic NMR effect 
that is occurring in the vicinity of -150 "C. Nevertheless, 
the conformational process which is taking place can be 
estimated to have a free-energy barrier of about 6 kcal/ 
mol. 

13C NMR spectra of 1 at various temperatures are given 
in Figure 1. The methylene carbon absorption changes 
from a single line (6 29.0) above about -120 "C to three 
lines (6 27.2, 30.0 and 30.7) with approximately equal in- 
tensities a t  -170 "C; the coalescence temperature is -141 
"C. The olefinic carbon absorption (6 132.6) remains a 

(9) Cheng, A. K.; Anet, F. A. L.; Mioduski, J.; Meinwald, J. J.  Am. 
Chem. SOC. 1974, 96, 2887-2891. 
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Figure 2. Calculated torsional angles in various conformations 
of cis,cis,cis-1,5,9-cyclododecatriene. 

relatively sharp singlet to -175 "C, which was the lowest 
temperature investigated. 

The low-temperature 13C NMR spectrum of 1 can be 
most simply interpreted in terms of a single conformation 
which has a plane or a C2 axis of symmetry. Because the 
exchange process in 1 involves the averaging of three 
chemical shifts, the line shape depends on the mechanism 
of exchange. Force field calculations (see below) show that 
each of the three sites has an equal probability to go to 
one of the other two sites. Using this mechanism, we can 
fit the line shape at  -141 "C with a rate constant of 500 
s-l. Application of the absolute rate theory'O with a 
transmission coefficient of 1 gives a free energy of acti- 
vation (AG*) of 5.9 f 0.3 kcal/mol at -141 "C, where all 
known sources of errors are estimated and included. Al- 
though no attempts were made to calculate other activation 
parameters such as the enthalpy (H) and entropy (AS) 
of activation, the value of A S  can be estimated to be close 
to zero,'l and therefore AH* should be close to AG*. 

Force Field Calculations. Force field calculations of 
cis,cis,cis-l,5,9-~yclododecatriene (1) were performed with 
Boyd's iterative computer program MOLBUILD,'~ which was 
modified to allow conformational changes to occur as de- 
scribed by Boyd and Wiberg.13 The parameters used for 
torsional and out-of-plane bending of a double bond were 
those suggested by Ermer and Lifson;14 all the other pa- 
rameters were those of Boyd.12 Approximate coordinates 
for trial geometries were calculated by means of the pro- 
gram COORD,15 with torsional angles estimated from 
Dreiding-Fieser molecular models. The strain energies 
reported below correspond to molecules in a hypothetical 
motionless state at 0 K. However, the zero-point energies 
and vibrational frequencies of the various conformations 
of 1 are expected to be similar. 

The present calculations are based on the Newton- 
Raphson procedure and will converge to either an energy 

(10) Glasstone, S.; Laidler, K. J.; Eyring, E. "The Theory of Rate 
Processes"; McGraw-Hill: New York, 1941. 
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Table I. Calculated Strain Energiesa ( in  k c a l / m l )  of 
Various Energy-Minimum Conformations of 

cis,cis,cis- 1,5,9-Cyclododecatriene 

confor-  
mat ion E,  Eo E6 E6 Enb ET EA 

hel ix  0.330 2.261 7.110 0.054 1.472 11.2 0 
saddle 0.264 2.006 7.775 0.043 1.692 11.8 0.6 
crown-I 0.375 2.764 7.485 0.066 2.467 13.2 2.0 
crown-I1 0.428 3.494 6.743 0.024 3.501 14.2 3.0 
propeller 0.484 4.033 11.622 0.066 2.773 19.0 7.8 

a The fo l lowing symbols  are used: E,, bond length 
strain; E o ,  angle strain; E@,  torsional strain; Eg , out-of -  
plane strain; En, , n o n  bonded interaction strain; total  
strain energy,  ET = E, + Eo t E@ t E6 t En,,; E A ,  strain 
energy relative to that  o f  the  lowest  energy (he l ix)  confor-  
mation.  

maximum or an energy minimum with respect to distor- 
tions corresponding to a normal mode of vibration." 
Hence, the vibrational frequencies of all the conformations 
of 1 reported in this work were calculated, and in each case 
3N - 6 real vibrational frequencies were obtained, which 
indicates that each of' these conformations corresponds to 
a true (local) energy minimum with respect to any small 
geometric distortion For the conformational transition 
states of 1, 3N -- 7 real vibrational frequencies were ob- 
tained. 

(A) Conformations. Ideally, it would be desirable to 
have a systematic wa:y of writing down and naming all the 
low-energy conformations of 1, as was done for the isomeric 
trans,trans,trans-l,5,9-~yclododecatriene.~~ However, 1 
presents a more difficult problem than does its all-trans 
isomer because in 1 both gauche (f60°) and anti (180") 
torsional angles have to be considered for the CH2CH2 
units, whereas only gauche rotamers are possible in the 
all-trans isomer.16 Furthermore, there are some low-energy 
conformations of 1 which have more or less eclipsed (0 or 
f120°) torsional angles in the CH2CHz units, and this 
makes any logical clavsification scheme for this compound 
very cumbersome. 

Models of 1 were constructed with all possible combi- 
nations of roughly gauche and anti arrangements about 
the CHzCHz units in 1. Energy minimization gave rise to 
five conformations wlhich are shown in Figure 2 and Table 
I. Similar conformations have previously been considered 
for 1 and analogous systems by other authors,ak7 who have 
not always used the same names to designate the same 
type of c~nformation.'~ We have adopted the names listed 
in Table I. In order to differentiate a pair of mirror-image 
conformations, an asterisk will be added to the name of 
one of the two confcamations. 

The lowest energy conformation of 1 is calculated to be 
the helix, followed in order of increasing energy by the 
saddle, crown-I, crown-11, and propeller conformations 
(Table I). The relative strain energies of these confor- 
mations show that 1 should exist almost entirely in the 
helix conformation at  low temperatures. The saddle 
conformation may blecome appreciably populated at  or 
above room temperature whereas the two crown confor- 
mations of 1 are expected to be present only at very high 

(16) Anet, F. A. L.; Rawdah, T.  N. J. Am. Chem. SOC. 1978, 100, 
5003-5007. 

(17) The conformations of the all-cis triene 1 with C2 and D, symme- 
tries have been referred to as "propeller" and "helix", respectively, by 
Dale,' whereas Untch and Martin2 designated these two conformations 
as "unsymmetrical s-trans" and ''symmetrical s-trans", respectively. 
Actually, Dale adopted the names helix and propeller from Ollis? who 
used these names to describe the conformations of trisalicydes with C1 
and C3 symmetries, respectively. The conformations of tribenzo ana- 
logues of l which have Cz and D, symmetries were left nameless by Ollis6 
and were characterized only by their symmetry point groups. 

(Saddle +Soddie')+ 

(Crown -I +Crown-x)* 

Figure 3. Calculated torsional angles in various conformational 
transition states of cis,cis,cis-1,5,9-cyclododecatriene. 

temperatures. The propeller conformation not only has 
a very high relative strain energy but its entropy also 
should be low because of its high symmetry, and thus it 
should not be populated at  any temperature. 

The force field calculations indicate the presence of a 
significant amount of strain (11.2 kcal/mol) in the lowest 
energy conformation of 1 (Table I). The strain in the helix 
conformation is mainly due to considerable deviations of 
torsional angles of the six CH2CH= units from their en- 
ergy-minimum values (f12o0).l8 

The saddle conformation was not considered by Dale4 
or O l l i ~ ~ ~  and was only mentioned as a possible confor- 
mation in 1 by Untch and Martin? who apparently judged 
this conformation to be unimportant on the basis of mo- 
lecular model considerations. In our iterative calculations, 
the saddle conformation has a relative strain energy of 0.6 
kcal/mol (Table I), and, as will be discussed below, this 
conformation plays an important role in the pseudorotation 
of the helix conformation of 1. The saddle seems to lie on 
a flat energy surface since distortion of some of its torsional 
angles by as much as 20" results in a mere 0.2-kcal/mol 
increase in the strain energy.lg 

The crowns I and I1 are the only conformations which 
have suitable geometries for homoconjugation in 1 (Figure 
2). However, these two conformations are calculated to 
be 2.0 and 3.0 kcal/mol, respectively, less stable than the 
helix conformation (Table I). It is unlikely that homo- 
conjugation energy can compensate for this energy dif- 
ference since even in the more favorable cis,cis,cis-1,4,7- 
cyclononatriene and related systems the homoconjugation 
energy is reported to be negligible.20 The crown-I1 con- 
formation has C1 (nearly C,) symmetry, and its strain en- 
ergy is virtually the same as that for a crown-I1 geometry 
with C, 

(18) Torsional strains in the conformations of 1 are at a minimum if 
the CHzCHz units are staggered (torsional angles of 160" or 180") and 
if the CHzCH= units are eclipsed (torsional angles of 1120" or 0"). 

(19) A saddle geometry (torsional angles: l l O o ,  -15O0, 124", 4", -96", 
112O, -llOo, 5O, 149", -45", -64", and 2") has a strain energy of 0.8 
kcal/mol relative to that of the best helix Conformation (Figure 2). 

(20) Christoph, G. G.; Muthard, J. L.; Paquette, L. A.; Bohm, M. C.; 
Gleiter, R. J .  Am. Chem. SOC. 1978, 100, 7782-7784 and references 
therein. 



5246 J.  Org. Chem., Vol. 45, No. 26, I980 Anet and Rawdah 

Table 11. Calculated Strain Energies" (in kcal/mol) of Various Conformational Transition States of 
cis,cis,cis- 1,5,9-Cyclododecatriene 

[saddle *saddle*]* 0.348 2.682 1.923 0.027 2.715 13.7 2.5 

plelix * saddle I *  0.455 5.092 8.078 0.027 3.888 17.5 6.3 
[helix *helix*]* 0.662 5.037 8.022 0.027 5.050 18.8 7.6 

transition state b Er Ee E$ E6 ET EA 

[crown-1 t c r o v " ~ ~ ] *  0.430 3.607 6.995 0.030 3.799 14.9 3.7 

a See Table I for the meaning of the symbols. All transition states have C ,  symmetry. See footnote 22. 
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Figure 4. Pseudorotation itinerary for the helix conformation 
via a pair of enantiomeric saddle conformations in cis,cis,cis- 
1,5,9-~yclododecatriene. 

Helix Saddle Saddle. Helix' 

Figure 5. Calculated energy profile for the pseudorotation of 
the helix conformation via a pair of enantiomeric saddle con- 
formations in cis,cis,cis-l,5,9-~yclododecatriene. The energies are 
in units of kilocalories per mole. 

(B) Conformational Interconversions. The pseu- 
dorotation paths for the low-energy conformations of 1 
were explored by driving13 the appropriate torsional angles 
by increments of 10-L5". Four pseudorotation schemes, 
which are associated with the transition states shown in 
Figure 3, were investigated. Contributions to the total 
strain energy of each transition state are listed in Table 
11. 

The helix conformation of 1 pseudorotates via a pair of 
enantiomeric saddle conformations as intermediates and 
pseudorotation partners. This process is achieved by 
driving sequentially the three torsional angles wl, w2, and 
w3 in the manner displayed in Figure 4; an alternate, but 
equivalent, pseudorotation path involves driving wg, w8, and 
w7,  respectively. This pseudorotation scheme causes a 
migration of the Cz axis of symmetry in the helix confor- 
mation (Figure 4). Fast repetition of this process leads to 
a time-averaged DBh symmetry in 1. 

The energy profile for the pseudorotation of the helix 
conformation discussed above is shown in Figure 5. The 
first conformational step involves the interconversion of 
the helix and saddle conformations via a transition state 
with a barrier of 6.3 kcal/mol. The second step is asso- 
ciated with the degenerate interconversion of the saddle 

(21) A crown-I1 geometry with C, symmetry has one CHzCHz unit 
which is totally eclipsed (torsional angles: Oo, 116O, 3O, -72O, -46", 129O, 
Oo, -129O, 4 6 O ,  72", - 3 O ,  -1 IS0), and it is calculated to be only 0.001 
kcal/mol less stable than the best crown-I1 conformation (Figure 2). 

and its mirror image, and this process has a barrier of 2.5 
kcal/mol. The last conformational step is the mirror image 
of the fiist step, but is carried out in reverse order. Thus, 
the calculated barrier for converting the helix to its mir- 
ror-image conformation is 6.3 kcal/mol. 

Dale,4 who did not consider a saddle conformation for 
1, has suggested that the helix conformation can pseudo- 
rotate without involving any intermediates by the rotation 
of a CHzCH2 group as a more or less rigid unit by about 
180": one CH2 group passes through the ring while the 
other CHz undergoes a synchronous rotation outside of the 
ring and in the opposite direction. In our calculations this 
pseudorotation has a transition state22 whose calculated 
relative strain energy is 7.6 kcal/mol (Table 11) and is thus 
more difficult by 1.3 kcal/mol than the pseudorotation 
involving the saddle intermediates. 

The helix conformation can also pseudorotate by in- 
terconverting with the propeller conformation. However, 
owing to the relatively high strain energy of the latter 
conformation (7.8 kcal/mol), this process must have a 
barrier of a t  least 8 kcal/mol and can thus be excluded 
from consideration. 

The enantiomerization of the crown-I conformation is 
achieved by the interconversion of this conformation with 
the crown-I1 via a transition state which has a barrier of 
only 1.7 kcal/mol. (Table I1 and Figure 3). 

The two crown conformations of 1 are isolated from the 
helix and saddle conformations by barriers whose calcu- 
lated strain energies are substantially higher than 8.0 
kcal/mol, and therefore the interconversions of the crown 
conformations with the saddle and helix are not important. 

Conclusions and Comparison with Other  Investi- 
gations. The spectral behavior of 1 can be interpreted in 
terms of the results of the force field calculations presented 
above. The 13C NMR spectrum of 1 at  -170 "C is con- 
sistent with a single helix conformation which pseudo- 
rotates via a pair of enantiomeric saddle conformations. 
This process has a calculated (strain energy) barrier of 6.3 
kcal/mol, in excellent agreement with the (free energy) 
barrier (5.9 kcal/mol) which is obtained from 'H and 13C 
NMR data. However, the present experimental data do 
not rule out the presence of a small proportion of the 
saddle conformation provided that the resonances of this 
conformation happen to be obscured by those of the helix. 
Unfortunately, neither the 'H nor the I3C spectra of 1 at  
low temperatures consist of well separated sharp lines. 
Since the saddle is calculated to be 0.6 kcal/mol less stable 
than the helix, it appears very improbable that the major 
conformation of 1 is the saddle, although it is true that the 
NMR data on 1 can be interpreted in terms of saddle 
 conformation^.^^ The presence of a small amount of the 
saddle conformation in 1 at  low temperatures is not in 

(22) The transition state for the direct interconversion (not involving 
the saddle intermediates) of the helix into ita mirror-image conformation 
is designed as [helix P helix*]'. 

(23) The saddle should interconvert extremely rapidly with ita mirror 
image, even at -170 O C ,  and thus the time-averaged symmetry should be 
C,, which is consistent with the NMR data. Pseudorotation of the saddle 
with the helix as a higher energy pseudorotation partner would then give 
D 3 h  time-averaged symmetry. 
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disagreement with the force field calculations. At  room 
temperature significant amounts of the saddle may well 
be presente2* 

The all-s-trans geoimetry which has been suggested as 
the likely conformation for 1 by Untch and Martin2 is the 
same as our helix conformation. Similar conformations 
have also been reported for the trithia (2a)6 and 3,6-di- 
methyl (2b)5 derivatives of tribenzc-1,5,9-cyclod~ecatriene 
(2c). However, the brirriers for the pseudorotation of the 
helix conformations of 2a and 2b are 9.3 and 17.1 kcal/mol, 
respectively, which are considerably higher than that ob- 
served in 1 (5.9 kcal/”ol). On the other hand, the dif- 
ference between the strain energies of the propeller and 
helix conformations of 2b has been calculated to be 0.9 
k ~ a l / m o l , ~  as compa:red to 7.8 kcal/mol for the corre- 
sponding conformations of 1. 

(24) The helix has C2 symmetry and is chiral whereas the saddle has 
no real axes of symmetry and is c h i d  Furthermore, the saddle is more 
flexible than the helix. Thus the saddle should be favored over the helix 
by at least R In 2 (1.4 eu), and at room temperature the helix and saddle 
are calculated to have closely comparable free energies. 

Y GX Y 

.- Z a ,  X = S; Y - H 
Z b ,  _ _  X = CHZ; Y - CH3 
I_ Zc, X = CHZ; Y - H 

Although the propeller conformation is unfavorable in 
the systems discussed above, such is not the case in com- 
pounds where the CH2CH2 units in the tribenzo-l,5,9- 
cyclododecatriene 2c are replaced by three ester or amide 
groups.’ 
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The 1,2 aryl migration and fragmentation reactions of 1-indanylmethyl (l), 2-tetralyl (2), 24ndanylmethyl 
(3), l-tetralyl(4), 2-methyl-l-indanyl(5), and l-methyl-2-indanyl(6) radicals were studied by flash vacuum pyrolysis 
of the tert-butyl perester precursors a t  327-627 O C  and torr. Radicals 1 and 2 are interconverted via a 1,2 
aryl migration which is readily reversible a t  all temperatures. This equilibrium is depleted by @ scission of 1 
and recyclization to 4 and by p scission of 2 followed by recyclization to 2 or to 3 in modest yields. The reverse 
neophyl-like rearrangement of 2 to 1 occurs with a lower activation barrier than @ scission of 1 to form a 
2-(o-vinylphenyl)ethyl radical. Enthalpies, entropies, and free energies of reaction were calculated for the above 
reactions from group additivity parameters, and activation energies were estimated from values reported for simple 
alkyl radicals. It is shown that the scission of 4 and recyclization to 1 is important only at very high temperatures 
(>500 “C) as a mechanism for the isomerization of tetralin and related hydroaromatic structures to alkylindans 
and that the reverse neophyl-like rearrangement of 2 to 1 is the favored pathway for isomerizations observed 
during dissolution of coal in hydroaromatic media at elevated temperatures. 

The conversion of coal to soluble products is accom- 
plished by heating co(a1 in a hydroaromatic solvent, occa- 
sionally under hydrogen pressure, a t  400-475 “C for pe- 
riods of from seconds2 to a few  minute^.^ Model com- 
pound studies have sought to identify coallike organic 
structures which undergo decomposition on the time scale 
of coal dissolution.4 Thermal production of radicals during 
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the dissolution proces provides coal-derived radicals which 
can undergo 0 scission, addition to available aromatic 
systems, disproportionation, combination, and hydrogen 
abstraction either from a hydroaromatic or aliphatic 
structure in the coal or from the hydroaromatic solvent. 
The hydroaromatic solvent undergoes isomerization and 
fragmentation along with oxidation to the corresponding 
aromatic structure. When tetralin is used as a solvent, 
n-butylbenzene, indan, 1-methylindan, cis- and trans-de- 
calin, 1,2- and 1,4-dihydronaphthalene7 and methyl- 
naphthalenes are minor products, naphthalene and tetralin 
comprising the major solvent-derived products? Analogous 
results have been observed with octahydrophenanthrene.S 
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