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Abstract: On cooling 3,3-difluoro-//-a«s-cyclodecene from room temperature to —152°, three different processes 
which equilibrate cyclodecene conformations appear to become slow on the nmr time scale. At —152°, at least 
five out of eight possible conformational classes are present, four of which are separated by 0.8 kcal/mol or less. 
The free energy of activation for the slowest of the equilibration processes compares well with that for trans-cyclo-
decene itself. 

Several approaches have been used to study the 
conformational behavior of fraras-cyclodecene. At

tempts to follow the racemization of rrans-cyclodecenes 
have been the least effective because the half-lives are 
apparently very short at reasonably accessible tem
peratures.34 Even if the half-lives were sufficiently 
long, the disadvantage remains that the rate of race
mization apparently fails to separate the three motions 
required for racemization, C = C and C-6-C-7 bond 
rotations through the cyclodecene ring and flipping 
of the C-4 and C-9 methylene groups.6 

An X-ray determination of the structure of the trans-
cyclodecene-silver nitrate complex suggests a ring 
conformation for the Jrans-cyclodecene moiety re
sembling that of the twist-boat-chair-chair form (see 
later) of cyclodecane.6 The conformational implica
tions for a ?ra«s-cyclodecene ring free in solution re
main unclear, however, because the CC=CC dihedral 
angle was 138° and quite different conformations have 
been observed for more highly substituted trans-cyclo-
decenes.7 

The most successful approach so far to the dynamic 
problem presented by the conformations and con
formational equilibrations of /rans-cyclodecene has 
been a study of the temperature-dependent 1H nmr 
spectrum of the 1,2,4,4,9,9-J6 derivative.6 The singlet 
allylic resonance at 6 2.04 of this substance was observed 
to split into an AB quartet at —74° and the singlet 
of the C-5-C-6-C-7-C-8 tetramethylene proton reso
nance at 5 1.37 changed into a broad unsymmetrical 
multiplet. Further spectral changes at and below 
— 143° suggested the slowing of additional confor
mational changes. It was argued from the results 
that the rate-limiting process for racemization was the 
turning of the double-bond segment through the ring, 
although there was no proof of this, nor explanation of 
the spectral changes below —143°. 

A study of the 19F spectra of 3,3-difluoro-/rans-
cyclodecene as a function of temperature was expected 
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to provide substantially more information because 
geminal CF2 resonances normally promise a 10- to 
50-fold expansion in chemical shift over geminal CH2 

resonances without substantial alteration in the con
formational distribution or the energy barriers between 
conformations.8 With these larger chemical shifts, 
higher coalescence temperatures and better resolution 
of the spectra of individual conformers are expected. 

Experimental Results 

The 19F nmr spectrum of 3,3-difiuoro-?ra«5-cyclo-
decene9 dissolved in propene at 14° was an exchange-
broadened singlet, 30.0 ppm upheld from internal ethyl 
chlorodifiuoroacetate. On cooling to —30°, the sin
glet broadened and split into an AB pattern with JFF 

= 236 Hz and an apparent chemical-shift difference of 
252 Hz. The separation of the two inner lines de
creased by about 8 Hz as the temperature was lowered 
from — 11 to — 30°, presumably because of incursion of 
other rate processes, as will be described below; but in 
spite of this, the usual kinetic analysis using total line-
shape fitting10 could be carried out between +17 and 
- 1 1 ° with a chemical-shift difference of 272 Hz. Rep
resentative spectra and the Arrhenius plot are shown in 
Figures 1 and 2. The activation energy and frequency 
factor determined by least squares are E3, = 14.9 ± 
0.4 kcal/mol and log A = 14.68 ± 0.28. At 2.8°, 
AG* = 12.4 kcal/mol and AS* = 6.9 eu. 

Dramatic fmr spectral changes occur on cooling 
3,3-dinuoro-fra«s-cyclodecene to -148° , as can be seen 
in Figure 3. Around -150° , equilibration is slowed 
sufficiently that a number of minor absorptions could 
be observed after separate time averaging of the lower 
(Figure 4a) and upper (Figure 4b) halves of the spec
trum. In order to clarify the overall placement of the 
absorptions, the numbering in Figures 4a and 4b is 
repeated for the major absorptions shown in the single, 
wider sweep of Figure 4c. 

The chemical shifts corresponding to the major 
resonance lines in Figure 3 are quite sensitive to the 
temperature. Table I shows the way in which they 
vary relative to the fluorine resonances of internal ethyl 
chlorodifiuoroacetate. The apparent difference in shifts 
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Figure 1. Experimental (left) and calculated (right) 19F nmr spec
tra of 3,3-difluoro-/ra«.s-cyclodecene in propene as a function of 
temperature. 
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Figure 3. Low-temperature 19F nmr spectra of 3,3-difluoro-/raw.s-
cyclodecene in propene. 
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Figure 2. Arrhenius plot for 3,3-difluoro-fra/w-cyclodecene. 

between —152 and —148° is largely the result of differ
ences in experimental procedure needed to detect the 
minor absorptions in the —152° spectra. In any 

Table I. Temperature Dependence of Fmr Shifts for 
3,3-Difluoro-/ra«j-cyclodecene° 

A 

Shift Ai 
Shift Bi 
Shift A2 
Shift B2 
Shift A3 
Shift B3 
Shift A4 

Shift B4 
Population AiBi 
Population A2B2 
Population A3B3 
Population A4B4 
ZA1BI 

/ A J B J 

^A1B1 

A 1 B 4 

' -152 

1249 
1619 
1339 
2187 
514 

2730 
(135O)4 

(3110)= 
0.78 
0.14 
0.05 
0.03 

230 
230 

-148 

1271 
1610 
1351 
2181 

237 
227 

•Temp, 0C-
-134 

1285 
1628 
1355 
2208 

-127 

1285 
1654 
1349 
2233 

' -116 

1232 
1717 
1352 
2347 

° In Hertz relative to ethyl chlorodifluoroacetate. b Estimated 
indirectly, see text. c Taken as center of this upheld wing. 

event, whether these differences are significant or not, 
the shifts for the spectra taken between —148 and 
— 116° were determined in a single and consistent 

b) 22 eweeps 
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whole spectrum 
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Figure 4. Fluorine-19 nmr spectra of 3,3-difluoro-/ra«.s-cyclo-
decene at -152° in propene. 

manner, so that the trends are unquestionably real. 
Between —148 and —116°, the procedure was to 
accumulate a single spectrum on the CAT with 500-Hz 
sidebands on internal CF2ClCOOEt and then, a 
second time, with 2900-Hz sidebands on internal CF2-
ClCOOEt. The final readout of the summed spec
trum then included two sidebands, one from each 
sweep, for calibration. For the -152° spectrum, 
several 5000-Hz single-sweep spectra were taken with 
roughly 1600-Hz sidebands for calibration. These 
sidebands allowed determination of the shifts of the 
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Figure 5. Interconversion of 3,3-difluoro-/ra«j-cyclodecene con
formations. 

major absorptions, and from these shifts, those of the 
minor absorptions in Figures 4a and 4b were estimated. 

The major overlapping quartets, AiBi and A2B2, can 
readily be computer simulated, using the parameters for 
— 148° in Table I. The theoretical spectrum so ob
tained is shown at the bottom of Figure 3. However, 
as the temperature is raised, the line positions and 
general shape of the spectrum become very difficult to 
reproduce by any averaging scheme including only 
AiBi and A2B2. The best of these rather poor fits to 
the major resonance peaks are with the chemical shifts 
shown in Table I from —134 to —116° and involve 
axial-axial fluorine exchanges. Similar results were 
obtained with axial-equatorial exchanges. Because Ax 

shifts downfield and B2 upfield with increasing tem
perature, these resonances must be averaging with 
additional absorptions downfield of Ai and upfield of 
B2. 

Consideration of the minor absorptions detected by 
extended time averaging accounts qualitatively for the 
observed shifts. The shift assignments of these ab
sorptions are not certain but the argument would not 
be basically changed by different assignments. For ex
ample, B2 is observed to shift 166 Hz upfield between 
—148 and — 116°. The upfield AB wing of the minor 
peak detected at —152°, B4, is roughly 0.21 the inte
grated area of B2 and should shift B2 about 200 Hz up
field on complete B21B4 averaging. The AB quartet 
wing A4 that must be associated with B4 should average 
with A2. Since A2 does not shift significantly, A4 is 
presumed to be under A2 and is assigned the same shift 
as A2. In fact, the apparent base line is rather high in 
this area. Similarly, averaging of B3 with B1 is calcu
lated to shift Bi roughly 70 Hz upfield, and averaging 
of A3 with Ai is calculated to shift Ai roughly 50 Hz 
downfield. For Bi and Ai the observed shifts are 107 
Hz upfield and 49 Hz downfield, respectively. Con
sidering the difficulty of integrating and finding the 
shifts for these minor absorptions, the agreement is 

reasonable. Better results might be obtained if the 
other minor resonances could be more clearly identified 
and taken into account. The proportions of the various 
species at —152°, as judged from their fmr spectra, sug
gests that the energy difference between them is 0.8 
kcal/mol or less. 

In the consideration of the effects of the minor ab
sorptions, it is important to see how they check out 
with the single average chemical shift at higher temper
atures. At a temperature of 14°, the center of the 3,3-
difluoro-?ra«5-cyclodecene fmr resonance appears 30.0 
ppm upfield from ethyl chlorodifiuoroacetate. At 
—148°, the average shift of AiBx and A2B2 is 24.2 ppm, 
but including A3B3 and A4B4, the spectrum is centered 
at 26.8 ppm, a shift in the right direction. As the 
temperature is raised, these minor conformers would be 
expected to be increasingly important in contributing 
to the equilibrium of conformations and would thus 
tend to shift the center of gravity of the spectrum 
toward 30.0 ppm. 

In the low-temperature spectrum, we have evidence 
that equilibration of four conformations, correspond
ing to AiBi-A4B4, is slow on the nmr time scale. More
over, the room-temperature spectrum is very clean and, 
unless there are impurities which give fluorine reso
nances identical in chemical shift with that of 3,3-difluo-
ro-/ra«5-cyclodecene, it seems likely that some additional 
minor absorptions appearing at low temperature repre
sent still further conformations. We conclude that 
there are at least five conformers frozen out at —152°. 

No attempt was made to calculate line shapes be
tween — 30 and —148° because the changes in the 
lines for the minor AB quartets were too indistinct. 

Discussion 

Molecular models indicate that three types of mo
tions—rotation of the carbon-carbon double bond 
through the cyclodecene ring (designated C=C) , rota
tion of the C-6-C-7 bond through the cyclodecene ring 
(designated C-C), and flipping of the methylenes 
at C-4 and C-9 (designated CH2)

6—are capable of 
interconverting the eight possible conformational classes 
of 3,3-difluoro-^ran.s-cyclodecene (Figure 5).11 

Two major principles stand out in analyzing the 
various spectral possibilities. First, any conformer 
considered individually as a rigid species would be suf
ficiently asymmetric to give a fmr AB quartet. Second, 
rapid interconversion of any conformer with its enan-
tiomer would average equatorial and axial fluorines, 
giving an fmr singlet for the enantiomeric pair. The 
types of fmr spectra expected to be observed for 3,3-
difiuoro-?ra«s-cyclodecene as a function of the number 
and kinds of slow conformational equilibrations corre
sponding to those in Figure 5 follow: (1) all fast -*• 
singlet; (2) one slow (A) CH2 slow -*- 1 or 2 AB quar
tets, (B) C-C slow ->- 1 AB quartet, (C) C = C slow -* 
1 AB quartet; (3) two slow (A) CH2 and C = C slow -»• 
1 to 4 AB quartets, (B) CH2 and C-C slow -> 1 to 4 AB 

(11) P. Fanta of the Illinois Institute of Technology has suggested to 
us an alternative to rotation of the C-6-C-7 bond through the ring for 
interconversion of rrara-cyclodecene conformations which have the 
C-6-C-7 bond crossed and parallel with respect to the C-l-C-2 bond.5 

This process involves a 360° rotation around the C-6-C-7 bond axis 
and an unfavorable eclipsed conformation, but does not require passage 
of a methylene group through the ring. 
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quartets, (C) C-C and C=C slow -»- 1 or 2 AB quartets; 
(4) all slow ^- 1 to 8 AB quartets. 

As an example of how the types of spectra were de
duced, consider the case in which both CH2 and C-C 
motions are slow on the nmr time scale. This means 
that there are eight sets of interconverting conformers: 
1 ^ 5 ' ; l'<=*5; 2P±T; 2'+±l; 3 < ^ 6 ' ; 3 ' i± 6; 
4 <± 8'; 4 ' <=> 8. Sets such as 1 *± 5 ' and 1' <=± 5 are 
enantiomeric and therefore nmr equivalent. But be
cause sets such as 1 +± 5' and 1' <=* 5 do not inter-
convert, there is no exchange which allows equatorial 
and axial fluorines to become equivalent. Thus, 1 ^ 5 ' 
and 1' <=* 5 will give a single, common AB quartet 
much as would also 2 ^ 7 ' plus 2' ^ 7, 3 ^ 6' plus 
3' <=± 6, and 4 <=t 8' plus 4' <=• 8. In total there would 
thus be four AB quartets. Of course, to the extent 
that any of these conformers overlap or are not sig
nificantly populated, the number of AB quartets ob
served would be diminished. 

What firm conclusions can be drawn from the spec
tra? The singlet at room temperature corresponds to 
all motions, CH2, C - C , and C = C , being rapid. Lower
ing the temperature to —30° gives an AB quartet. 
Keeping in mind that at least five conformations are 
present, and assuming no overlap of lines, it follows 
that either C—C or C = C rotation must be the slow 
equilibration responsible for the quartet. At the 
lowest temperature, there are at least five AB quartets, 
which corresponds to all three motions being frozen out. 
The complex changes in the spectra between —30 and 
— 148° must reflect a change from one equilibrium 
being slowed to three being slowed. 

In general, 3,3-difluoro-?rans-cyclodecene behaves 
remarkably like the parent hydrocarbon6 and we have 
no evidence which would contradict the idea that the 
twist-boat-chair-chair conformation 8, found for the 
silver nitrate complex of ?ra«5-cyclodecene6 itself, is 
not the predominant isomer in solution. The values of 
AG* and AS* for trans-cyc\odecem-],2,4,4,9,9-d6 at 
2.8°, as calculated from reported6 £a and A values, are 
12.0 kcal/mol and —6.8 eu, respectively. The free 
energy of activation differs from that of the difluoro 
compound by only 0.4 kcal/mol while the difference in 
activation energies (4.2 kcal/mol) is considerably larger. 
The values of AG* obtained by the nmr method are 
generally more accurate and reproducible than the 
corresponding activation energies.12 For this reason, 
the close agreement of the free energies of activation 
may be an indication that some or all of the differences 
in activation energies may be the result of systematic 
errors. Molecular models suggest that a substantial 
part of the barrier to rotation of the double bond 
through the ring arises from additional out-of-plane 
bending at the two sp2 centers, reducing the inter
action of the alkenic hydrogen with the CH2 groups 
across the ring; if this is so, there is no very obvious 
reason for a large increase in activation energy on re
placement of two of the a hydrogens by fluorine. 

There is no compelling evidence as to whether the 
C = C equilibration or the C—C equilibration is the 
slowest one. Inspection of models suggests that C = C 
rotation is likely to be slower but, irrespective of which 
is, there is a rather surprising implication which can be 
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drawn from the four spectra of 3,3-difluoro-oww-cyclo-
decene at the intermediate temperatures. Normally, 
in cyclic systems, the axial fluorine in a geminal CF2 

group tends to be upfield of and broader than the equa
torial fluorine.81013 The extra broadness of the 
axial lines is a consequence of the fact that vicinal 
hydrogen-fluorine couplings follow a Karplus-type 
relation,14 which makes the transoid axial fluorine-
axial hydrogen couplings particularly strong. Models 
show that in rrans-cyclodecenes such axial fluorine-
axial hydrogen couplings should also be substantial. 
Consistent with this is the observation that the upfield 
wings of AiBi, A2B2, A3B3, and perhaps A4B4 are mark
edly broader than their corresponding downfield wings, 
which implies that Bx, B2, B3, and B4 are all axial fluo
rines. On this basis, the exchanges (Bi *± B3 and B2 +± 
B4) proposed earlier, slowed at the lowest tempera
tures, represent axial-axial fluorine exchanges rather 
than axial-equatorial fluorine exchanges which result 
only from CH2 flipping (6' +± T, 2 *± 3, 6 *± 7, and 
3 ' <=* 2' in Figure 5). Thus it would seem that at least 
these CH2 flippings (6' <=± 7', 2 <=* 3, 6 <=t 7, 8' <=> 2' in 
Figure 5) and perhaps by extension all CH2 flippings 
are not the last type of equilibration to be frozen out. 
If indeed this is the case, then CH2 flipping is the second 
process frozen out because we have already argued that 
it cannot be the first process frozen out. A corollary 
of rapid C-C bond rotation and the number of ob
served conformations is that there must be significant 
amounts of conformations both with the double bond 
parallel and crossed with respect to the C-6-C-7 bond, 
as proposed earlier.6 However, if the C—C equilibra
tion is very fast compared to the C = C equilibration, 
then the isolation of stable forms corresponding to 
these different classes of conformations in smaller 
rraws-cycloalkenes may well be difficult. 

Experimental Section 
The fluorine nmr spectra were obtained with a Varian A-56/60A 

spectrometer. The spectra were calibrated by the side-band tech
nique using a Lenkurt Model 6200 DS audiooscillator and a Hew
lett-Packard Model 5216A counter The signal-to-noise ratio of 
the low-temperature fluorine spectra was enhanced as necessary with 
a time-averaging computer, Varian Model C-1024; the number of 
scans required varied between 1 and 22. The Varian Model V-
6040 variable temperature accessory was used to control the tem
perature. Temperatures were measured by replacement of the 
sample tube with an open tube containing a suitable solvent and a 
copper-constantan thermocouple. 

The theoretical spectra of Figure 1 were generated by an IBM 
360/75 computer using the Gerig program10 based on the equations 
of Alexander.15 The parameters used in calculation of the spectra 
included a chemical shift, a mean lifetime, T, and an effective relaxa
tion time, T2, for each nucleus in the system. The effective relaxa
tion times were used to adjust for the effects of hydrogen-fluorine 
coupling. The values of r were then determined by comparison of 
the calculated and experimental spectra. 

Ethyl chlorodifluoroacetate was used as an internal standard for 
the low-temperature fmr spectra. The concentration of 3,3-
difluoro-/ra«j-cyclodecene was 43 % by volume in propene for the 
spectra above —30°, 23% by volume in propene for the spectra 
below -30°. 
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