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Abstract: The proton magnetic resonance spectrum of l,l,3,34etradeuterio-2-methylene-cw-decalin has been 
studied as a function of sample temperature. The vinyl resonances appear as an AB quartet at room temperature 
and evolve into two overlapping AB quartets at low temperature. Two conformations of this molecule are thus 
indicated; they are present in a ratio of 69:31 and interconvert with activation parameters, AG *, A//*, and AS * of 
12.6 and 11.2 kcal/mol and —6 eu, respectively. This conformational equilibration was also studied in 2-difluoro-
methylene-cw-decalin by fluorine-19 spectroscopy, with similar results. 

I t has been shown that the energy barrier to chair-
chair interconversion in methylenecyclohexane (1) is 

considerably lower than the corresponding barrier in 
cyclohexane (2),2'3 although not as low as the barrier in 
cyclohexanone (3).24 It was of interest to determine 

CH, 

O 
if this trend is also prevalent in bicyclic molecules and, 
as an extension of previous work with methylenecyclo­
hexane, we have examined the conformational attributes 
of the bicyclic hydrocarbon 2-methylene-c/'s-decalin (4) 

R 

5 4 

4, R = H 
5, R = F 

by nmr spectroscopy. Presuming that the ground state 
of this molecule is a double-chair form analogous to 
those found in m-decalin5 and ra-decal-2-one,4 one 
can see with the aid of molecular models that there are 
two unique conformations available to the molecule, 
4a and 4b. These structures can be interconverted 

A 

^4C0" CH2 

O 

4a 

Cf 
4b 

CH2 

smoothly by a process that involves rotation about the 
central C9-Ci0 bond. Each of these conformers has an 
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enantiomer; 4a (or 4b) and its magnetically equivalent 
enantiomer cannot be interconverted, except by break­
ing this bond. In a nonresolved sample of 4, there are 
thus present two families of conformational isomers, 
each having members analogous to 4a and 4b. 

A convenient probe for conformational effects in 
2-methylene-cw-decalin is provided by the vinyl protons 
of the molecule. This can be seen by viewing struc­
tures 4a and 4b end-on, as sketched below. In either 

H H - ^ 0 -

A 
4a 4b 

conformation, the two vinyl protons are magnetically 
nonequivalent and thus would be expected to appear in 
the pmr spectrum as an AB quartet. Furthermore, the 
vinyl proton environments in 4a are quite distinct from 
those in 4b, so that, in the absence of any rate process 
which interconverts these conformations, two AB 
quartets should be present in the spectrum, one quartet 
for each conformer. At higher temperatures where the 
rate of interconversion is rapid, a single, averaged AB 
quartet should be in evidence. 

Results 

2-Methylene-m-decalin. The vinyl portion of the 
pmr spectrum of 4 at room temperatures appeared as a 
broad singlet. However, when the four protons at the 
carbons adjacent to the exocyclic double bond were re­
placed with deuterium atoms, this part of the spectrum 
sharpened to an AB quartet which was characterized by 
the parameters 5AB = 7.14 and / A B = 2.75 Hz at 100 
MHz. As the temperature of the sample was progres­
sively lowered, the spectrum underwent rather subtle 
changes, as indicated in Figure 1. At —11°, the vinyl 
signals do indeed appear as two AB quartets; for one 
quartet 5AB = 9.65 and/ A B = 2.85 Hz, while the second 
quartet is described by 5AB = 1 . 6 and / A B = 2.4 Hz at 
100 MHz. The very small chemical-shift difference 
found in the second "quartet" makes this segment of the 
spectrum appear essentially as a singlet;6 this peak 

(6) F. A. Bovey, "Nuclear Magnetic Resonance Spectroscopy," 
Academic Press, New York, N. Y., 1969, p 97. 
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Figure 1. Experimental and computed spectra of 1,1,3,3-tetra-
deuterio-2-methylene-c/s-decalin at various temperatures. The 
temperatures (0C) are indicated on the left while the half-life O) of 
the predominant conformer at each temperature is shown on the 
right. 

fortuitously overlaps a transition in the first AB quartet. 
In order to obtain the chemical-shift difference and cou­
pling constant that characterize the second conforma­
tion, the spectral parameters found at high tempera­
tures were assumed to be average values. Since the 
spectrum of the major conformation can be determined 
from the low-temperature data, the desired chemical-
shift and coupling constant information for the minor 
isomer can be calculated. 

The behavior of the pmr spectrum of 4 at intermediate 
temperatures could be simulated by using a computer 
program which describes the interchange of nuclei 
between two locations, each of which is characterized by 
a distinct AB quartet.4-6'7 As with 2,2^iAuOrO-CZj-
decalin,5 there are two distinct ways in which the two AB 
quartets of the spectrum can be averaged as the sample 
temperature is increased. Only by assuming that the 
high-field chemical shifts of each quartet (and, there­
fore, the low-field shifts of each quartet) are inter­
changed by the conformational process was it possible 
to generate theoretical spectra which agreed with ex­
perimental observations throughout the complete range 
of temperatures studied. This agreement is illustrated 
in Figure 1 and provides a strong indication that the 
assignment of exchanging partners and the analysis 
for chemical shifts and coupling constant of the less 
prevalent conformer are correct. 

(7) S. Alexander, /. Chem. Phys., 37,967 (1963). 
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Figure 2. Experimental and computed spectra of 2-difluorometh-
ylene-c/'s-decalin at various temperatures. 

Assuming that the rate constant, k, for inversion is 
given by 1/r where r is the mean lifetime of a conforma­
tional isomer before inversion as deduced from com­
puted spectra, the kinetic data could be described by the 
Arrhenius relationship, k = 7.53 X 1011 exp[l 1,700 ± 
370/RT], from which the activation parameters AG*, 
Ai/*, and AS* were reckoned to be 12.6 and 11.2 kcal/ 
mol and — 6 eu, respectively, at —40° for the conversion 
of the most stable conformer to the less stable form. 

The first, large chemical-shift conformer constituted 
69 % of the bicyclic molecules present in the sample at 
— 11°. The computed spectra at intermediate tempera­
tures were not very sensitive to the relative populations, 
so that a concentration ratio of 69:31 was assumed at 
all temperatures. 

2,2-Difluoromethylene-c/s-decalin. In order to con­
firm the interpretation of the variable-temperature spec­
trum of 2-methylene-m-decalin advanced above, we 
also prepared 2,2-difluoromethylene-c/s-decalin (5) and 
examined the fluorine-19 magnetic resonance spectrum 
of this material as a function of sample temperature. 
Qualitatively, the same spectral behavior was found. 
At room temperature, the proton-decoupled fluorine-19 
spectrum was an (averaged) AB quartet with 8AB = 166 
andAB = 63.5 Hz and, as the temperature was lowered, 
this pattern evolved cleanly into two AB quartets (Fig­
ure 2). The major conformer, abundant to the extent of 
71 % was characterized by 5AB = 219, JAB = 63.5 Hz at 
— 70°, while the less-favored isomer exhibited <5AB = 
116, yAB = 63.5 Hz at this temperature. As illustrated 
in Figure 2, it was possible to reproduce the fluorine 
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spectrum of 5 at various temperatures, by again as­
suming that the high-field (and, therefore, the low-field) 
components of each AB quartet are exchange-related 
partners. However, an additional complication in 
interpretation arose with this system since an apprecia­
ble temperature dependence was observed for the 
chemical shifts of the fluorine nuclei of each conformer. 
The chemical shifts relative to the ethyl trifiuoroacetate 
lock-reference signal appeared to change linearly with 
temperature and for the major conformational isomer 
could be described by eq 1 and 2 where the temperature 

^A = 2815 - 0.576? (1) 

V-B = 2611 - 0.354/ (2) 

(0 is expressed in degrees Centrigrade. Chemical 
shifts for the second, minor conformer changed in a 
similar way and could be represented by 

i>A = 2724 - 0.576? (3) 

J<B = 2624 - 0.354/ (4) 

Thus, the upfield components of each AB quartet are 
equivalently sensitive to sample temperature while the 
downfield signals in both quartets likewise change in 
the same manner but show a greater dependence on 
temperature. The temperature dependences of these 
chemical shifts were estimated from spectra recorded at 
temperatures below those at which chemical exchange 
appears to modify the spectra and, by extrapolation, 
gave a good accounting of the averaged chemical-shift 
difference observed at higher temperatures. Never­
theless, extrapolation of eq 1-4 into the temperature 
range where chemical exchange introduces significant 
changes in the appearance of the fluorine spectrum of 5 
may introduce some uncertainty with regard to the 
accuracy of the exchange rates. An Arrhenius plot 
of the kinetic data was linear with only slightly more 
scatter than the corresponding plot for 4 and could be 
summarized by the equation k = 3.88 X 10" exp-
[(17,700 ± 43O)ART]. The activation parameters AG*, 
A//*, and AS1* for conversion of the major conformer to 
the minor one were 12.5 and 17.2 kcal/mol and 20 eu, 
respectively. 

Discussion 

While consistent with the formulation of the ground 
state of 2-methylene-m-decalin as a set of equilibrating 
double-chair conformations, our results do not con­
stitute a proof of this proposition. We assume for the 
remarks which follow that double-chair forms are the 
most stable conformers of this molecule; this assump­
tion appears reasonable in view of the close similarity of 
the ground-state geometries of cyclohexane and meth-
ylenecyclohexane3 and the very strong probability that 
the lowest energy form of cw-decalin is the double 
chair.6'8 

An interesting question is the origin of the differences 
in conformer populations (69-31% for 4 and 71-29% 
for 5) in these molecules. A similar ratio of popula­
tions, 65-35%, has been found in 6,6-difluoro-cr.s-
decal-2-one.4 Examination of molecular models sug­
gests an explanation for this effect. We note that in 
conformations analogous to 4b there are present three 
strong cross-ring interactions between the axial pro-

(8) M. I. Davis and O. Hassel, Acta Chem. Scand., 18, 813 (1964). 

tons at carbons 1, 3, 5, and 7. In structure 4a, there 
are only two such interactions, between axial hydrogen 
atoms at carbon 4, in one ring, and at carbons 6 and 8, 
in the second ring. The third H-H nonbonded inter­
action is missing in this latter conformation because a 
CH2 group of the ring has been replaced by the exocyclic 
double bond system. Using Hendrickson's potential 
energy function (eq 5) for hydrogen-hydrogen inter-

J7H-H = 104e-4'6r - 49.2/r6 (5) 

action9 it can be estimated that one of these cross-ring 
interactions amounts to a 0.57 kcal/mol increase in 
potential energy.10 Taken as free energy, this quantity 
corresponds to a population ratio of 72:28%, a value 
close to that observed with both the exocyclic olefins 
and the ketone.4 On this basis we suggest that confor­
mations analogous to 4a are the favored ones in 2-meth-
ylene-cw-decalin and c/s-2-decalone. The small dif­
ference in population ratio found with the hydrogen-
and fluorine-substituted olefins may reflect solvation 
differences; it seems unlikely that long range H-H and 
H-F nonbonded interactions could account for energy 
differences of the magnitude under consideration here. 

A disturbing feature of our results is the considerable 
difference in the activation parameters for the two bicy-
clic olefins. The free energies of activation for both 
compounds are essentially equal but compensating 
changes in the enthalpy and entropy terms occur. Be­
cause the activation entropy of the hydrogen-substituted 
compound is quite similar to those observed in both the 
m-decalin6'12 and cz's-decalone4 systems, we tend to 
place more faith in the results with this material. The 
dependence of the fluorine chemical shifts of 5 on tem­
perature may provide a clue as to the source of this 
discrepancy. The temperature effect on the upfield 
signal in each AB pattern amounts to a chemical-
shift change of 0.35 Hz/deg. Previous workers have 
noted effects of this type that ranged between 0.2 and 
0.3 Hz/deg12 so that we do not consider the magnitude 
of the shifts represented by eq 2 and 4 as unusual. 
However, the downfield signals in each quartet are con­
siderably more sensitive to temperature, exhibiting a 
shift of 0.58 Hz/deg. This latter effect appears to be 
unexpectedly large and may signal unusual solvent-
solute interactions in the region of these nuclei that 
could affect the activation parameters for conforma­
tional interconversion. Further work to identify the 
geometrical position of each fluorine nucleus in each 
conformer and to examine more closely the effect of 
solvents on the interversion process will be necessary in 
order to substantiate this suggestion. 

It is likely that a chair-boat conformation is an inter­
mediate in the conformational equilibration which 
occurs in cw-decalin and that this process follows an 
energy-reaction coordinate diagram similar to the one 
depicted in Figure 3.6 '13 If the second energy barrier 
(B) in this sequence is about the same height as the bar-

(9) J. B. Hendrickson, / . Amer. Chem. Soc, 83, 4537 (1961). This 
same function was used in previous calculations with the cir-decalin 
system.5 

(10) An ideal chair-chair conformation was assumed;11 the inter-
nuclear distance, r, for this interaction is about 1.9 A. 

(11) P. Geneste and G. Lamaty, Bull. Soc. Chim. Fr., 2439 (1964). 
(12) (a) R. A. Newmark and C. H. Sederholm, J. Chem. Phys., 39, 

3131 (1963); (b) R. A. Newmark and C. H. Sederholm, ibid., 43, 602 
(1965). 

(13) W. A. Thomas, Annu. Rev. NMR Spectrosc, 1, 44 (1968). 
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Figure 3. A reaction coordinate diagram from conformational 
equilibration in ci's-decalin. A trace impurity appears as a singlet in 
the experimental spectra. Sample temperatures are 9, 3.5, —19, 
— 30, —45, and —56°, respectively. 

rier to ring conversion in cyclohexane (~10 kcal/mol) 
then the free-energy difference between the chair-chair 
and chair-boat forms of c/s-decalin should be about 4 
kcal/mol, since the overall free-energy barrier to in­
version in c/s-decalin is ~ 1 4 kcal/mol.13 This estimate 
of the energy difference between the chair-chair and 
chair-boat forms is in moderately good agreement with 
the energy difference calculated by Wiberg's tech­
nique.5'14 

One can devise two simple pathways for the analogous 
interconversion process in 2-methylene-c/s-decalin and 
c/s-2-decalone. These are represented by the energy-
reaction coordinate profiles shown in Figure 4. In the 
first alternative, path I, the six-membered ring contain­
ing the unsaturated group structure flips to a boat form, 
to give a chair-boat intermediate, which then is con­
verted to a boat-boat intermediate by inversion of the 
cyclohexane-like part of the molecule. In path II, the 
opposite order of events occurs; first the cyclohexane 
ring moves, converting the structure to a chair-boat 
form and then the part of the molecule with the double 
bond inverts to produce a boat-boat form. For either 
pathway, it is presumed that flexion within the boat-
boat family occurs,11 eventually leading to interchanged 
conformations. If the free-energy difference between 
the double-chair forms and the related chair-boat forms 
of these unsaturated molecules is nearly the same as 
that likely present in m-decalin ( ^ 4 kcal/mol) and if it 
is assumed additionally that the heights of the free-
energy barriers in paths I or II are about the same as 
those found for inversion of the corresponding six-
membered ring, then one concludes that the free-energy 
barrier to inversion of 2-methylene-m-decalin and cis-
2-decalone, should both be nearly identical with the 
barrier found in m-decalin if path I is utilized. That is, 
if the second barrier (B) corresponds to a flip of the cy-
clohexyl part of the carbon skeleton, the overall energy 
barrier for both of these molecules should be about 14 
kcal/mol. If itinerary II is more nearly correct, the 
free-energy barriers to inversion of 4, 5, and cis-2-
decalone can be calculated to be —12.4 and less than 
~ 9 kcal/mol, respectively, using the same assumptions. 
These values are close to those observed experimentally 
and suggest that path II is the one followed in the con­
formational interconversion of 2-methylene-c/s-decalin 
and m-2-decalone. The order of energy barriers to 
conformation exchange for saturated hydrocarbon, 
exocyclic olefin, and ketone (>CH2 > > C = C H 2 > 
> C = 0 ) observed with the m-decalin structure is thus 

(14) K. B. VViberg, / . Amer. Chem. Soc.,81, 1070(1965). 

Journal of the American Chemical Society I 92:24 I December 

Figure 4. Two possible reaction coordinates for conformational 
equilibration in 2-methylene-c«-decalin or c/s-2-decalone. The 
first is initiated by a flip of the six-membered ring containing the sp2 

carbon while in the second pathway the interchange starts with a 
flip of the cyclohexane ring. 

qualitatively the same as that found in the propane and 
cyclohexane series.3 

Experimental Section 
m-2-Decalone was prepared by Jones oxidation of c/.s-2-decalol. 

Commercially available 2-decalol (Aldrich Chemical Co.) was re-
crystallized from hexane as a white solid until glc analysis showed 
that the material was > 9 8 % pure. 

m-l,l,3,3-Tetradeuterio-2-decalone was prepared as described 
previously.5 

l,l,3,3-Tetradeuterio-2-methylene-ra-decaIin was prepared by a 
Wittig reaction. A three-necked flask equipped with a drying tube, 
condenser, a nitrogen inlet, and facilities for magnetic stirring, was 
flushed with dry nitrogen for 5 min. Dimethyl sulfoxide (10 ml) 
was added and the flask heated to 65= with an oil bath. Sodium 
hydride (58 % dispersion in mineral oil, 0.41 g, 9.6 mmol) was added. 
The solution was removed from the bath after 2 hr and 5.33 g (13.2 
mmol) of methyltriphenylphosphonium iodide was added. After 
stirring for 1 hr at room temperature, 1 g (6.58 mmol) of cis-2-
decalone was added in an equivalent volume of DMSO. The 
reaction mixture was stirred at 65c for 24 hr and then poured into 
50 ml of water. The solution was filtered and extracted twice with 
25 ml of hexane. The combined extracts were washed with water 
until the aqueous phase was neutral. After drying over magne­
sium sulfate, the organic solvent was removed in vacuo to afford a 
yellow oil. The pure olefin was isolated by preparative glc in 
about 4% yield. The pmr spectrum consisted of a quartet at d 
4.6 ppm (2 H) and a broad envelope of signals centered at 1.5 ppm 
(12 H) with TMS as reference. The mass spectrum of the material 
exhibited a molecular ion at m/e 154. 

2-Difluoromethylene-c/i-decalin was prepared by the method of 
Fuqua, et a/.15 

A three-necked flask fitted with a condenser, heated dropping 
funnel, drying tube, and magnetic stirrer was purged with nitrogen 
before use. Into the flask were placed 4.5 g (30 mmol) of cis-2-
decalone, 7 g (35 mmol) of trw;-butylphosphine, and 50 ml of 
hexamethylphosphoramide (distilled from calcium hydride before 
use). The mixture was heated in an oil bath to 185° with stirring. 
A solution of 18 g (121 mmol) of the sodium salt of chlorodifkioro-
acetic acid in 150 ml of warm (60-70°) hexamethylphosphoramide 
was added over a period of 2 hr. Pronounced color changes, from 
dark green to light brown, were observed after the addition was 
completed, the mixture was stirred for an additional 10 min, and 
then poured into 2 1. of ice water. The water was extracted with 
ethyl ether (four 250-ml portions). The extracts were combined 
and washed with water two 250-ml portions), saturated sodium 
chloride solution (two 250-ml portions), and again with water. 
After drying over magnesium sulfate, the ether was removed 
under vacuum to yield 13 g of a dark oil. Vacuum distillation of 

(15) S. A. Fuqua, W. G. Duncan, and R. M. Silverstcin, J. Org. 
Chem., 30, 1027 (1965). 
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this residue afforded a fraction, bp 32-70° (1.2 mm). Vapor-phase 
chromatography of this material showed five components; the 
third component eluted was collected in a series of preparative 
experiments. The material exhibited an infrared band at 1750 
cm"' and a parent ion in the mass spectrum at m/e 186 (yield 1-2%). 
The olefin appeared to be quite acid sensitive. 

Variable-temperature pmr spectra were recorded with a Varian 
Associates HA-IOO spectrometer using samples that were approxi­
mately 10% olefin and 5% TMS (v/v) in trichlorofluoromethane. 
For fluorine spectroscopy the operating frequency was 94.6 MHz. 
A capillary of ethyl trifluoroacetate was used to provide a lock 
signal for the fluorine experiments. Samples were degassed and 
sealed under vacuum. Sample temperatures were estimated by 
replacing the sample tube with another tube containing solvent and 
a copper-constantan thermocouple which was connected to a Digitec 

The syntheses of many l-R-l-phospha-2,6-dioxa-
cyclohexanes have been reported in the last 20 

years , 3 - 6 but attempts to study the stereochemistry 
of these systems have not been made until recently.7 -19 

Although a few of the stereochemical investigations 
have been reviewed,20 we briefly summarize here pre-
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(7) G. Aksnes, R. Eriksen, and K. Mellingen, Acta Chem. Scand., 
21, 1028 (1967). 
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(1970). 
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Model 504 digital thermometer. Sample temperatures are believed 
to be accurate to ± 1 °. 

Theoretical spectra were generated using an IBM 360/75 com­
puter and a version of the two-site AB exchange program pre­
viously described.5 The rate constants derived by visually fitting 
theoretical spectra to experimental spectra are believed to be 
accurate to better than 10%. 
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vious conclusions pertinent to the new results we describe 
in this paper. The rings of I ; I I Ia ,b ; IVa,b; VII ; 
VIIIa ,b; IXa,b ; Xa ; XI Ia ,b ; XII Ia ,b ; XIV; XV; 
XVII ; XIXa; XXa; XXIIa ; XXII Ia .b ; and XXVI, 
shown in Table I, were assigned chair conformations 
on the basis of their 1H nmr spectra.9 ,12_16 '17 '18 In 
two cases, IHb 1 6 and VIIIb,9 rapid equilibria between 
two chair conformers have been postulated, but in 
all of the others one conformer has been concluded 

/0A?3 P \ /~°\ 
(RXOP, M (CH3OXOP, X /(-XOCH3) 

^o-fl No—/W 
R2 

I-XXVII XXVTJI 
XXIX1XXXI 

to be very dominant under the conditions of observa­
tion. Conflicting stereochemistries at phosphorus have 
been deduced for several of the above derivatives. An 
axial R, equatorial electron lone-pair stereochemistry 
has been assigned for HIa; 1 5 VIIIa;1 0 IXa,b; 1 8 

XXII Ia ,b ; 1 4 and the dominant conformer of VlIIb.1 0 

In contrast, an equatorial R, axial lone-pair stereochem­
istry has been assigned for Vl I ; 1 2 X a ; 1 3 I V a , b ; u 

XIIa ,b ; 1 4 and the dominant conformer of IHb at 
- 3 O 0 . 1 6 

(20) M. J. Gallagher and I. D. Jenkins, Top. Stereochem., 3, 1 
(1968). 
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Abstract: 1H and 31P nmr spectra of 15 l-R-l-phospha-2,6-dioxacyclohexanes have been examined, in which R = 
OCH3, OC(CH3)3, SC6H5, C6H5, F, Cl and Br. Two methyl substituents were present in the ring at C3 and C5 or at 
Cj. Spectra of several 4-methyl-4-chloromethyl systems were also studied as well as 3,9-dimethoxy-2,4,8,10-tetra-
oxa-3,9-diphosphaspiro[5.5]undecane. The bulk of the nmr evidence is consistent with the presence of one very 
dominant chair conformer. The question of the stereochemistry at phosphorus in these systems is examined in the 
light of present evidence. An intermolecular halide exchange mechanism is proposed to account for the broaden­
ing of the 1H nmr lines with increasing temperature of several of the 1-chloro and 1-bromo derivatives. The order 
of the 1-R exchange rates appears to be OCH3 < F < Cl < Br. 


