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I\'MR Determinations of Barrier·s· to 

Internal Rotation in Halogen Substituted Ethanes 

Richard A.. Newmark* and C. H. Sederholm 

Inorganic Y~terials Research Division, 
Lawrence Radiation Laboratory and 

Department .·of Chemistry, College of Cheniistry 1 

'University of California 
Berkeley, California 

Abstract 

The theory of Kaplan and Alexander·for exchange in nuclear magnetic 

resonance (1~) systems has been applied to exchange between three species 

with any number of nuclei of spin t, ~n which all the nuclei in each 

species are exchanged by the interconversion. A set of e~licit equations 

for the density matrix elements in this case is written down. Computer 

programs have been written to solve the equations in the two and three 

. spin cases. The results enable the cal.culation of NMR spectra of highly 

coupled nuclei undergoing exchange. Absolute reaction· rate theory has 

been used to express the rates of exchange in terms of activation energies. 

This has been combined with the Kaplan-Alexander theory to determine the 
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free energies of activation for internal.r.otation in several halogenated 

ethanes, CFC12-CFC12, CF2Br-CC12Br,.CF2Br-CFBr2, CF2Br-CFBrCl, CFClBr-
. . . 

CFClBr, and CF 
2
Br-CHBrCl. Spectra vrere calculated assuming limiting 

values for the transmission coefficiemt, K<<.l, K = 1. The first case 

implies· free rotation occurs when a mole~ule is excited to sufficitnt 

energy to exceed the barriers. Alternatively, the second case implies 

that deactivation of the rotational mode occurs in a time comparable-with 

the rotational frequency. _The experimental results on CF2Br-CC12Br can 
~ . . . . 

only be explained by the second possibility. The barriers are discussed 
,· 

in terms of the distortion necessary to form the activated complex in 

which the substituent's are eclipsed. 

The low temperature S?ectrum .of the three rotamers of CF2Br-CHB~Cl 
.shows two large vicinal HF coupling constants (18 cps) and four small· 

,.· 

ones. (less than 3 cps).. The a~signment of th.e rotamers made assuming 

that the low barrier observed between two of the rotamers does not involve 
.. 

eclipsing two large halogens indicates;that the large coupling constants 

are trans and the four· others are ga).lcre coupling· ,const~nts .. 
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I• Introduction 

Much work has been done to mea~ure the barriers to internal rotation 

in substituted ethanes, as is indicated by Wilson's recent review of the 

subject. 1 Extensive microwave studies of substituted ethanes containing 

a methyl group indicat~ the barrier is near 3 kcal/mole in all of these 

.compounds. Infrared and elec~ron diffraction measurements have yielded 

larger barriers of 4.2 and 10.8 kcal/mole in· the· symmetrical molecules 

hexafluoroethane2 and hexachloroethane,3 respectively. From infrared 
.. 

and Raman sp~ctral studie.s 4'· 5 in terme.diate barriers have been reported 

. for several molecules containing a CF 
3 

group on one end. ' To obtain the 

barrier from microwave or infrared data for an asymmetric top on an . 

asymmetric framework :Ls very difficult.. Halogenated ethanes containing 

fluorine in which the barriers are.above roughly 6 kcal/mole lend 
... 

'themselves to investigation by nuclear magnetic.resonance·(N.MR). Tnis 

extends the type of molecules which can be conveniently studied to totally 
i 

asymmetric cases. 

II. 
,;\ . 

Theory of Exchange · 
'I ~ 

,..,. .. .. 
The free energies, of activation for the internal rotation of 

CFClBr-CFClBr have been determined pr·eviously by N.MR measurements. 6 

The Bloch equation, as modified by McConne11, 7 in conjunction with 

absolute reaction rate theory·were used to calculate the spectra. Free 

energies of activation, which will be termed for convenience the barriers 

to 'internal rotation although the two are not exactly the same, were 
. 

obtained assuming a transmission coefficient near unity. The Bloch-

McConnell equations provide suitable results when the coupling .constants 
....... 1_: · .... : ':.; .:· •,' 

.· 
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may be neglected. However, to extend the analysis to other perhalogenated 

ethanes, such as CF2Br-CBrClX, X = H, F, and. Cl, in which the coupling 

constant between the geminal fluorines is almost as large as the chemical · 

shift, it is necessary to.use a theory of exchange among nuclei in 

different environments which includes the coupling. Kaplan8 developed· 

such a theory based on the self-consistent averaged density matrix of the 

spin system. ' 9 10 Alexander, from a suggestion by Kaplan, developed a 

similar set of equations by deriving a Boltzmann equation for the average 

density matrix elements. Kurland and Wise, 11 and Heidbe~g et a1. 12 

have used the theory of Alexander to study hindered internal rotation 

between identical systems for two spin systems.· We have ext.ended the 

theory to calculate spectra of three species undergoing exchange, and 
. . 

) 

applied it to obtain barriers in molecules exhibiting AB and ABX spectra. 

Internal rotation is· an exchange proces33 which can be treated by 

the above theories for intermolecular exchange. At equilibrium, in 

which the average effect is studied, the. exchange pf two rotamers is 

indistinguishable from the actual phy~ical p~ocess in which A transforms 

(or rotates) to B while,.to preserve equilibrium, some other species 

.. (or rotamer) B transforms to A. This argument.invalidates Johnson's 

claim that internal.rotation in which the nuclei change their environments 
' . ' 13 
cannot be treated by Alexander's theory. The equations given by 

Johnson for internal rotation from a modification of Kubo 1 s theory are 

identical to those derived below from Alexander's theory. 

The exchange.operator Pis defined such that 'lt(t) -+ P 1/r(t) whenever 

an exchange occurs. If we denote the product wave function of one 

species of N spins•by i i .. iN' where ik is an eigenfunction of the 
1 2' 

' 

• 
... 

·i' 
'( 
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z component of angular momentum for nucleus k, and the product wave 

· function of the second species ·by j 1j 2 .•• jN' then under exchange 

we .have 

If ~ is a linear combination of product wave functions, ~j = ~ ajk¢k' 

' 
then P~ is a similar linear combination and the matrix representation 

of P >vill be a function of the, a .
1 

for the two species involved in the 
J c 

exchange. .The effect of the exchange between two species A and B carries 

th · .._ .... · d . -'- t . A B . t ~AB A B( _AB) -1 . e 1n~erac~1on ens1~y ma r1x p •p 1n o ~~ p •P y- • 
I 

. 8 . 
Kaplan's t,heory has been used to develop an explicit set of 

simultaneous equations for the density matrix elements in the representa-

tion in which the time-independent NMR Hamiltonian for each species is 

diagonal. 14 . In this representation, which is used to conveniently •· 

represent the time-dependence of the density matrix after exchange, the· 

L · form of the exchange matrix is a product of the unitary matrices, aij 

which diagonalize the Hamiltonian for species L. Thus, 

""' .. 
( 
I 

A B A B 
L: a. ak L: a. alr' q 1q q.r Jr · 

where the first pair of subscripts of P denotes the row and the second· . 
pair the column. 

(1) 

(2) 

Most of t~e calculations were performed using a computer p'rogram 

14 written from Kaplan's theory.· However, identical results can be obtained 

from the set of simultaneous equations which arise from the theory given 

in detail by Alexander, and the resulting equations are more readily . 

generalized to more complex sy~tems. The main simplification is that 

the representation of·the :product wave functions canbe used.. In this 

:.,. 

\ 
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representation the exchange matrix takes the simpler form, 

were 5 .. is 1 if the subscripts are equal and zero otherwise.· 
~J 

In the case of internal rotation of ethanes Alexander's theory9b 

extended to .the three pairwise exchanges between the three species A,. ·B; 

and C by introducing a term for the AC exchange as well as the AB exchange 

in the equati.on for the time Q.evelopment of the density matrix due to 

exchange,·. · 

. A 
(~~ )exch = ----------------------------------------------------~ 

:PAS and ~C ·are the orthogonal' matrices for the AB and AC exchange, 

respectively . .12 B and .[)_ C are cont'raction pp~rators which describe ··· 

averaging over all elements d,iagonal in the spin function .of B or C to 

yield the density matrix for species A;after the exchange. ·'"'A is the 

correlation time for species A, given !JY 

( 4) 

~ . .h. 1 1 : (5) .. •.· = + .. 
'"'A '"' . . ·· "Ac 

.J 

AB 

where. '"'AB is the correlation time for the AB exchange.. Thus -rJ-r~ and 

-rJ-rAC are normalized weighting factors corresponding to the ·:Probability 

of an AB or an AC exchange. 

· For the particular case of exchange between two rotruners all the 

spins of one rotamer are exchanged with all the spins of the other. This 

eliminates all the s~~~ations and the term due to the nonexchanging nuclei 
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in Eq. (20) of Alexander9b.for the time-dependence of the off-diagonal 

density matrix elements in the rotating coordinate system. Including an 

additional term from Eq. (4) above for the AC exchange, Alexanderis 

equation becomes, · 

A < j/pB/k > < ji Pc/k > .:.[.L + L] < jjpAjk > < j ~~~ jk >. = + 
'"AB '"Ac '"A T2A . 

. < ·j [A +.l. J p, 0Jik> + i < j I [pA' Hl IX A J I k > (6) 

If is the time independent Hamiltonian.in the coordinate.system ~otating at 

·the frequency, ro = 2nv, of .the applied rf field, 

_,. 

~' n 

where vA is the chemical shift of nucleus m in rotamer A and J is the 
m 

(7) 

·, 1 l AI coupling constant. The term ---T < j p k > introduces the phenomenological 
2A ' •' 

transverse relaxation time T2, such that the equations reduce to the Bloch 

equations in the absence of exchange •. H
1 

is the magnitude of the rf field 

in cps·, and the .la-:_:t term in Eq. (6) me3.y be reduced to i D < j I ~~k > 
· ALro 
to first order in kTo where D =·rH

1
ro0/kT and ro0 = yH

0 
is the Larmer 

frequency,9a::ttis Planck's constant divided by 2n, k the Boltzmann constant, 
.. . dpB dpc 

and T the temperature. Equations for dt . and dt are obtained by a 

~ .. ,, 

,, 
cyclic permutation of the indices A, B, and C. 

Finally, the absorption is given by the imaginary part of the. 

exp~ctation·value of the transverse component of the angular momentum, 

IID < I + · ii > = ''ImTr [ (I · + iiY) p] = 2: (I + ii ) Dn p 
. . x . y , x . m,n x y mn n.."'l 

(8) 

(The dispersion is given by the real part of the expectation value.) 
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·One must only solve Eq. ( 6) for those d.ensity matrix elements whfch 

contribute to the absorption in Eq •. (8). Thus, the only elements which 

concern us in Eq. (6) are those in vrhich. state j differs from state k by 

+ 1 in the z component of the angular momentum~ 
( . . . . . 

Under unsaturated steady· state conditions. the time derivatives i~:·r: :; · 

Eq. (6) are set equal to ze;o, leaving a set ·of: simultaneous equation's 

with complex ,coefficients. Tnese can be considerably' simplified and 

reduced to a set of real equations by the following considerati~ns:· 

We define a doubly subscripted. vector, ·pmn; such that m·refers to the 

· rotamer, · (1,. 2, and 3 for _A, B, and C) and n refers to one of the spin 

. product wave functions of interest. ·To evaluate the fourt~ term in 
/ 

Eq. (6), note that.-0/k ~ = ~ a~)m > where.the z component of the 

angular momentum of st~te '/m >must be the same as that of /k >since 

yA = L IA is a .good quantum numbe~. Thus, z m zm 

. . A 
a. < m) p 1 k >] , 

• Jm . 

A 
where aij is a real function of the coupling constants and chemical .shifts 

for rotamer A. 

~q. (.6.) for. _dpln/ dt.now. ·.becomes 

(9) 

0 
P2n . . P3~ 

= -- + 
1 . 1 

p [- + -] . +:' 
ln ""A T2A 

.iL blmplm· ·t::ib(I .)lm , m . . .... x (10) 

where ~he bL"U may be determined .from Eq. ( 9). Because yA is a good quantum z 

number there is no coupling between density matrix elements of the different 

rotamers vrhich· do not have the same change in FL.. Thus, if there ·are an 
z 

even number of spins,· the elements for the FL ·~ 1 to FL = 0 't.ransitians 
z z 

do not couple to those for the FL = . z 

1. 

0 to FL = 
z 

. •' 

f• 

. . 
-1 transitions, etc~·; 

'. 

0 

\ 
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Including similar equations for dp2n/dt and dp
3
n/dt, we can write a 

,A 

I!latrix equation for the vector p as 

(A. + i;;: + i v rrP' = 
_,. 

-iDI • 
X 

(11) 

A is a real matrix comprising the correlation and relaxation time terrr.s in 

Eq. (10). The i;;: + ivi terms arise from the matrix elements of the 

commutator in Eq. (6), where I is the unit matrix. The contribution of 

the term ~(-v)I~m in Eq. (7),to <jJ [pL, HL]jk >is v<jjpLjk >,for L ~A, 

B, or C. This gives the.ivi term.· The i;;: term arises from the contribution 

-~" th . . t ~ HL "' . 1 . 1 t . . HL . . 1 o~ e remaJ.nJ.ng par or ; a J.S a so a rea ma rJ.x SJ.nce • J.s rea • 

Since we are onlY interested in the imaginary part ofp, we set 

~~_a... ~ ~ ' ) 

p = u + iv, where u and v are real vectors. Substituting into Eq. (11 

and equating the real and imaginary parts gives two matrix equations for 
~ -=- . ~ ~ 

u and.v. Eliminating u and solving for v yields 

"' ....... 
E v = + 

2;.,-1) __,. 
v A v = 

....:.. 
D I • 

X 

. ·' 

Since P2m and p3m do not enter the equation for dpJdt if m /= n, 

(12) 

the matrix A has the form A ... km = B .. k o. ; where BJ..k is th1e 3 x 3 matrix, 
lJ 1 l . Jm 

...... 

-1' 
't' AB, 

~ is clearly diagonal in blocks for each rotamer, aij,km = 

.. 
' ' ' 

i 
o.k Y .• 

l JID 

\ 
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Making the above substitutions into Eq. (12) gives the matrix elements of E, · 

E .. km lJ, 
= + -1 (Y~ + y~ ) + v2B~kl o. 

vBik Jm Jm l Jm 

In order to calculate spectra the set of simultaneous equations (12) 

are solved for the v and the absorption obtained directly from Eq •. (8). 
nm. 

Computer programs have been written to calculate spectra for three rotamers 

with AB or ABX spectra undergoing exchange. 15 It is easy to extend the 

programs to more complex systems. 

From absolute reaction rate theory, 
16 

the rate of exchange between 

rotamers i and j is given by 

-!-

/ 
/ k .. 

lJ 
· kT 

= Jf.­·h 
-&*/RT e . 

where &"" is the free energy of activation and X. is the transmission 

coefficient, defined as the rate of formation of deactivated J?,roduct .·. · 
. ~ ::.: · .. :·· ': :. 

(13) 

(14) 

molecules produced by crossing the barrier under consideration divided .. :.·. :. ·: 

by the rate of molecules .crossing the barrier. 

Two limiting values _of the transmission ~oefficient, J(_, correspond-

' 
ing to two deactivation models are considered. If one assumes that 

deactivation of the torsional mode of a molecule ~s very slow compared 
.• . 

to the torsional frequency, then ~ <<1, and the resulting rate expressions 

are independent of the highest barrier. Consider a potential curve as 

in Fig. 1. If a rotamer in the potential minimum E1 were excited with 
' I . 

sufficient energy tc> exceed barrier E6 , but not E
5

, it would remain in 

the excited state for a sufficiently long time to perform several 

torsional vibrations in the large .well bounded by barriers E4 and E
5

._ 

It·would then have equal probability of falling into potential wells-



.•. 
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E
1 

or E
2

• If the original excitation energy had been greater than E5 
but less than E4, the molecule would perform several torsional vibrations 

in the large well bounded by E4 on either side, and would finally have . . 
equal probability of falling into each of the three potential minima • 

As the excitation energy exceeds E4 the motion while in the excited state 

would become a free rotation rather than a torsional vibration. Hovever, 

the probability of falling into any one minimum would still be the same, 

namely one third. Hence; the rates are independent of the highest barrier, 
• 

E4, since ~nterchange between ani two rot~~ers is possible whenever the 

molecule's energy exceeds E
5 

... 
. ~ 

· On the other. hand, if deactivation of the torsional mode occurs 

almost immediately after a molecule passes over one of the maxima, tl}.eri 

X= ·1, and the rate expre~sions are a function of the highest barrier; 

in fact, the rate between any two potential minimum depends only on ~he 

barrier height between them.- In this case the six rates are given by 

J,..' 

:.(:rt: . - F·.) /RT, 
e ~J ~ 

(15) 

i = 1 to 3, j = 1 to 3, and i ~ j. F. is the free energy of the potential 
~ . 

.:..· 
minimum and F~j .. is .the free energy of th~- activated complex, both 

measured from the energy of the potential minimum of.the most· stable 

rotamer, F1 = O. 

Since the assumption that ){ <<1 leads to one fewer arbitr~ry 

parameters to. be used in matching the· experimental with the. calculated 

·spectra, this assumption was originally made. However, it was then 

impossible to duplicate. the experimental spectra of CF2Br~CC12Br. 

For this molecule, ··configurations 2 and 3 are identical, and E4 and 

.• 

'. 

\ 
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E
6 

are identical barriers by s~~etry. Setting barrier E5 to any value 

iess than or equal to E4 does not yield the observed spectra. These 

results will be described· in detail in the. section on CF 2Br-CC12Br. 

In addit·i o i:l to this experimental data, the following theoretical 

argume17-t implies that the assumption J< = 1 is probably more reasonable. 

Classically, the angular velocity of rotation, ro, can be calculated 

from the kinetic energy, KE' by 

. :·~ 
(16) 

. . 
At the temperature of these experiments the median (_}ner:gy of the 

.) 

molecules above a ba~rier is about .3 kcal/mole ab~ve the barrier. The 

moment of inertia, I, about the axis of rotation is roughly 1 ~ 10-3~ gm 

2 em for any perhalogenated ethane. The angular velocity is much faster · 

-vrhen a molecule is in ·the staggered configuration and possesses. most·Iy .· ... 
' ' ' . · .. ~ 'i ... ·:· . :· .. 

kinetic energy. .Approximating the potential function in Figure 1 by 

three square wells,. it is seen that, the molecule,spends'half of its tim~ 

with a small kinetic energy and_the other half with a larger kinetic 

. energy. ·.Therefore the angular velocity calculated from Eq. (16) with r;; -
0.3 kcal~/mole is the rate for roughly half of the revolution while 

the other half revolution takes place much more rapidly. With these 

approximations, the average angular velocity is 1 x 1012 radians per 

second. 

· The primary source of deactivation in solution is collisions, so 

it is necessary to compare the collision rate with t.he angular velocity. 

Frost and Pearson17 justify using elementary collision theory to 

calculate frequency factors for reactions in solution. The number of. 

) I . '' 

.· 
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collisions per second, ZA' is given by 

== (17) 

The calculation ;.;as performed for one molecule of CF 2Br-CC12Br (M. W • =293) 

in CFC1
3

. The density of the solvent, nB, is 1.49 grnfcc. gAB is the 

mean radius of A and B, taken as 4 A, and J.l is the reduced mass. The 

'·• 

number of collision~/second is 1 x io12• Although this provides an order , 

of magnitude result, Benson18 points out that if one chooses a reasonable 
. ·' 

interaction potential between molecules in a solution, such.as the hard 

sphere well ~model, then the potential energy of interaction between a 

molecule ;.rith its 4 to 12 nearest ·neighbors is always of the order of 

· magnitude of kT (thermal energy) • 
. 

Conseq_uentJ.y, _it is not unreasonable to assume that deactivation 

occurs immediately following a rot~tion. Cagle and Eyring19 have s4own 

this to be true for internal rotation of substituted biphenyls in the 

liq_uid phase. If}( deviates slightly from the assumed value of unity 

in the calculations belovr ,. the resulting free energy of activation will 

be too high. However, the error should be common to all the halogenated 

ethanes GO;n.sider,ed, so that the barriers c_an be q_uantitatively compared .. 

In Eq_. (i5) one must use the differ'ence in free energies between 

'the potential minimum and the potential barrier. However, energies · 

of activation would be more satisfactory q_uantities to correlate between 

molecules. It seems reasonable to assume that only small changes result 

in all of· the vibrational freauencies of a molecule as internal rotation 
~ . . 

occurs, except for the torsional mode which.has zero freq_uency'at the· 

top of the barrier and a sizeable freq_uency in any of the minima. Tnis 

.' ~ 

... 

\ 
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l: 

latter mode is, hence, the only mode to contribute substantially to t§!r-r, 

the entropy of activation. Calculations show that Tb,St res.ulting from·>· : 

this last vibration for any of these halogenated ethanes at the temperature 

under consideration is approximately 0.5 kcal/moie, an<l: do.es not vary by 

more than ± 0.2 kcal/mole from one molecule to another. This variation 

is of the same order of magnitude·as our ex:perimental·error. Since exact 

corrections cannot be. made, this variation vrill be ignored. 

Hence, .for all molecules, under consideration, the energies. of 

activatio~ are approximately 0.5 kc~l/mole less than the free energies 

of. activation. Since this is a constant term, it .is of -1-ittle importance 
. : . 

in the correlation of'barriers with molecular structure. It will hence-

.forth be ignored. 'All numbers appearing in the remainder'of the text 

which are referred to as energies of activation are in fact free energies 
I . 

of activation. '• •' .. 

Experimental 

CFC12-CFC12 was obtained from·K &K Laboratories and CF 2Br:.:.: cp1
2

Br 

Peninsular Chemresearch Inc. CF2Br-CF~r2 and CF2Br-CHBrCl were :prepared 

. by bronrl.n:atio.n of CF 2=CFBr (Peninsular Chemresearch Inc.) and CF 
2

=CHC1 ; 
.. 

·(Allied Chemical Corp.) in the same manner as CF
2

Br-CFBrCl has been 
. . . 20 

:prepared. 

The spectra were recorded on. a Varian HR-60 spectrometer operating 

from 

·"·. 

·" 

at 56.4 Me/ sec equipped with a flux stabilizer and integrat'or. Chemical • · 

shifts and coupling constants were ·determined by the usual audio sideband 

techn~q_ue, vrhen. ~he resonance lines were sharp. At intermediate rates 

of exchange the lines were broad and two sidebands of the fluorinated 

' 'i 

·.· 

.· 
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solvent were used; one on each- side of the peaks of interest~ Most of 

"the spectra were obtained at fairly rapid s-vreep rates (about 200 cps/" 

minute), using short r·esponse times; in order to avoid saturating the 

broad peaks at reasonable power levels. All frequency differences and 

line widths tabulated in the tables are the average of· at least 8 spectra· .. 

The experimental errors are the root-mean-s-quare deviations. The 
• 

separations bet1veen the peaks and line widths were measured to ~ or 1 cps 

from the computer spectra, depending on the width of the peak~ Tne 

computer results for CF 2Br-CC12Br vrere obtained more accurately below 

220°C by interpolation from the printed_absorbances in qrder to observe 

small differences in the widths .. 

The variable temperature insert has been described previous.ly. ~. 
Although the absolute temperature is only knovrn .to± ·2 or 3° 1 the differences 

in temperature for spectra taken on a given run are known more accuratelyo 

The variable temperature s~ectra of CF2Br-CC12Br were taken in a 25% 

mole fraction solution in CFC1
3

• The ;Low temperature spectrum at 191°K, 

shown' in··Fig·. 2, consists 9f a large peak 0-abelled peak 1· in .Table I 

·and the discussion below) about 3313 cps upfield from the solvent and 

an AB"quartet of peaks centered 205.9 cps upfield from peak 1. From 

the schematic diagram of the three rotamers of CF 2Br-CC12Br in Fig." 3, 

it is seen that rotamer I has a plane of symmetry which makes the two 

fluorines equivalent. Rotamers II and III are mirror images :Which differ 

by t~e interchange of their two fluorines. Consequently rotation between 

II and·. III does affect the spectrum. Peak 1 is unambi-guously assigned 

.. 

J •• 

\ 
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to rotamer I and the quartet to the pair of rotamers II and III. The 

chemical shift, vA.- vB' and the coupling constant, JAB' of the tvro 

fluorines on .II or III are 184.8 ± .6 and 155.8 ~ .6 cps, respectively. 

The ratio of the areas of peaks 3 and 4 relative to 1 and 2 vras 

measured with the Varian integrator. From the known coupling constants· t, 

and chemical shifts of the AB quartet, the area of peak 2 was calculated 

and used to find the area of peak 1 alone. This calculation indicated 

that the relative populations of I: (II + III) = 1.16 ± • o6: 1.00. 

Hence rotamers II and III are 320 ± 20 cal/mole higher in energy than 

rotamer I. 

As the temperatUre is increased the peaks broaden. At 198°K peak 

2 is unobservable due to the 5 cps width of the much larger peak 1 •. 

. Above 206° peak 5 is not distinguishable from the noise. However, th~ · 

coalescence of the. remaining three peaks, 1, 3, and 4, was carefully 

studied. Initially it was attempted to fit the spectra assuming. that 

the transmission coefficient was 'much less than one. As will be shown 

later choosing all three barriers the same, or the barrier between 

rotamers II and III less than the other two barriers, gives calculated 

spectra which show peaks 3 and 4 coalescing prior to the coalescence 

of peaks l and 3· As is pointed out below1 this is not observed. It 

is necessary to assume that interconversion of rotamers II and III (barrier 

E
5
) is slower than the ex~hange between.I and II (E4) or I and III (E6) 

to reproduce the experimental spectra. , E4 and E6 are equal by symmetry. ,. 

All spectra were calculated using Eq. ( 15). This· equation is always 

correct for }( = 1 and is valid for.){_< 1 if E
5 

is, set equal to E4 and E6. 

1 In this latter case, the resultant calculated barriers are low by a 
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constant factor, -RT ln ~ For E
5 

< E4, and )\_ < 1, a new set of 
. 6 

equations must be used. 

Before describing the spectra, we consider the temperature dependence · 

of the intermolecular interaction with the solvent on the chemical shifts. 

The two fluorines are on the.same carbon atom and previous work on 

20 CF 
2

Br-CFBrCl shmrs that they should be nearly equally affected by the 

intermolecular interaction. The effect on the two different rotamers 

should also be similar. These conclusions are confirmed by'observing 

that the chemical shift betvreen peaks 3 and 4 is constant from 191 oK to 

224 °, when the peaks begin to coalesce. The chemical shift betw.een peaks 

1 and 3 is.constant from 191° to 210°. There remains a significant 

temperature dependence of the chemical shifts from the solvent. The 

frequency of the observed., symmetrical, singlet peak at 257°K is 2300.1 cps 

_ upfield from the solvent. From the chemical shifts measured at 198° 

and the time average approximation, the frequency of the peak at 257° 

is calculated to be 2318.0. cps and is independent of small changes in 

the barriers. It is also clear from the 2t cps downfield shift of peak 1 

between 198° and 206° that there is a temperature-dependent shift of 

the solute peaks from the solvent, since coalescence of the solute peaks 

would cause an upfield shift. In order to compare the observed shifts 

of peak 1 (and, at higher temperature, the large single peak) with the 

calculated ones, it is easiest to correct the observed shifts for this 

solvent affect. Assuming a linear function between 198° and 257°, the 

corrected chemical shifts tabulated in Table I are given by 

v~ 
obs 

= vobs - 0.305 (T - 198), (18) 
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Table I 

Calculated and observed frequency separations and line vtidths ··:·:.; 

for CF
2
Br-CC12Br in CFC~3 .a Peaks are numbered as in Fig. 2. 

The experimental spectra are shown in Fig. 4) and some of 

the calculated spectra at 222t°K have been reproduced in 

Fig. 5· All values are in cps) at 56.4 Me/sec. 

10.8 
10.B5 
10.85 
10.85 
10.85 
10-9 

Exp. 

10.75 
10.8 
10.8 

: 10 .• 8 
lO.B 
10.85 

Exp. 

10.75 
.: 10.8 

10.8 
10.85 
10.85 
10.85 
10.85 
10.9 
10.9 

! I 

'b 
E 

5· 

o.o 
±.4 

12.0 0 
10.85 0 
11.6 0 
12:0 0 
13.0 0 
12.0 0 

12.0 
10.8 
11.6 
12~·0·· 

. l3. 0 . 
13.0 

13.0 
12.0 
13.0 
10.85 . 
11.6 . 
12.0;' . 
13-0 
10.9 
11.3 

-0.2 
±.3 

1 
l 
2 
1 
1 ... 
1 
1 

3 
3. 
3-~ 
3 
3 
3 
3 
3 
21.. 

2 

162.3 
±.4 

162.9 . ~ 
+1 4 i .·. 
- "' r. 

·161 
16F-· 2 
161 
161 
161 : ·< 
161 

156.6 
±1.5 

154' 
. 154~-

154.!. 
2 

·157 ·. 
. 156 
156 
156 
157 
156t 

.' ~ 

'. 

86.3 
±.4 

B6 
86 
86 
86 

· B6 
86. 

87~0 
±.8 

B6 
86 
86 
86 .. 

. 86 
86 

·87.2 
. ±1.5 

87 
87 

. 87 
B4 
87 
86 
86 
84 
87 

5·0 
±.2 

5-4 
4.9 
4-9 
4-9 
4-9 
4.6 

4.9 
±.,2 

5-7 
6.2 
5 .• .3 . 

.· 5·2 
5-2 
4-9 

4.9 
±.2 

I 5o 6' 
6.2 

·5·3 
.... 5-2 

5-2 
4.8 

12~2;:; 13-7. . 13.6 
±.5 ±.6· ±.9 

13-1 
12.5 
12.1 
12.1 
12.1 

'11.4 

15-3 
17-5. 
14.:t 

·. 13·9 
. 13· 7 
. 12. 5· 

30-2 ·'33-7 
±1.2 ±2.0 

15-0 
17.3 
13-9 
13.8 
13-5 
12.4' 

· 33-B 
±2.0 

: ... 

~. ! 

.. \ 
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Table I continued 
~ 

.. 3/4d w2/3d b E ~ v'c Temp •. -E4•- vl-:V3 v3~v4. Vl 
5 obs 

'l 

2221.0 

2 Exp. 14.5 122. 83. 49·3 '61.6 
. ±1.2 ±7 • ±7. ±2.5 ±2.5 

631. " 10.7 11.6. 16 112 84 51 
10.7 12.0 15 115 90 48-k- 62l 2 
10.75 1o·. 75 17 121 52~- 65~ 

. 
e 

10.75 11.2 15 ·123 82 48 59-l 
10-75 11.6 13 i26 88 43-!- 54l 
10-75 12.0 12 126 92 4V- 51 
10.8 10.8 14 134 e .45l 56 

230° Exp. 76 93· . 111. 
±8. ±4~ < • ':t:46 . .. 

10-75 10•75 78 88 106 
10.75 11.2 75 85 102-l:.. . 2 

10-75 11.6· . 75 . 86 ,103 
10.75 . 12.0 76 .87 . 105 
10.8 10.8 71 9Bt 117~ 
10'.8 11.2 68 941. 114 

---10.8 11.6 . 69 97
2 '116 

10.8 12.0·: 69 101 118-k-2 
10.85 11.2 58 103 123 

'·- \ 

.. , J.d 
Temp. 

.... b b v' ·c w2· ElJ:_. . E5.· obs 

247° Exp. 100.3 48.1. 
±2~1 ±2.3 .. 

!> 

10.8 12.0 101 44 
10~85 11.4 102 44 

\S 
·i.._;~:· l0.-85 12.0- 101 48 

-., 10.85 -13-0 100 49~-
10.9 10-9 . 103 4Ll. 
10-9 . 11.4 101~-

2 47_.1,-
10.9 12.0 100 5Jl 
11.0 11.0 .l02t 51

2 

'• 
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Table I continued 

a 

b 

c 

Spectra were calculated using.Eqs. (8-13) and (15). The observed 

chemical shift from CFC1
3 

and ~he width of a sideband of. the 

solvent :peak, taken as the .natural line width in,.-the calculation, 

were 3112.6 and. 2.0' at 198t>} 3110.0 and 3·0 (206°) ~ 3109.1 and 2.7. 

(216!0
), 3119.6 and 2.9 (222Y), 3179.0 and 3.0 (230°), and 3198.6 . .. 

v
0
b: is the chemical shift corrected according to equation 18 and 

less 3112.6 c:ps. 

d 1'13/4 is the width of the ·main :peak at 3/4 height, etc. At :216.1.0 

2 

the width is obtained from the dashed line shovm in Fig. 4. 

e Coalesced. 

•···· .. .. .. 

.·, 

I 

.......... 
·,• 

... 

., .. 

i 



' 
.• 

·" 

'..; 

-21-

where T is the absolute temperature. The experimental chemical shifts 

'from the solvent are listed in footnote a of Table I. 

The e~perirrental spectra are shmm in Fig. 4 at several temperatures. 

The chemical shifts and line vridths are tabulated in Table I for the 

experimental and several calculated spectra. 

At 198oK the spectrurr1 calculated with E4 = 10.85 kcal/mo~e reproduces 

the observed l'l'idth of peak l. The spectra .calculated with all three 

barriers the same makes peak? 3 and 4 broader than peak 1 because the 

chemical shift betvreen the fluorin~s vrhich are exchanging when II rotates 

to III is less than the average chemical shift between the fluorines on 

I and II or III. Increasing E
5 

prevents direct interconversion of II 

and III; E
5 
~ 12.0 kcal/~ole gives the proper width of peaks 3 and 4 • 

. 
The experimental spectrum at 206° is similar to the one at 198°; it is 

reproduced with E4 = 10.8 and E
5 
~ 12.0~ ,.,·· 

At 216t°K there is a set of values of E4 and E
5 

which reproduce 

,fairly well the observed spectra. Three members of'this set are 10.8 

and 13.0, 10.85 and 12.0, or 10.9 and 11.3. If E4 := E
5 

then the 

difference in widths of peaks· l and· 3 .is much larger than observed. 

The half-widths .have been measured from _the dashed line in the spectra, 

which introduces an added uncertainty· of choosing the proper base line. 

It is impossible to measure the half width of peaks 3 and 4 from the 

true base line due to overlap with peak.l. 

Several calculated spectra at 222t°K are shown in Fig. 5. The 

· calculated spectra vri th E
5 

-:: E4 clearly show peaks 3 and 4 coalescing 

before peaks l and 3 coalesce, vrhereas the experimental spectrum sholiS 

both 3 and 4 as discernible peaks on the side of peak 1. :·,·E:, = 10. 7, 
. . '-r . 
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E
5 

= 12.0 and E
4 

= 10.75, E
5 

= ll. 2 both duplicate the experimental 

spectrw~. If the barriers are the 'same, then peak 3 cannot be seen while 

maintaining the observed chemical shift between peaks 1 and 2 in the 

calculated spectra. 

At 230°Kthe set of barriers which reproduce the observed spectrum 

includes E
4 

= 10.8, E
5

_ ~ ll.2 an~ E4 .= ·10.85, E
5 

= 12.0 .. Choosing all 

barriers equal reproduces the qbserved line vridth and frequency at this 

relatively high temperature smly because of the symmetrical appearance 

of the spectrum. E
4 

= E = 10.8 has approximately th.e same .>·ridth as . 5 . 

E
4 

= 10.8 and E
5 

= 12.0, but the former is_ a more symmetrical :peak w·hereas 

' . 
the latter has a much larger upfield tail. .At high values of E

5 
an 

upf'ield peak (due to rotamers II and III) of sufficient· intensity to 
. 

cause a slight increase in the widths is being superimposed on the main 

:p~ak. .· 
At 247°K there is a set of barriers which will fit the observed 

spectrum. At this relatively high temperature the lines are narrower 

and the ef:fects· of E
5 

on the spectra' are reS:dily noticed_. If the 

barriers were the same it would be .nec.essary ·to increase E
4 

to 11.0 to 

reproduce ·the s:pectrw-n, whereas E4 = 10.8,5 and E~ = 12.0 :provides an 

equally good fit. 

The above data show that choosing the barriers in CF 2Br-CC12B~ ·_as 

E4 = E6 = 10.8 ± _.1 kcal/mole and E
5 

? 12.0 ± .5 kcal/mole can reproduce 

·the experimental spectra over the 60 degree temperature range in which 

the coalescence of the peaks can._be observed. Spectra have.been taken 
. . : . 

at.several additional temperatures with results substantially similar 

to those described above. These spectra as well as several additional 

calculated s:pectra e.:>:® do:pict~d. elsewnere. 14 

• 

'. 

_,, 

i • 

" 
\J 
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Qualitative results were also obtained in cs2 solution. In this 

solvent the lower barrier >vas the same, or possibly slightly lovrer, 

than in the CFC1
3 

solution. Since the absence of a solvent fluorine 

resonance made it impossible to estimate the field homogeneity· quant'i~· 

tative comparisons were impossible. 

CfClBr-CFCl.Br 

Thompson, Nevn:nark, and Se,.O.erholmq obtained. ·the barriers in CFCl.Br-

· CFClBr using the Bloch-~kConnell equ'ations. Since the density matrix 

theory can reproduce the observed doublets due to spin-sp~n splitting, 

.the spectra have been recalculated. There are two isomers, each 

consisting of three rotamers, which are drawn in Fig. 6.. The spectrUlll, 

at 177° is shown in Fig. 7· The second and third rotamers of the first 

isomer are mirror images and have identical AX spectra. The fluorines· 

in all the other rotamers are equivalent and only one line is observed 

for each -rotamer ~ 

The analysis ·of. the low temperature spect~a has·.been described in 
. 6 

detail by Thompson et. al. Based on their assignment, IIa resonates 

at peak e ~n Fig.: 7,, IIb at peak a, and IIc at peak h. E4 is the barrier 

betvreen rotamers IIa and IIb, E5 between IIa and IIc,. and EE; between IIb 

and IIc. Note that IIb has the bromines trans and is assumed to be the 

stable configuration~ Primes have Qeen used to. distinguish the barriers 

in isomer II from those in isomer I. The assignment for rotamer I is 

unambiguous since Ib and Ic contribute equally to the doublet peaks b, c; 

f, and g •.. The remaining peak, d, is assigned ·to Ia. E4· is the barri.~r 

betvreen Ia and Ib, ~hd is equ~l by syraJnetry to E6, the barrier ~ween 

Ia and Ic. E5 is the barrier between the mirror image rotrumers, Ib and Ic. 

'• 

I I . ' 

'·• 

\ 



-24-

The exchange betvreen the rotamers of 
1 
the second isomer can be 

described exactly by the modified Bloch equations since no coupling is. 

observable. The spectra at intermediate rates of exchange·have only been 

obtained in cs
2

• Since the field homogeneity is not known, only qualitative 

results are reported here. There· are tvro main differences betvreen the 

barriers reported here and those determined.previous~. First, kinetics 

• 

based on~= 1 have been used: so that all the barriers are about .4 kcal./~ole ~ 

higher than previously repor~ed. Second, it is possible to observe the 

tvro different barriers in the firsf isomer by observing the coalescence 

of the doublets due to rotamers Ib and Ic. 

._! The experimental s:pectru..~ and several calculated spectra at 194°K .-

are shown in Fig . .a·. A natural line width . of .3. 0 cps has been· assumed 

for the calculations. This is reasonable since the spectra were taken 

after obtaining a good field at a temperature only 10° lovrer where t.he 

lines are sharp. . The observed ratio of the heights of peaks a and h 

requires 

be about 

that E' and E6 (denoted as EP5 and EP6 on the computer output) 
5 

.8 kcal/mole greater t~an E4~ Choosing either E5 much larger, 

about 1 kcal./mole! than E6, or E6 much larger than E5 makes peak h 

much.sha:r>per·than peal\_ a .• This effect occurs since either .condition 

restricts the . rotati.on. of· ~pecie.s IIc (p~ak ·h) s~gnificantiy ~ore than 

i.t affec:ts. IIa (peak a). IIa· is already undergoing rap~d exchange iv'ith 

IIb and its resonance becom~s essentially. indepex;dent of E5 after. E5 
becomes about • 5 kcal. /mole greater than E4· · · A small difference between 

. E5 and E6 is not detectable vri thin .the present experimental error, so 

the two barriers were set equal for,the remainder of the calculations • 
. . 

The best width for peaks a and h is then obtained with. E4 = 9.8 kcal./mole 
'. . . . ' I ' , . ' . ~ ' . 

.. · .. ' ·. :: :' .:-:';: .. }:,: ·;·. , . 

.. 
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and E5 = 10.5 kcal./mole. Using these values,.the observed vrid.th of peaks 

d ~nd e is obtained >·rith E4 = 10.1 k~al./mole. Finally, the d~u~lets ay.e.: 

only observed if E
5 

is increased substantially above E4, to 11.0 or 12.0. 

Although the doublets could be observed by making·E4 and E
5 

the same, 

about 10.4, the width of peaks d and e is much too sharp. This confirms 

the conclusions reached in the analysis of the CF2Br-CC12Br data that the 
j 

highest barrier is necessary to reproduce the observed spectra;.and 

consequently the transmission•coefficient must be near unity. 

Experimental spectra have also been taken at 207° and 233°K. 6 At 207°C 

the experimental spectrum is duplicated with E4 = 9·9, E; = 10.8, E4 = 10.2, 

and E5 = 12.0 at a line vridth of 3.0 cps. That it is necessary to increase 

all the barriers by approximately equal amounts probably indicates a , 

small error in the temperature measurement. At 233°K it is possible to 

reproduce the experimental spectrum vrith the same choice of barriers/ 

vrhich gave the best fit at 194 °K if a natural line width of 20 cps is 

14 used. The magnet inhomogeneity may have been this large for these 

spectra, and cannot be determine~ in the nonfluorinated solvent. 

· The reinvestigation of the data for this compound show that the 

barriers are unchanged with t'emperature, within .experimental error, 

and are given approximately by the values determined at l94°K. 

A third compound containing only two fluorines has ·also been studied • 

. There are tvro identical rota.-ners of CFCl
2

-CFCl
2 

with the -fluorines gauche 

to each other. The third rotamer has the fluorines trans. In both 

rotamers the fluorines.are equivalent. A 33% by volume solution in CFC1
3 

.· .. 

\ 
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The vras prepared. The compound vras contaminated. by about 25% CF 2Cl-:-CC13 • 

single resonant peak of the latter occurs 65.086 :ppm upfield from CFCl3 , 

and 2.722 ± .006 ppm downfield f~om the single CFC12-CFC12 peak at room 

temperature. This impurity peak did not interfere with the interpreta~ion 

at any temperatures. Tiers21 has obtained a shift of 2.755 ± .Ol ppm·at 

21 °C for a. 90% solut.ion of the difluoroethanes in CFCl
3

; the difference 

from our value is due .to the dhemical 'shift . dependence on the temperature 

and solvent concentration .. 

At lmv temperatures exchange is sufficiently slmv that the spectrum due 

to CFCl2-CF~12 consists of t1vo sharp lines} with relat~ve. areas of·l.OO: 

1. 33 ± .• 03 at 151 °K. /Assuming the trans ·r'?tamer· is the lowfiel'!-. peak, then . 

the d~generate gauche rotamers comprise the highfield peak, and the epergy 

of the gauche forms is 122 ± 7 :ca.l/mole. above the trans form. 

The"chemical shifts} v
1 

and v2, of the rotamers from the solvent-are/ 

tabulated in Table II. These have been plotted against temperature at low. 
. . 

temperatures where exchange does. not· affect the transition frequencies. 

Extending the -straight lines to 300°K gives chemical shifts of 3767. cps 

d 3866 t ly U . th rr.._~ 11 • t. 20 an • cps, respec ive . s~ng e.: ~., ... me average approx~ma ~on, 

the chemical shift. at 300° is· calculated t_o be. 3"828. cps'. l'lhich compares 

' 
well with the experimental value of 3824. cps ·considering the narrow 

temperature range over which the chemical shift of the individual rotamers 

· has been obtained. 

' 
The alternative assignment of the low temperature spectrum; choosing 

the trans rotamer as the highfield peak} yields gauche rota.'rJler energies 

of 294 kcal/mole. Then the spectrum observed at 194°K should consist of 

tvro peaks of eq_ual i~tensity, contrary to experiment. Further, the 
.. 

chemi.cal shift at room temperature calculated from the n u' time average 

approximation would be 3811. CP?· 
'• 

.': 

. . ' 

(J 
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Table II. 

Chemical shifts) peak widthsJ and barrier to rotation of CFC12-

CFC12 in CFC1
3

. All frequencies are in cycles per second at 

.56.4 Me. Experimental'spectra are.shown in Fig. 9· 

Doublet a 
Separation vl 

a 
v2 

15loK 57~91 ± .25 
. ~ ~ 

3839·7 ± ·5 3897·6 ± 
154 58-9 ±, . 3 ~ 3837-4 ± ·3 3896-3 ± 
160 59·6 - -3 3835-6 ± ·5 3895·2 ± 
167 61.9 ± -3 3831.6 ± ·3 3893·5"± 

b Doublet Widthc vlidthc 

·5 
·3 
·5 
·3 

·d 
Temp. 2/T2 Separation Peak 1 Peak 2 ·Barrier 

177°K 2.6 ± ·3 63.1 ± • 5 6.8 ± ~3 6.o ± ·3 9·5 
186 l 4.4 ± ·3 62.6 ± .6 16.3 ± .6 13-0 ± .4 9·7 . 2 

. 188 3-2 ± ·3 62.4 ± 1.1 17-7 ± 1.0 13-1' ± 1.0 9·7 
191 7-0 ± 1.0 52.8 ± 3· 28. ± 4. 9·6 
194 . 4.6 ± ·7 45- ± 2. 30- ± 4 • 9-65 
196 ~ 6.4 ± 1.0 (2.0) 61. ± 3· 9·6 
198 2.8 ± 'J (1. 5) 50- ± "' 9·6 ·...> .)· 

200 2.8 ± . 4 (1.1) 38 . ± 2. 9·6 
204 2.6 ± ·5 24. ± 2. 9·6 

'213 .. 4<' 8.. ± 1~0 12.8 ±. .6 9·6 , 

a 
Chemica.l shifts from the soJ.ve~t 1 CFCl

3
. 

, b 
Width at half height of solvent sideband. 

c 
Width at half height. Above 190°K there is only one peak; its vridth 

.is given in the peak 2 colurru~. The numbers in parentheses in the peak 1 

column denote the asyrr~etry of this peakJ calculated as tte ratio of the 

distanceJ at. half height J from the center of the peak to the lm·r field 

. ·'" 

" 

'. 

,. 
•' 
I 

I 
) 
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Table II continued 

side divided by the dj.stance from the center to the high field side, 

."'vhere the center is that point under the maximum of the peak. 

d ·The ba.rrier is obtained by comparison to the calculated spectra. 

/ 

The parameters obtained from these spec~ra.are tabulated for several 

values of the barrier at each temperature in Table IV of referenc~ 14. 

/ 

; 

.-· 

'l!'lt •• ' 
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There is also a linear dependence of the chemical shift between 

rota.•·ners· vrith temper'ature of· 0.20 cps/degree. It was assUmed that the 

temperature dependence remained linear at all temperatures and spectra 

were-calculated using a corrected chemical shift, 

= v
150 

+ 0.20 (T ~ 150) (19) 

where vm is the chemical shift at temperature T •. 
I 

The experimental spectra ,at several temperatures are shown in Fig~ 9, . 

and the line widths and c~emical shifts are tabulated in Table II. Since 
. 

exchange betvreen the tvro gauche rotamers does not change ~he . environment 

of the fluorine· atoms, this rate is unobservable. The only observable 

barrier is for the rotation between the trans form and either one of the 

gauche forms. The spectra were calculated with the Bloch-McConnell equations 

since no spin-spin coupling is observable in the rot&~ers. Since only 

two species are observed, identical results can be obtained using the 

expression developed by Gutowsky and H~1m, 22 but with an additional factor 

of tvro in the rate to account for the two possible paths of rotation. 

The calculated spectra appear identical to the observed· spectra in Fig. 9 

for the proper- exchange rate.·· 'rhe inhomogeneity of the magnetic field,. 

obtained from the width of the solvent sidebands used to calibrate the 

spectrum, contributed significantly to the width of the peak at .some 

· temperatures and were included in the calculation. 

The barrier was obtained at each temperature by comparison of the 

calculated and experimental spectra, and the best value at each temperature 

- "'. 

is also listed in Table II. The mean value of the barrier is 9.6 ± .1 kcal/mole, 

independent of temperature. 

'• 

'. 
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The lm-r temperature spectrum of the three rotamers of CF 2Br·-c:F:Br:{·:_-:·.: 

in carbon disulfide viaS first observed by Manatt and Elleman:. 23 Spectra 

were first taken in cs2, but the sample always froze before the low 

intensity peaks of the spectrUI!l, broadened by exchange, could be observed& 

It is also convenient to·use} fluorinated solvent in order to improve 

the field homogeneity conveniently at lovr temperatures. Therefore, the. 

barriers were obtained in a solution 40% by volume in CF2Cl2• 

The three rotamers are dravm in Fig. 10, and the spectrum at 152°K 

is shovm in Fig. 11. Rotame'rs I and II have identical .ABX spectra, and 

peaks.l-8 and 11-13 .are clearly attributed to this rotamer. The remaining 

'fi:e peaks comprise an A2X spectrum due to rotaroer III, in which two 'of 

the. fluorines are equivalent. The additional peaks between peaks 8 and 9 
.,.· 

in Fig. 10 are due to impurities; these_peaks remained sharp at all 

temperatures. At 145°K, peaks 1, 2, 7, and 8 are as sharp as peaks 3-6, 

but it is then i~possible to observe the triplet of.rotamer III, as the 

population of this rotamer decr-eases .rapidly with temperature. However, 

the .coupling constants and chemical shifts (in cps from the solvent) of 
""' .. 

rotamer I could.be accurately determined~ ·JAB= 168.1, JAX = -16.~, 

. JBX =· -18.4, ~A= _2843-5, vB ~ 3014.2, andvX = 3616.9 cps. 

At 146°K the relative areas of peaks i-8 and 9-10 is 1:2.023 ± .14, 
\ 

from which the energy of rotamer III · (relative. to rotamer I) is 760 

kcal/mole. The coupling constant and chemical shifts for the third 

rotaroer vrere obtained at 150°K ·~ J AX = -21.5, v A = 3330.5, and vX = 3885.2 

cps. T:"le signs of the coupling constants vere determined as follOi'TS. 

Nanatt and Elleman23 shmred that J PJC and JBX in rotamer I are negative, 

.. 

I 
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assuming JAB is positive. Presuming that time averaging is ~ualitatively 

valid, the coupling constant at room temperatUre is calcul&.ted vrith both 

positive and negative signs f_or JAX in rotamer III. The results are -15·3 

and.-17.6. The experimental value in CS2 is /17.11, from which it follovrs 

that JAX in rotamer III is also negative. 

As the temperature is increased above 150°K peaks l-2 and 7-8 of the· 
.. 

AB octet become significantly broader than peaks 3-6 (Fig. 11). As the 

temperature is increased fur~her the outer peaks can no longer be dis-

tinguished from the noise, and only the central AB ~uartet vas studied. 

This region is sho-vm at four higher temperatures· in Fig. 12." At i63o 

the ~uartet is collapsing into t1.,ro peaks. The entire spectrum at 167° 

is shown in Fig. 13. All of the peaks are sharp except those due to the 

AB octet of rotamers I and II. The latter coalesces to a broad line 

about 90 cps wide at.l71°. As th~ temperature is increased further ~his 

sharpens into a doublet, observed at 185°. At higher temperatures the 

doublet coalesces and the triplet (peaks 11-13), which.remains sharp 

"C.ntil 185°, orbadens and coalesces at'about 197°K. Several spectra of.the 

triplet peaks are shown in Fig. 12. Above 213° the t.riplet reappears, 

and the doublet.torms again above 217°· At room temperature an A2X 

spectrwm consisting of five sharp lines is observed. 

The results are ~ualitatively explained for exchange between.three 

ABX systems by the follovring argument.. E4, the barrier between rotamers 

I and II, is much less than E
5

, the barrier between r6tamers II and III. 

By symmetry, E6, the barrier bet1.,reen I and III, is e~ual to E
5 
•. Rotation 

from I to. II occurs at relatively low temperatures 1 -vrhich interchanges 

the position of the A and B fluorines, but doesn~t change the environment 

'• 
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of the X nucleus. The X region of the spectrum and the doublet of rotamer 

III are only affected by rotation from I or II to III. ThiL does not 

occur to an appreciable extent until' you reach the high temperature end 

of the coalescense range. Thus the triplets remain sharp until about 

185°K. The doublet in the AB region is observed from 185° toabout 197° 

since the exchange between I and II has become so fast that the fluorines 

are almost averaged. Above 200° 7 E4 has only a minor effect on the.AB part 

of the spectr:w~·. The X portis.>n is independent of E4 at all temperatureso 

The frequency-separations and peak widths for the observed and cal-

culated. spectra at several ~emperatUres are tabulated in Table III"for 

the .AB region and Table IV for the X peaks. The calculated spectra repro-

duce the appearance of the experimental spectra for the proper choice of the 

barriers.and are not-shown here. Qualitatively, the chemical shifts 

tabulated in Table III are explained as follm.;s. · There is a dovnfieJA 

shift of the .AB octet with temperature, due to intermolecular. interactions 

vith the solvent, ~~til about 185°K •. At this. point the octet begins to 

coalesce with the much .less intense doublet of rotamer III, and only an 

averaged A2 spectrum is observed of all three rotamers at a veighted. 

intermediat-e frequency. As the. temperature. rises the population of rotamer. 

III . increases, i'lhich .·would shift the. lines upfield. However the do~-nfield 

chemical shift of the individual rotamers with temperature causes an· 

approximately equal and opposite effect, so that the_ frequency of the 

doublet. is essentially unchanged from 219° to 237°· 

The center of the AB region at 237° is observed 2937.6 cps upfield. 

from the solvent, vrhereas the chemical shift is· calculated to· be 2965 o 0 . 

cps from the 'lo-yr temperature data, a discrepancy of 30.4 cps. At 185° 

,'• 

.• 
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Table III 

Calculated and observed frequency separations and line widths 

nu.mbered as in Fig. 11 at low temperatures. The doublet 

observed at temperatures above 167°K is labelled as peaks 

4 and 5. -v:4 5 
is the width 1 at half height 1 of peaks 4 and 

} ' . 
5 together. The experimental spectra are sho-;m in Figs. 12-

13. The calculated spectrum ivith an asterisk give the best 

fit to the experimental spectrum. All.values are in cps. 

Temu. . ' ' "if 6 
5' ' 

163°K Exp. 11.1. 47-9 14-7 38-5 39:-6 
±1.0 ' /' ::r::.o ±.6 ±2.0 ±2.0 

7-6 9·9 12 51;} 14-!- 411-.. 43-~ 2 
7·65 9·9-){- 13-!- 52-!- 151. 38 391-.. 
7·7 9·9 14 53 16

2 
35-!- 36

2 

Temp. Eb 
4 

Eb 
5 

v4-v ' 5 w4,5 

167°K Exp •.. 54 ± 2 95 ± 2 

7-6 9·9 ', 47 95-!-
7·7 9• 9·X· 57 1021. 2 

. 174 Exp. c 68 ± 21-.. 
2 

7·6 9·7 c 58. 
' 7-6 9·9"* c 58 

7-7 9·9 c 73 
7.6 10.1 c 58 

.• 
'i 

~----~----~======~------~--------------------------------~-----
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'· 
Table III ·continued 

b Eb d 
Temp. E4 5 v4-v5 '\1!4; 5 VAB 

.,. 

'' .. . :·.: .; 
l.·.:' .. 

,:· ... .t.•.'··:·.·:· . 
.····' 

185° ·. Exp. 9 ± 2 42 ± 1 2907-7 ± 1> ... · 

7-7 9·9 lL~ 36t, 2929 
7-8 9·8 9 41 2929 
7-8 9·9* 9 40 2929 
7.8 10.0 .. ' 10 "91 2929 .) 2 
7-9 9·9 c • l+4 2929 
7·9 10.0 c 431.. 2929 • 2 

.. 
·210 Exp. c 49.0 ± 1.5• . 2924.5 ± 1.2 

7-7 9·8 c 45~- 2951 . 
7-7 9·9'* c 47 2947-~. 
7-7 10.0. c 47 2943-~ 
7·7 10.1 c '. 45t 2940 
·7·9 9·9 c 47 2947t . ' 

237 Exp. 16.7 ± ·9 9·5 ± ·7 2937-6 + ·3 
. I 

17.1. 2965 7-7 10.0 . 7· 7 
7-7 10.1-* 171 9·6 2965 

a Spectra were calculated using Eq_s .. ( 8-13) in the ABX approximation 

c 

and Eq_. (15). The natural line width, in·the absence of exchange) ·u:sed 

in the calculations was 2.6 (163°K); 3.2 (167°)) 2.·5 (174°, 185°)~ 2.3 

(210°) 1 and 1.8 (237°). 1 

· Lines coalesced. 

d vAB is th~· chemicai shift of the AB line ( s) from the solvent. Belm-r 

· 185°K the calculated values are all 2929 cps, the experimental values are 

.. · 
.'i 

.. 
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Table III .1... " convl.nuea. 

corrected. for the temperature dependent intermolecular solvent inter ... 

-· 

:··, 

, . 

\ 
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the discrepancy betvieen the observed and calculated value for the location 

of the AJ3 octet is 21.5 cps, ·and at 152° the difference is about zero. 

Either a nonlinear temperature dependence or a substantially different'. 

temperature dependence for the ·chemical shifts of the two different 

rotamers appears necessary to explain these three points. Nevertheless, 

assuming the differ.ence is linear between 185° and 237°, then ·the corrected 

values of the chemical shifts are within experimental error of the calcu-

lated values (see footnote d ,of Table III). 

The • J.. aava in Tables III and IV indicate the best values for the 

barriers to internC).l rotation are E4 = 7. 7 ± '~·2 k~al/mol~ and E5,: E6 = 

9·9 ± .2 kcai/mole. Although the experimental spectruni at any .temperature. 

can be reproduced, .. the best value for the barrier· E4 varies randomly ' 

from 7.6 to 7.9, and for E
5 

from 9·7 to 10.1, due to the error in 

determining the temperature in the'se experiments. At most temper-atu..r'es 

changing the barrier by .1 kcal/mole changes the appearance of the 

calculated spectrum sufficiently that the best value is readily determined. 

This is quantitatively seen fro~ the widths of the peaks given in 

Tables III and IV • 

... .. 

24 : Brey and Ramey first obtained the low temperature spectrum of 

·the three rotamers of this compound. T.he assignment of the low temperature 

spectrum is discussed in detail by Newmark and Sederhol:rn.. 20 · In the 

spectru.."ll at 150°K (Fig. i4) peaks l-6, 10-11, and 16-18 are assigned to 

an ABX spectrum of rotamer I; peaks 9, 12-15, and 22-24 to rotamer III, 

and peaks 7-8 and 19-21 to· rotamer II. The fluorines. in II .are nearly 

degenerate. Tne chemical shift between the fluorines in rotamer II was 

'• 
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Temp. 

l88oK 

196. 

. 
199 

210 

.. 

217 

-37-

Table N 

C2.lculated and observed frequency separations and line -vridths 

peaks ll-13 in Fig. ll, '\·ras studied. 
.1. . 1 

v.r4 J..s tne width at 4 
1 . 

he.ight of peak 12, and vf2- is the vTidth at t height. The latter, · 

as seen from the spectra reproduced in Fig. 12, usually includes 

part of peaks ll and 13. The calculated spectra with an 

asterisk give the best fit to tpe experimental spectra. 

.,.,b 
,1!;5 

Exp. 

9·7* 
9-8 
9·9 

Exp. 

9·7 
9·75* 

;· 9·.~ .. 

Exp. 

9·7 
9·8* 

Exp. 

9·9 
1o.o-¥.· 
10.1 

Exp. 

9·8 
9·9 

10.0* 

17.0 ± .4 

17 
17-~-
17-~ 

14.5 ..... 1~0 ..... 

c 
15~-
151-

.• 2 

c 

c 
c 

c 

c 
c 
c 

16.8 ± .6 

17 
17 
17 

.1. 
W4 

lt).8 ± ·5 

17~-
17-1,_ . 
17f 

2 

15.7 d 2.0 12.0 ± ·.s 
15 13t 
15-~- 12 
16.1.. 10 2 ' 

c 17.2 ± ;J...O 

c 18;t 
c J.6 

c 22. ± 3·5 

c 16 
,c 19t 
c 23 

15.6 ± .8 9-4 ± .8 

17 6t 
. 17 8 

15 10 

.. 

1 
w?.-

8.7 ± 

al 
..12 
7l.. 
6i 

2 

39·3 ± 

4lt 
41 
40 

42.4 ± 

43t 
43. 

44.3 ± 

43 
45 
45 

,/.'6 

1.3 

.• 8 

1.5 



Table TV · continued 

a 

b,c 

See :footnote a, Table III. Line vridths used :for spectra in this 

table are J .• S cps (l88°K), 1.9 (196), 2 .. 1 (199), 3.2 (210), 2.2 (217), 

a<"ld 2.o (238). 

·sru~e as Table III. 

/ 

/ 

.· 

·' 
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determined by finding what value of this parameter 1 when us~d in the time 

average approximation} yielded the .observed high temperature spectru..."ll. 

,.,, • • J.. 1 e-rro·;.· l. ·n. -!-.'nl· s calC'l..L" <1+ion l. s i·he e·ner.rny, ..L.ne maJor experlme11va:~... _ - ~ \- v.v- ... ..... ,., o..; of 

:rota"ller III, vrhich i:::troduces an uncertainty of about 11 c:ps in the value 

of ( vA - v.,..,) T-. Consistent results are obtained for the high temperature 
.D ~J. 

spectra for a range of chemical shifts and rotamer energies about the 

values used in the original calculation, E
3 

= 746 'c al/mole and ( v A 

-11.0 cps. 

Increasing the temperature tol54°K coalesces lines 7-8 and 19-21 of 

rotamer II. At 158°K (Fig. 15) all the pairs of doublets have coalesced 

except peaks 12.,.15 and 22-24, which are shovm in the eXJ?erimental spectrum 

at a higher gain. The temperature must be increased above 165oK before 

these peaks coalesce. To calculate this feature it is clearly necessar.r 

that rota:mer III be isolated from the other tvro rotamers, which are ' 

interchanging fairly rapidly at 165°K. The calcul~ted spectra will only 

reproduce ·the experimental ones if both E
5

, the barrier between rotamers 

II and III, and E
6

, the barrier between rotamers III and -I,;.· are 'at -least 

8.8 kcal/mole. The observed width. of peak 12, 7. ± 2 cps at 154°K, 

9 ± 2 at 'l58°K, .and 13 ± 2 at 162°K, can.be reproduced either by taking 

E
5 

= E6 , or choosing one of the tvro barriers higher· than the ~ther •. 

Because exchange is occurring so rapidly between rotamers I and II, the •· 

calculated spectrum depends primarily on the total rate of exchange of 

I and II with III. At higher temperatures peaks J2-l5 have. coa~esced 

'\·ri th peaks 1-11. A large number of spectra 1vere calculated at 186 o and 

196° in which E
5 

and E6 vlere separately varied in the range 9· 0 to 10.5 

kcal/mole. However, the spectra calculated vri th E
5 

not equal to E6 could 

.· 
'• 
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alvrays be obtained 1·ri th both barriers the sa.<1le.1 at some intermediate value 

·of E
5 

and E
6

. For example, the. calculated spectru..-11 vrith E
5 

= 10.0 and 

E
6 

= 9.0 differs negligibly from the one •trith E
5 

= E6 = 9·1 at 186oK. 

· Consequen)cly, in the discussion vrhich follovrs all spectra vrere calculated 

v;ith E
5 

equal to E6 • 

The observed width of peak 12 is obtained.with E
5 

= 9.0 at 154°K, 

9.1 at 158°K, and 9.2 kcal/mole at 162°K. This large variation is 

:partially due to varying degrees. of saturation of the peaks; which was 
;. 

necessary in order to observe them. Saturation introduces additional 

broadening of the peaks,· so that the true vridths should. be narrm·i"er; and 

the actual energJ slightly higher. The form of the rest of the spectrum 

.is accuratelJ:" reproduced vrith E4 = 7.8 kcal/riJ.Ole at these three tem:p.eratures. 

In :particular, at 158° 1 the ividth of peaks 5-6 is calculated to be 38-t 

cps for E4 = 7. 7, and33 cps for iS~ ,;, 7. 8. · The experimental value .is 

34 ± 2 cps. At 162° (Fig. 16) the results for the width are 45 cps (7. 7), 

55 cps (7.8), and 51± 4 cps (experimental). The frequency separations 

are unchanged, vrithin experimental error, from those observed at. l50°K. 

Note that decreasing E 
5 

to 9-0 in Fig. 16. makes peaks 12.-15 much broader. 

T.he.. spe<:!try.m at l65°K is reproduced _pest with E4 = 7·9 and E
5 

= 9.2. 

Increasing the temperature to 171 °K coalesces peaks 12 and 13, and 14. and 15. 

The frequency separation between :peaks 3-4 and 5-6 (the latter is the 

large peak at 400 cps on the scale ,in the figure) has decreased at this 

temperature to 119 ± 4 cps, and this difference continues to decrease 

as the temperature is raised until it is only 21.7 cps at 23l°K. At most 

intermediate temperatures it is a sensitive fu...'1ction of, the b·arrier. 

For ex~~ple~ it is 102 cps for E4 7-8·and ll6'c:ps for E4 =7·9 at 171°· 

'• 
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The· observed vrid.th, 61 cps for peaks. 5-6, is somevrhat larger than that 

calculated. ( l.j.7 cps for the 7. 9 barrier). The splitting of peaks 16-18 

into a triplet occurs at E4 = 7.8,E
5 

= 9.2 or E4 = 7-9, E5 = 9.4. This 

shovrs exchange bet1·reen rota..'!lers I and II is occurring so rapidly that the 

fluorines are ~veraged.. The triplet is coalesced again at 186° as the. 

exchange vrith rota..'ller III becomes effective. 

At 186oK the experimental frequency difference bet;.reen peaks 3-4 

a.."ld 5-6 j_s 60 ± 4 cps, and. thr:: l·rid.th of peak 5-6 is 43 ± 2 cps. The 

·respectively. If E4 is bet'deen 7.6 and 8.0, then the fre~uency separation 

is 68 cps and the 400 cps peak is much sharper. The considerable d.iscre_. 
. ··· .. 

pancy betvreen the energies required to calculate the spectra at 186° 

compared to the other temperatures may be due to an .abnormally large error 

in the temperature calibration. 

An alternative explanation is the error in the energy of the third. 

rotamer, >·rhich directly affects the chemical shifts of rotamer II used in 

the calculation. At 186° the exchange'between I and II is rapid, so that 

the calculated chemical shifts are independent of E4 if it is less than 

· 8.1. • Exchange vrith III is sUfficiently slo;.; that the effect of E
5 

and 

E6 is s~ight. If E3 >·rere 50. c al/mole higher, the calculated. chemical 

shifts would be about 5 cps smaller, at 186°K. At other temperatures a 

' small adjustment in the barriers, about .• 1 kcal, changes the calculated 

chemical shifts sufficiently that an error in E
3 

would be unnoticed. 

At 196° exchange' betv1een rotamers I and II is so rapid that the 

spectrum dep~nds only on the value of E
5

. The choice of E = 9.2 gives 
- i 5 

the best fit to the experimental spectrum, in i·rhich the .e..'<:Perimental 

\ 
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and calculated chemical shift between peaks 3-l.~ and 5-6 are both 5l~ cps. 

Hm·rever the \·ridth at half height of the large peak is calculated to be 

.1..' vn.e experimental value is l:.8 ± 4 cps. The vridth . 

for the peak at 950 cps is calculated to be 47, and the experimental 

result is 52 ± 4 cps. Changing the barriers does not make the peaks 

r 
significantly broader, but does change the chemi?al shift by about 5 cps 

for each .1 kcal, so that the discrepancy between the observed and calcu-

lated 'l·ridth may again be due to a slight saturation of the peaks. 

At 205° the barrier E
5 

is about 9·3 kcal. The AB part of the spectrQID 

·(from 200 to 6oo cps) is becoming the usual octet of peaks for an .ABX 

spectrum, and the X part of the spectru.t'u sharpens into a triplet. The . 
peak at 430 cps (on the scale in the f~gQre) is due to the A fluorine ' 

• • • . . • • b -:IT 1 d . s ' h ~ 20 
~n -cne no-ca-c:LOn useQ y 1~evrm.arK.. an eQer o.Li'n. Referring to Table I 

of their paper, v A in the three rot'amers at l50°K is 3438.8, 3474.5, / 

and 3639.9 cps upfield from the solvent 1 respectively, whereas the chemical 

shifts for VB are 3194-2, 3485.4 and 3859.2 cps. Thus the A fluorine 

resonates in three environments ~hose chemical shifts differ by only 200 

cps, and should produce a much sharper signal than the B fluorine, in 

vrhich the "chemical exchange must be sUfficient to average over three 

environ."nents i·rhose frequencies differ by. 650 cps. The exchcu"lge rate 

must be thre·e times faster for the B fluorine in order to make its 

· peaks as sharp as those for the A fluorine. The splitting of the A peaks 

due to coupling with the FX nucleus can also be observed at a lower temp:era-

ture. This qualitatively explains the appearance of the spectra above 

180°. 

.· 

'·• 
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At 220°1\: the choice of E
5 

== 9· 5 kcal/mole gives the best fit to the 

spectrum} reproducing the vrid.th of peak 5 ( ll. ± l. cps) and the peak 

4-5 frequency difference of 26 cps. Increasing E5 to 9.6 coalesces peaks ~ 

3 and 4. 

It has been possible to determine only the lowest barrier to internal 

rotation in CFrBr-CFBrCl, E4 = 7-9 ± .l kcal/mole. . c 
The exuerimental . ~ 

spectra can be reproduced choosing the hro higher barriers equal to 

9·3. ± .2 kcal/~ole. Hm·rever, ,.since the spectru.;-n is only a fu.."lction of 
.. 

the total rate of exchange vri th the third rot~'1ler, it is i::::-tpossiole to 

determine the tvro other barriers separately. A lower limit of 8. 8 can 

be set on them. 

The three rot~'1lers are drawn in Fig. 17. From steric. considerations, 

rotamer I is assigned to dra'\ving A, II to B, and III to C. Although 

the calcU:ations are independent o~ this assigr~ent, it can be used. t6 

determine the form of the activated complex for the three possible 

rotations. vllien the substituted methyl group, CFClBr, on A rotates 120 

degrees to form rotamer B, it is. necessary that the chlori.ne move pass 

the fluorine, the bromine pass the second flu_orine,· and the fluorine pass 

the bromine·. In the transition state these three pairs of atoms are 

presumably eclipsed. The results on CF
2

Br-CFBr2 and CF
2

Br-CC1
2
Br, in 

vrhich the assignment of the rotamers is unambiguous, indicate that if 

two large halogens, such as a bromine and chlorine or two bromines, are 

eclipsed, then the barriers are much larger. This evidence is ·reviewed 

below .. In CF2Br-CFBrCl it is seen that the AC and BC exchange requires 

eclipsing t-vm large haloge11:s. The assignJnent made above is then completely 

consistent -vrith ·the -barrier determination since E4, the lowest barri~r, 

... 

'. 



CF 2Br-CF.:BrCl 
''I' ,, 

. •, 

CF rBr-CHBrCl '.·ras studied as an approximately 25% by. volw"'lle solution· .. 
c 

in CF 
2
c1

2
. The lmr temperature fluorine spectrum is shown in ·Fig. 18. 

The s:pectrwr. s~oulci consist of the superposition of three AJ3 quartets, one 

for each rotamer; and each line. should be a doublet from the H-F splitting. 

In analogy to CF
2
Br-CFBrCl and~F2Br-CFBr2, the AB coupling constant 

should be about 165 cps . . The spectrum is substantially different from 

that of CF 
2

Br-CFBrCl, ·and the assignm,ent vras finally made by a careful 

consideration of the relative areas· of the :peaks. Peaks 1, 2, 6, 7,. 10, 

and 11 are assigned to the AJ3 quartets of rotamer I, :peaks.3,'4, 8, 9, 12, and 

13 to the AB quartets of rotamer III, and.the remaining :peak, number 5, to 

rotamer II. The t-vro fluorines are nearly degenerate in this rotamer. 

Peaks 1 through 4 should be doublets, but no s:pli tting vras ·ever observed· 

on these :peaks, indicating that tvro of the HF coupling constants are almost 

zero. Peak 5 vras obtained as a quartet on tvro occasion's; the four :peaks 

are 2602.2, 2604.6, 2607.5, and 2610.3 cps u:pfield from the solvent. The 

146°K :proton spectrum consists of 'tvro broad, overlapping :peaks. 

T.he . spectra of the three rotamers vrere analyzed as ABX spectra to 
1~" •• 

obtain the chemical shifts. Although all the H-C-C-F. coupling constants 

that have been reported have the same sign, 25 the res~lts have only been 

obtained in substituted ethanes at room temperature, and on·one substituted. 

ethylene~ The data :presented here suggests the coupling constants at room 

temperature are the superposition of large values for some rota."'!ler.s and. 

small·ones in the others. In :particular, the small coupling constants 

may have the opposite sign of the large ones. We hk.ve assumed both 

coupling constants are :positive in rotamer II. The coupling constantS in 

.. ·· . ; 

~· 
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rot3.ffiers I and III 1·rere taken directly from the observed splittings. The 

results are in Table V. 

The spectrum has been analyzed at 229°K and 303°K vrhere averaged chemical· 

shifts and coupling consta:1t s are observed. These are also listed in 

Table V. The spectrum at 303°K is exactly analogous to peaks l-8 in Fig. 

ll for the AB peaks of rot~~er I of CF2Br-CFBr2 in which the peaks in 

each doublet have the s~e intensity. Consequently the t1-ro IiF coupling 

co:::1stants must have "che sa,11e .sign at 303°K. From the qualitative applica-

tion of the tiille average approximation to the coupling constants it then 
. 

follovrs that the two large coupling constants in rotamers I and III have 

the same sign. The energies of the .rot~~ers were obtained from the average 

of several integral spectra - E2 := 167 ± 13 c a.l/mole and E
3 

= 248 ± 20 

·cal/mole. 

The averaged coupling constants·and chemical shifts at high tempera­

tures have been calculated from the time average approximation. 20 The 

unobserved coupling constants were assumed to be zero. The results are 

in Table VI. The calculated coupling ·constants are larger than the 

observed ones (in Table V) by approximately the same amow~t as the results 

~btain:ed 'in CF 2Br-.CFBrCl. 20 ··The discrepancy vrould be larger if some 

finite values were assumed for the near-zero coupling constants. In any 

caseJ the trend of the two coupling constants is quantitatively reproduced. 

The calculated _value of the chemical shift between the tvro fluorines on 

the same carbon is "\vi thin experimental error of the observed values. The 

observed discrepancies betvreen the calculated and observed. shift fr6m · 
~ 'I ' '~' ',• 

the solvent peak are the usual order of magnitude. These rest~ts sub-

stantiate the conclusions drawn from the CF
2
Br-CFBrCl chemical shift 

'• 

-· 

\ 
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I 

II 

III 

229°K 

303°K 

Table V 

Chemical shifts and coupling constants for the three rotamers of CF2Br-CHBrCl at 123.°K, 

and of the averaged spectnun at 229°K and 303°K. All values are in cycles per second. 

. JAB JAX 

160..8 ± ·5 <2. 

:... 1.8 ± .1~ 

- . 
159·0 ± ·7 18.5 ± 1.0 

161.6 ± • ~- 5·2 "± . 3 

162.2.± .4:' 5·65_± .2 

--------------------···---------··-·------
--··-- ------·---------

JBX 

' 

18.9 ± ·3 

3.1~ ± .4 

< 2. 

8.9 ± ·3 

8.6 ± .2 

. 

a 
VA 

2268.4 -. 
2581~. 3 

3371~. 8 

263o.8 

2631.3 

A 

a 
VB 

. 3298· 8 

"2628.2 

21f67. 4 

2862.5 

2819.1 

a 
VB-VA 

. 1030. t~ 

t,2.9 

-907 ,1f 

231.7 

187.8 

----

a The root-mean square deviation in the chemical shifts is 2.0 for rotamers I and III, 5.0 for II, 0.7 at 

229°K, and 0.5 at 303°· 

---------------------

'. 

.. 
J.. ,. 

.-· -· '":-· ·.·-- __ ..... ..-·--

I 
+ 
0\ 
I 
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,. Table VI 

Calculated chemical shifts and coupling constants (in cps) 

at high temperatures using vreighted averages of the low 

terr.perature data for CF 2Br-CHBrCl. 

.. / 

J . 
AX 

5·3 9·3 233~7 

5·7 8.8 

,.· 

\ 

.&'lo •• 
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' " The spectra at intermediate rates of exchange are shown in Fig. 19. 

The situation is analogous to the experimental results of CF Br-CFBrCl-
2 

the peaks of one rotamer, in this case rotamer ~I, are not-broadened by 

exchange vhereas the other two rotac-ners are undergoing rapid exchange. 

Barriers E
4 

and E
5 

must be at least 7.8 kcal/mole to calculate the 

experimental spectrum 1-rith a sharp peak 5. The choice of E6 = 6. 9 

. kcal/mole (Fig. 20) gives the observed ·width, 70 ± 10 cps, for peak 2 

in the figure at 147oK {the peaks are numbered according fo .Fig. 18). 

Spectra vrere calculated 1-rith E
4 

equal to E
5 

since the previous 

results on CF2Br-CFBrCl showed that the ~pectra will onl:yd~pend on the 
. . 

to·(.;_,:., rate of exchange of II vri th III or I. 

The choice of E
4 

= E
5 

= 8.2 kcal/mole at·l47°K reproduces the 

observed vridth of the sharp peak, 13~ cps~ Changing E4 by .1 kcal. 

·chan~es the width· by less than a cycle at this low temperature. 

'When the temperature is increased to 156° the small peaks become 

extremely broad. E
4

; 8.1 reproduces the width of the.main peak, 

26 ± 2 cps; E6 between 6.7 and ~·9 reproduces the general appearance 

of the spectru111 for this value of E
4

. · ,.At 168 o another peak 385 ± 20 cps 

-
upfield from the. main peak is observed. E

4 
= 8. 0 reproduces the 1-ridth 

of the large. peak, 165 ± 20 cps, and the 9bserved chemical shift. Changing 

E6 has a small effect on the width. 

At l90°K the AB part of an ABX spe~trum is observed., in vrhich the 

dovmfield pair of peaks are much sharper than the i.ipfield pair. This 

appearance is explained in exactly the same manner as the CF
2

Br-CFBrCl 

spectra above 180°. mlh b .d .!.. • . d , "-'-h .,.., 8 2 _ "e o serve · specvrum J..S repro uceu l·n..., • .1!.
4 

= .• , 

E6 = 6.9, or E4 ,;. s·.l, E6 = 7.0. Both barriers have a noticeable effect 

·.-

\ 
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on the spectrw~· E6 is still import&nt·at this relatively high temperature 

because o:f the large che::-:·.:'.cal shift betueen rotamers I and. III. 

At 210 ° ".:;he ex:peri::nental s:pect.rum can be re:prod.uced for v::.lues of E4 

about 8.2 and. about 6.9. The changes in the vridths upon small 

variations of these parameters is insufficient to choose an exact value 

of the barrier at this temperature. 

In conclusion, the lower barrier in CF2Br-CHBrCl is 6.9 ± ."2 kcal/mole, 

and the higher barriers are at least 7.8 kcal/mole. The experimental 

spectra can be reproci.uceci. by choosing the higher barriers same, and. 

equal to 8.2.kcal/mole. 

If steric hindrance of the bromines determines the relative stability 

of the rotamers, then ci.ravring A of Fig. 21 is assigned as rotamer I, ,B 

as II, and C as III. In this case no simple explanation for the variation 

of the HF coupling constants is possible. Hovrever, only drawings A .. anci. 

B have the proton trans to a fluorine, and the probable explanation for 

the observed spectrw~ is that the four gauche H-F coupling constant are 

small and the two trans couplings large. Then drawing A is assigned to 

rotamer I, C to II, and B to III. FA ,is a doublet in rotamer I, FB a 

doublet. in rotamer III, and-·the chemical shift relationships in Table V 

are satisfied. 

The barriers to internal rotation show unequivocably that the barrier 

bet..,reen rotru~ers I and III is over 1 kcal/mole less· than the other tvo 
' . 

barriers. From the steric considerations discussed in the section on 

CF2Br-CFBrCl, the activated complex for the lowest barrier should have 

the fluorines and the proton each eclipsing a larger halogen. Therefore 

the lowest barrier is between the rotamers represented by dra>·rings A 

.. · 

'· 
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and B in Fig. 21. Rotamer C must be assigned to peak 5, or rotamer II. 

This sh.m;rs that the second assignment of rotamers to the dravrings is 

correct, and presw~ably that the trans H-F coupling constants are substan-

tially larger than the gauche·ones. Since the coupling is transmitted 

through the'bonds, it is unlikely that it·should have extreme fluctuations 

'\·rith small changes in dihedral angle . 
.. 

This interpretation of the coupling constant is supported by other 

evidence. 
' ''. 26 

Abragam and Berns~eln have studied the temperature dependence 

Although they vrere unable to' reach a lm·r enough 

temperature to freeze out the rota..l1e:cs, the results could be explained by 

fitting the observed averaged coupling constant with :s2 = E
3 

; 4oo .· cai/mole. 

J.~.. = 18 cps, an.d J , = l cps. Although :Lt has been shown that 
· vrans ga~cne 

th . .~-· · -"' l . . .~... . .~..... . . 20' 27· .~..h l.J.. . "' ' l VI lS mevnOQ o~ ana ysls ls nov quan.vl~a~lve, v e resu vS ln Iao e 

show that it should be qualitatively correct for these cases vrhere 'the 

coupling constants in. the lovr temperature rotamers are. very different. 

' ' 28 . 
Fessenden and Viaugh, from a similar study of CHC12-CF 2c1, find 

tvro sets of coupling constants for the two rotational isomers of the 

compoun.d vrhich vrhen substituted into the time average approximation yield 

the observed-results. The solution in which the more· stable rotamer 

has all the chlorines gauche to one another (similar to drawing C in 

Fig. 21) gives J... = 10 and J . = 5 cus. The results on CF
2
Br-vrans gaucne ~ 

CHBrCl stuciied here inciicate this assign..."llent of the reiative stability 

of the rotamers is likely to be correct •. The alternative assignment 

for the relative stabilities gives a gauche coupling constant larger ..... 

than the trans one. 



-51-

The relative e:::1ergies of the ro'camers may be eX})lained by a considera-

ti'on of the cii:pole moment of the C-Hand C-halogen bonds. The C-H dipole 

-is.,.,. ·,., "ess .:..·n~·n -'-"'e C ·n.,lorren Q-..;""ole ~o +'.na+. +-.,e·Q-i-pole ..-ooment per-pen-... ,j.uUCu J. v -'•'-'-" v•• -_. v. <:!, L .L..!;' J - v v vH _ = _ _ 

dicular to the C-C axis in rotamer C shoulci be less than in rotarr.er B. 

ThiS effect could be studied by determining the relative energies of the 

three rotamers of CF
2

Br-CHBrCi in solvents of ciifferent dielectric strength. 

Discussion 

A. Chemical Shifts 

The chemical shifts bet,,reen t"\·To fluorine atoms on the se.me carbon 

varies by more than 15 p:pm in the molecules discussed. 

seems rather large) similar differences are obtained for methylene fluorines 

in cyclic co:mpoui1.cis. 29 The results on CF 2Br-CFBrGl and CF 2Br-Ch"'B~Cl 
indicate that the s:r:1aller values usually observed in molecules undergoing 

free rotation result from an averaging of larger values of different 

signs in the various configurations. 

That the spectrum of the three rotfu~ers of CF2Br-CHBrCl is very 

ciifferent from the one of CF2Br-CFBrCl shows that substitution of a proton 

for a fluorine has a large effect on tbe electron ciistribution of the 

molecule. This is certainly reasonable in vie-vr of the change in magnitude 

of the dipole moment for the C-F compared to the C-H bond. 

No correlation between the substituents gau~he to the AB fluorines 

and their relative chemical shift has been noticed. Thus) in isomer .I of 

CF2Br-CFBr2 (Fig. 10) _one of the fluorines is gauche to a fluorine and 

bromine) and the other gauche to t-vro bro:mines. The t1·ro equivalent 

fluorines in isomer III are gauche to a fluorine and. a bromine) yet 

'•. 
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their resonance is several hundred cycles upfield from the resonance 

o·f I. Similar resuJ.ts are true for· the other compounds. The distortion 

of the ;;lolecule from t etrahed.ral syr..metry, due to the large brorc.ine 

substituents, may be the :rr.ain ·source of chang·es ·in the chemical shift 

·oetl·reen rotamers. In all the molecules st·u.died the resonance of the 

fluorines in the high energy form are at higher magnetic field. The 

high energy form probably has the bromin~s _gauche, and consequently the 

greatest· distortion. This is, definitely the case. in CF 2B1~-cc12Br and 

CF nBr-CFBr 
0 

v;rhere the t"tvo isomers ·nav·e different spectra·. In the. other 
c: '-

. 
molecules it is impossible to assign the rotame1~s to the. spectnnn from 

such considerations because each rotamer has an ABX spectrum. Hovever, 
I 

in analogy to the first ti-ro molecules, and other haloge·nated ethanes , 

vrhich have been studied by different techniques, 30 the highest energy 

form probably has the largest substituents gauche to each other. Thts 
' 

is reasonable·from steric and dipole moment considerations for the 

perhalogenated ethanes. This assignment 1vas made in CFClBr-CFClBr and 

CF2Br-CFBrCl in order to correlate the barriers in the next section. 

The assigniuent of CF 
2

Br-CHBrCl is appar:ently an exception to the usual 

rule :that"the high energy form has the large halogens gauche to each 

other. 

In CF2Br-CFBr2 ·a~d CF2Br-CFBrCl there is some consistency in the 

resonance of the single upfield fluorine· (FX). In the two rotamers 

(III in.Fig. 10 and C in Fig. 17, respectively) -vrhere this fluorine is 

gauche to the tvro other fluorines it is several hundred cycles upfield 

from the resonance i·rhen the .fluorine is gauche to a fluorir.e a::1d a bro::uine 

or chlorine .. 

• 

\ 

.. 
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Barrie:cs , 

Tbe free e~ergies of activation, termed for simplicity the· barriers, 

of the haloge~ated etnar.es ,.,T:"lich have been determined in this 'l·rork are 

listed in Table VII. The free energies are measured from the potential 

r:J.J..n:; .. mu.u of t"l1e most sta"ole rotamer. The ban~iers of four aG.ditional 

perhalogenateG. ethanes; determined from i~frareG. a~d electron diffraction 

measurements, nave also been listed for comparison. Prescrnably the large 

barriers for. the ethanes with bulky substituents like chlori~e or bromine 

are steric ln origin; a::1d one 1rould anticipate a correlation be"Ci·reen 

the size of the. substituent a~d the ba:i;'rier. To show t:1.is correlation, 

the pairs of atoms -vrhich are eclipsed in the activated complex when the 

rotation occurs are also i~dicated in the Table. 

Comparing the results in the compounds 'ltrith t-vro fluorines to those 

with three fluorines, it is clear that adding a bulky chlorine or.bro:mine 

significantly increases the barrier. 

The geor:1.etry ofthemolecule substantially affects the magnitude 

of the barriers .. Thus, E4 in CF2Br-CC12Br has exactly the same pairs of 

~toms eclipsed in the activated complex as E4 in CFClBr-CFClBr, yet the 

two barri·ers -differ by . 7 kcal./mole. There is a similar lack of agreement· 
! .. 

between E
5 

~f the former molecule and E
5 

of the latter, although the 

experimental error is greater in this case. Although the CFClBr-CFClBr 

measurements were performed in cs2 solution while the CF
2

Br-CC1
2

Br 

measurements vrere made in CFC1
3

, sufficient measurements of the latter 

co:mpourld in CS2 shoved that the lower barrier did not change vrith solvent. 

The higher barriers in CF2Br-CC12Br may be explained ~y observing that 

one of the carbons has three bulk~/ substituents in t:O.is isomer. Distorting 

.. 

'. 

J' 
\ 



Table VII 

The pairs of atoms ivhich are eclipsed in a rotation, and the 

.• 

Molecule Barrier Eclipsed Pairs 

CF Br-CCl Br E. = E6 = 10.8 ± .1 Br-Cl, Br-F, Cl-F. 2 2 . 4. 
·1\ 

E5 "' ~ 12·0 ± ·5 Br-Br, 2 Cl-F. 

CFC12-CFC12 E = 9·65 ± • 1 Cl-.Cl, . 2 Cl-F. 

CFClBr-CFClBr E 4 = E6 = 10.1 ± . 2 Br-Cl, Br-F, Cl-F . 

E ·~ 12.0 ± 1.0 Br-Br, Cl-Cl, F-F. 
5 

El = 9.·9 ± .2 2 Br-F, Cl-Cl. . 4 ; 

k11 .....,_ :-:- 10.6 ± 
) 

.2 Br-Br, 2 Cl-F . 

El 
6 
~ 10.6 . ·± .. . 2. 2. Br-Cl, F-F. 

CF2Br-CFBr2. E4 = 1·1 ± .2 3 Br-F.··, ... 
. ~ ' .. ·:·:·: 

E = .:86 9~9 t± .2 , Br-Br, Br-F, F-F. · 
.. 

= 
5 

•" .. 
/ 

·' 
. CF 2Br-CFBrCl . E4 = 1·9 ±I .1 2 Br-F, Cl-F. 

E5 d, 8.8 Br-Br, Cl-F, F,...F. 

E6 ~ 8.8 Br-Cl, Br-F, F-F. 

" 

CF2Br-CHBrCl E4 ~ 7-8 Br-Cl, Br-F, F-H. 
~ 

E_ ~ 7·8 Br-Br, Cl-F, ..,., '!.: 

) 
.!!-.... 

E· .6 = 6.9 ± .2 Br-F, Br-H, Cl-F. 

.-.. 
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Table VII continued 

.... ; ., .· 

Molecule Bc::.rrier Eclipsed Pairs 

· CF
3

CF 
3 

a 
E 4-35 3 F-F. 

rv, CF 3 -CF 2Clb E == 5·67 Cl-F, 2F-F. 
/) ' 

CF
3

-CF2Br0 
E == 6.4 Br-F, 2 F-F. 

CC1
3
-cc1

3 
c 

E 10.8 ± 3· 3 Cl-CL = 

a .Reference 2. 

b Reference 5· 

c Reference 3· 

' ""' .. ' ·' 

j 

/ 

.. 



t:'le bond angles from tetrahedral sy..~-::...1et:.:y to :nove the bromines further 

apart in the ecli~sed state is then rendered more difficult. 

It is rec-,sonable that the barrier \·Jill be the sum of th:re e terms, 

corres~onding to ~che three ~airs of eclipsed atoms in the activated 

complex. Let E(Br-F) denote .the contribution to the total barrier ()f 

a bromine atom and a fluorine atom vlhich are eclipsed. .L"C is possible 

to obtain barrier contributions from each pairwise interaction, although 

the co:::-1clusions already drawn. shoH these may have little significance. 

It is nevertheless interesting .to obtain an independent result from the 

other molecules studied. From the CF 
3

-CF 
3 

and CF 
3

-CF 2Br~ results, 

E(F-F) = 1.45 kcal./mole, and E(F-Br) = 3-50 kcal./mole. However E(F-Br) 

= 2. 75 kcal. /mole is calculated from E4 of CF 2Br-CFBr2 , 25% lo-vrer than 

3-50. · Further consideration of pairwise contributions to the barrier in 

different molecules is clearly unwarranted. 

It is interesting that the tvro barriers in an asyrw"TT.etric compound 

are significantly different (2.2 kcal~/mole in CF2Br-CFBr2). A theory 

to quantitatively predict the results cannot depend linearly on the size 

of the substituents. Thus, E(Br-Br) +.E(F-F) /= 2 E(Br-F). In Table VIII 

the distance from a substi tu.ent on an ethane. to the plane bisecting the carbon-

carbon bond is given. These values can be compared to the Van der \>Jaals 

radii, also given in the Table. The bromine and chlorine Van der \'Jaals 

radii extend much further than the bisecting plane. The overlap of the 

eclipsed at6ms, corresponding to E(Br-Br), E(F~-:-F), and E(Br-F), are 

1.06, .24, and .65 A, respectively. A linear theory vmuld postulate that 

the barrier contribution is directly proportional to this overlap, and 

conclude that E4 = Ec:: in 
..1 

CF2Br-CF3r2 . Hov1ever the results prove that the 

.· 
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Table VIII 

7he distance from a halogen or proton substituted on an 

etha:::e to the pla:r:e bisecting the carbon-carbon bonO.., D, 

and. its Van der Haals radius R. All distances are in 

.Angstroms. 

. . ,~ 

Substituent C-X distancea D - R 

li 1.095 1.13 1.2 -0.07 

·F 1.~375 1.23 1•35 -0.12 

Cl 1.78 1.36 1.80 ·-0.44 

Br 1.94 1.42 l-95 -0.53 

a From L. E. Sutton, "Table of Interatomic Distances and Configurations 

in Molecules.,and Ions, 11 The Chemical Society, London, lS58." 

b 
The calculation assumes tetrahedral bond angles. 

c 
L. Pauling, 11The Nature of the Chemical Bond, 11 Cornell University 

Press, Ithaca, New York, 1960, p. 260. 



barrier is proportional to some pmrer of the overlap distance. In fact 

the overlap is so g:teat t!1at sortie distortion of the carbon bonding· orbite.ls 

undoubtecily occurs to reciuce it in the transition state, vrhich eliminates 

simple correlations of t;-"e ci2.ta. In this respect, it is interesting to 

note that the ciistance "bet•,reen t\w bromines on a tetraheciral carbon, atom·. 
' ' • • I' ,,•,• 

....... =:· .,·. 

1? 0 • 

is 3.17 A, or .34 A further apart than the two eclipsed bromines. 

stuciied. A significant increase, 
~~ 

1. 0 kcal./mole, in the magnitude of 

the barl~ier occurs ·vrith substitution of .a fluorine for a proton. This 

substantial increase in the barrier may be a steric effect. In one 

case the bromine is eclipseci vith a proton, in the other case with a 

fluorin~. In addition a contributing factor to the difference-may be, 

the change in the magnitucie, and possibly ciirection, of the bonci ciipole 

upon substitution of the fluorine for the proton. Changing the fluo.Tine 

to a chlorine increases the barrier even mo.re, by 3. 0 kcal. /mole. The 

significant increase in the barrier with substitution of a chlorine occurs 
\ 

because in CF2Br-CC12Br ar~ rotation requires that tvo large halogens 

be eclipsed. 

Fina-lly; the free energies of activation are inciependent of temperature, 

vrithin experimental error. The results presented ~hm.; the theory is 

sufficiently sensitive to small changes in the barriers that it shoulci 

be possible to measure the temperature dependence of the barriers vith 

experimental apparatus '\vhich p~ovide more accurate temperature control. 

The error in the barrier is directly proportionalto the absolute error 

ln the temperature because of the. exponential dependence of thE,! rate 

la-vrs used in this _1wrk. 

.• 

' ' 
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SD.r."Jnary 

in consicle:;.·able detail to s£wu that the modification of the theory 

of exchange developed above can accurately reproduce experimental spectra. 

For the more complex molecules studied it was impossible to obtain the 

free energies of activatio:l b.2t'\·Jeen all th:cee :cotamers. Hm·rever, the 

theor-y is stiJ_l capable of reprocil1cing the oOsel""Ved spectra Yrit:'1in 
. v 

experimental er:cor i:1 the parameters used in the calculation. 

The listings and -vrrite-u:P for the computer programs are s.vail_able 

l­
upon req,uest. ::> 
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