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NMR Determlnatlons of Barrlers to

Inuernal Rotation in Halogen Substltuted Ethanes T

Richard A. Newmark# and C. H. Sederholm

Inorganic Materials Research Division,
Lawrence Radiation Laboratory and SRR
Department 'of Chemistry, College of Chemlstry, S
. ‘University of California
- Berkeley, California

Abstract

. The theory of Kabién and Alexander:for ethange in ﬁuclear magneéic
resonance (NMR) systems has been applied to e#change between three species
with any number of nucleil éf spin 4, in which éll the_nﬁclei in each
species are exchanged by the interconversion. A set.of'explicit equations
for the density matrix elements iﬁ this casé is written down. Computer

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

~spin cases. The results endbie the calculation 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 fo determine the_

National Science Foundation Predoctoral Fellow, l96l-l96ﬁ. ,
Present address: Department of Chemistry, Massachusetts Institute
of Technology, Cambridge, Massachusetts, 02139. '
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free energies of activation for 1nternal rotatlon in several halogenated

ethanes, CFC;E—CFCIQ CFQBr~CCl Br, CF Br—CFBr

C¥ClBr, and CF

o» CF Br-CFBrCl, CFClBr- '

2Br—CHBrCl. Spectra were calculated assuming liﬁiting'
values for the transmission coefficient, K&, K= 1. The first case
implies free rotation occurs when a molecule is excited to sufficiint

.

ehergy to exceed the Barriers._'Aiternatively,>the‘second case implies

that deactivation of the rotational mode occurs in a time comparableawitﬁv

the rotational frequency. ‘Thé experimental results on CFQBreCClQBr,can

LI .

.oniy be explained by the second possibility. The barriers are discussed
in terms of the diétortion necessary to form the acti#ated complex in
whlch uhe substltuents are ecllpsed.

The low temperature spectrum of the three rotamers of - CF Br-CHBrCl '

2

‘shows two large v1c1nal HF coupling constants (18 cps) and four small

'ones.(less than 3 cps). The as31gnment of the rotamers made assumlng

that theliow barrier observed between two of the rotamers does not involve

L&

eclipsing two large halogehs indicates,that the large coupling constants

‘are trans and the feur'others_are gauche coupling constants. .

-i®
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I. Introduction

Much work has been done to measure the barriers to internal rotation
in substituted ethanes, as is indicated by Wilson's recent review of the
sub,ject.l Extensive microwave studies of substituted ethanes containing

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

1

compounds. Infrared and electron diffraction meaéurements have yielded

2

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

3

hexafluoroethane2 and hexachloroethane

K, 5

respectively. From infrared -

- and Raman spectral studies intermediate barriers have been reported .

. for several molecules contalining a CF3 group on one end. ' To obtain the

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

asymmetric framework is very difficult. Halogenafed ethanes containing

fluorine in which the barriers are above roughlyr6 kcal/mole lend

=

‘themselves to investigation by nuclear magnetic resonance (NMR). This

.

extends the type'of'molecules which can be cohveniently studied to totaliy

asymmétric cases. ’ b

4

- II. Theory oﬁ Exchange -

o .

The free energies, of acéivation for the iptérnal.roﬁation of
CFC1Br-CFC1Br have been determined previously by NMR measurements-6
The Bloch equation, as modified by McConnell,7 in conjunctibn with
absolute reacﬁion rate theory“were used to calculate the spectra. Free
energies of activafién, which will be termed for convenience the bafriersA
to ‘internal rotation although the two are not exacﬁly the séme, were
obtained assuming a transmission coefficient neé} unity.ﬂ.?he Bloch~

i

McConnell equations provide suitable results when the.coupling.qonstaqts }

R



e
may be negleeted.i-However, to extend fhelanalysis_to_otner.nerhalogenated
ethanes, such as'CFgBr—CBrClX, X =H, F, and,Cl, in which the coupling.
constant between the geninal fluorinee ls almost as large as the chemical
‘shift, it is necessary to,use a theory Of:exchange among nuclel 'in |
different environments which includes the coupling. Kaplan8 aeveloped'
such a theory based onvthe self-consistent averaged density matrix of the
”spin system; Alexander,9 from alsuggestion‘by Kaplan;lo developed a
i‘similar set of eqnations.by deriving a Bolﬁzmann eguafion fof.the aﬁefage
density matrix elements. Kurland and Wise,ll and Heidberg et al 12
have used the theory of Alexander to study hindered 1nternal r0uatlon.
between identical systems fon two spin systems.: We have extended the
| theory to ealcula#e spectra of three‘species undergoing exchange,'and‘
applied it tovgbtainebarriers in noleeules exhibiting AB and:ABX speetra.
Internal rotation ls-an exchange proeeee which_canvbe treated by

' the above theoriee for intermoleenlar:exchange..-At equilibrium, in |
Whlch the average effect is studled the exchange of two rotamers is
1ndlsu1ngulshable from the actual phyS1cal process in whlch A trensforms
' (or “Ouates) to B while, . to Preserve equlllbrlum, some other spec1es

_4(or rotamer) B transforms to A.‘ This argument invalidates ‘Johnson's

claim that 1nternal”rotatlon in which the nuolei change their environments'

» eannot be treated by AleXander's"bheory.13 The.equations given by
Johnson for internal rotation from a modification of Kubo's theory are
1dentical to those derlved below from Alexander s theory.

The exchange operator P is defined such that ¥(t) - P v(t) whenever
an exchange oceurs. If we denote the product wave functlon of one
species of N spins' by iliz,'l' . 1, nhene i

is an eigenfunction of the

N k

»
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z component of angular>momentum for nucleus k, and the product wave

" function of the second species by jljg .« e e jN’ then under exchange

we-.have .

P g (ili2 R e T jN) = g (,jlj2 R L ST iN). (1)

If v is a linear combinatiOn of product wave functions, ‘ E a. sk k’
then Pv is a 51mllar llnear comblnatlon and the matrix representatlon
of P w*¢l be a function of the aJ1 for the two specmes involved in the
exchange. The effect of the exchange between two species A and B carries
fhe interaction density matrix pA-pB into P pAopB(PAB)~%.
Kaplan's‘theory8 hée been used fo‘develoé an explicit set of
simulﬁaneoﬁs equations for the density matrix elements in the represehta-
tion in which the time-independenﬁ NMR Hamiltonian fer.each species is -
diagonal.lulﬁIn this representation, whiehbis used to conveniently n’ 

represent the time~dependence of the density matrix after'exchange, the-

 form of the exchange matrlx is a product of the unitary matrices, éij

whlch diagonalize the Hamlltonlaﬁ for specles L.} Thus,

o : A B . A B
LT . . = X oa, . ' ,
T ij,kL" q alq ékq,r &ir F1p - <2)
where -the first pair of subscriptevof P denotes the row and the second”

pair the'éolumn

Most of uhe calculatlons were performed using a computer program

.wrltten from Kaplan's theory.lL However, 1dent1cal results can be obtained

from the set of s1multaneous equatlons which arlse from the theory given
in detail Dy_Alexander, and the resulting equatlons are more_readily ‘
generalized to more complex systems. The main simplification is that

the representation of the product wave functions can be used. In this



representation the exchange matrix takes the simpler form, . S o K

i,k 7% S Ty

- i

were 8ij'is 1 if the subscripts are equal and zero otherwise.’ _
In ﬁhe'case of internal rotation of ethanes Alexander's theorygb is
_ extended to the three pairwise exchanges between the three species A nB'"‘

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

in uhe equatlon for the time development of the dens1ty matrlx due to

&

exchange, - : o o L S a

- , | S ;i N :
_:r_}_\__ﬂB (PABpA-pBAB A ﬂC ( AC A BAC) A (k) R

.( at )exch -TA

PAB and PA are uhe orthogonal matrlces for the AB and AC exchange,'

respectlvely JiLB and.ll are contraction operators which descrlbe ‘

averaglng over all elements dlagonal in the spin functlon of B or C to.

yleld the den51ty matrlx for spec1es A after the exchange. is the

A

correlatlon time for species A, glven py |

L
T
'where'rAB is fhe correlation time for tﬁe AB excﬁange.: ?ﬁue'TA/TAB and.
TA/TAC are normalized weigﬁ@ing factors correspondihgiﬁobthe7probability o vi.’(‘i
of an AB or an'AC'exchange. ' . _A o o Vl : 0

ror the parulcular case'of exchange between ewo rotamers all the "\" V.f

spins of one rotamer are’ exchanged with all the splns of the other. Thisll‘ S

ellmlnates all the summations and the term due %o the nonexchanging nuciei
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to first order in =—2 where D = Hlab/kT and wb = YH

cyclic permutation of the {hdices A, B, and C.

N

in Eq. (20) of’Alexandergb,for the time~dependence of the off-diagonal

dehsity matrix elements in the rotating coordinate system. Including an

additional term from Eq. (4) above for the AC exchange, Alexander's
equation becomes, .
3[ [ <jpclk> | |
<3[ Jk> L [——+-——-—]<le11{>‘
‘ AC A 2A _

i1 < glleh, HA”kj>“"l”i < 5l L6Y, R

HA is the time independent Hamilfonian;in the coordinate system rotating at

-the frequency, ® = 2nv, of the applied rf field,

Py

B - r (- ) I J'A;AI-‘Z;‘ 0

m>n mn “m
where vi is the chemical shift of nucleus m in rotamer A and J ié the

T2A

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

coupling constant. The ﬁerm B < j[pA]k 2> introduces the phenomenological'

équations in the absence of exchange.. Hl is the magnitude of the rf field

in cps, and the last term in Eq. (6) may be reduced to i D < JIIAIR >
/)(D

is the Larmor

kT 0

frequency,9agé%is Planck's constant divided by 2%, k the Boltzmann constant,

LT

C

and T the temperature. Equations for %%— and %%—_are obtained by a

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

expectation value of the transverse component of the angular mdmentum,

n < +. 1 > =" + 1T '; i | \ | | o
Im I AT ImTr[(Ix + ﬂy)p] ma:n(zx + :LIy)mn Im p L (_8}_

7

(The dispersion is given by the real part of the expectation value.)

Aes>. L ()

"
o
1
o
i



" One must only solve Eq. (6) for those density matrix elements which fﬁ
contribute to the absorption in Eq..(8). Thus, the only-elemente which
concern us in Eq. (6) are those in which. state j differs from state k by ‘

+ 1 in the z component of the angular momentum.

Under unsaturated steady state conditions the time derivatives in.’

Eq. (6) are set equal %o zero, leaving a set -of simultanebus equatiens o
with-eomplex'coefficienhs. These can be con51derably 51mpllf1ed ‘and |

, reduced to a set of real equatlons by bhe follow1ng cons1deratlons. |

We aeflhe a doubly subscripted vector,'pmn; such,that m-refers to the
‘ro?emer;‘(l,,Q, and 3 for A, B;\and‘C) and n refers to one of the spin
H4preducf wave functiohs of interest. ;To-eualuate,the fourth term in-

. (6), note that. HAIk > %' ﬁmfm > where the z'eempohent of the »ﬂ

“'.angular momentum of state Im > must be the same as that of ]k > since

Fi-— £ Izﬁ is a_geod quantum pumbeg._ Thus, B E S

< 3] %, HA3]k> = >: [a gj]pAJm> - aa.m'<'.m]p'A[k >] ,I' - (9)

) where'aﬁ&j is a real munction of the coupllng constants and chemlcal Shlf
. r

for rota amer A

Eq. (5) for'dbln/dt_now:beeomes_

0 =3 + = - - plnf'r + T ] +: 1%21 blmplm+iD(Ix)Jm ;o (10)

AB AC A Tea

. where the bl; may be determinea from Eq. (9)' Because FA is a good Quantum .

number there is no coupllng between densxty matrix elements of the alfferenu

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

even number of splns,'one elements for the Fg = 1 to Fg = 0 transiticns

L

do not couple to those for the F. = 0 to Fg = -1 trangitions’ ete. +

s
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Includlng similar equatlons for dp2 /dt ‘and dp /dt we can write a

matrlx equatlon for the vector p as
(X + ia + 1vI)p = ~iDI . | (1)

~

A is a real matrix comprisinrf the correiation and x;elaﬁation time terms in -
Eq. (10). The iq + :wI terms arise ;rom the- matrlx elements of the
commutator in Eq. (6), where I is the unit matrix. The contrlbu’clon of
the term g(-v)Igm in Eq. (7)Jto <j![p , H J}k > is v<j]pL]K > for L-= A,
B, or C. This gives theivf term. * The ix term arises from the contribution
of the remaining part of HL; & is also a real matrix 'sinc.e‘HL is r'ea]__.

Since we are only inte’restéd in the ima‘ginar& rart of '5, we set
? = ﬁ + i\'?: where. .'ﬁ\ énd T are real vectors. Substituting into Eg. (11)
and equating the real and‘ imaginérylparts giv'es ’Qwo inatrix equations for .

T and. V. Eliminating T and solving for v yielcis o ‘ )

= (GER + X + v(a At e Aty o+ veﬂ']‘) v

=52

= DI. (12)

. Since Pom and p3 édo not en‘cer the equatlon for dpln/dt ifm ;4 n,

the matrlx A has the form A ,km = Bik.,aam” where B, ik is the 3 x 3 matrix,
| ?Ale’ o TACT;
'TB-lv; Téé—l‘} oo
TCB-l - ."cl-l - Tchl
g is c;.eazfly diagoﬁal in blocks for ea.ch.. rotamer, lais,lkm “= Bik Y?m.v'
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. Making the above substitutions into Eq.v(lQ) gives the matrix elements of E,

T R o e A N ¢ & 2

= + +
Eij,km . Bik 8jm . n Jn ik "nm ik Jm ij) _ v

Bik 8jm (l3>
| [}
In order to calculate spectra the set of simultaneous equations (12) '
4 : . o €,
‘are solved for the Vom and the absorption obtained directly from Eq..(8).
Computer programs have been written to calculate spectra for three rotamers
" with AB or ABX spectra undergoing_exchange.l5 It is easy to extend the
_programslto more complex'systems.
From absolute reaction rate tﬁeory,l6 the rate of exchange between
-rotemers i and j is given by - -

o E )
il _e-AF__/RvT, (1k)

PO T I

+ ' '
where_AE‘T is the free energy of activation and K is the transmission

coefficient, definedvaé the rate of formation of;deactiféted ﬁ%§dugt§-i,,
molecules produced by crossing the barrier unde% cohsideratién“ai§ia;dx¢2f;\"'
by the rate of molecules.croséiﬁg the barrier. )
Two limiting values of thé transmission qdefficient, {» correspond-
ing to two deéctivation ﬁodéls'are cpnsidered; If one assumes that
deactivation of the tofsional mode ofva mq;ecule {s very sléw compared
to the forsioﬁal freqpenéy, ﬁhéﬁ K <1, and the fesﬁiting r;te expressions
are independent of the highest barriér. Consider a potential curve as |

in Fig. 1. If a rotamer in the potential minimum E, were excited with

.

1

‘sufficient energy tq'exceed barrier E6’ but not E., it would remain in

5)
the excited state for a sufficiently long time to perform several o v
torsional vibrations in the large well bounded by barriers Eh and ESQ'
It would then have equal probability of falling ihto potential wells.
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El or E2. If the original excitation energy had been greater than E5
but less than Eh’ the molecule would perform several torsional vibrations

and would finally have

-

in the large well bounded by E4 on éither»side,
equal probability of falling ihto éach of the three potential minima.

As the excitation energy exceeds Eh the motion while in the éxcited state
would become a free rotation rather than a torsional vibration. However,
"the probability of falling inéo‘any'one minimum would still be the same,
namely one third. Hence, th% rates are independent of the highest barrier,
Eh’ since interchange between any tﬁo rotamers 1s possible whepever'the

5 AA : . RN

- On the other hand, if deactivation of the torsional mode occurs

moleciule'ls energy exceeds E

Aalmosﬁ immedia?ely after a molecule passes over 6ne of the maxima, then;-
)(=fl, and the ratevexéreééions are a function of the highest barrierg'
in facf, ﬁhe,rate between any two potential miniﬁum depends only on'ﬁhé i
barrief'height between them. In this case the six rates are given by

kg = ET ,el(%j,- Fy)/RT, o 5
i=1%03, J=1¢%o 3, and . J . Fl is the free energy of the potential
ﬁipimum and Fij“is the frge‘énergy of thé{éctivated complex, boﬁh  '
measured from the energy Qf‘thé potential miﬁimum ofjthe'moét”stable
rotamer, Fl = Q.

N Since the assumption that K <<1 leads to one fewer arﬁitrary
paraﬁeters ts.be used in matching the;ekperiméntal with the calculated
spectra, this assumé%ion was origihally made. Howe?er; it waé then N
imjossible'to duplicate'fhe expefimental'sﬁectra of.CF

QBrfCClQBr.

. For this moleCule,‘configurations 2 and 3 are identical; and Eh and_.'



moment of inertia,’ I about the axis of rotation is roughly l b'd lO

. kinetic energy, Approximating the potential function in Figure 1 bj

.energy. ' Therefore the angular‘veiocity calcdlated from Eq. (16) with K,

-10-

E6 are 1denu1cal barriers by. symmetry. Sectrng barrier E5 to any value

vless than or equal to Eh does not yleld the observea specbra, These

results will be described in detaill in the section on CFQBr—CClQBry.-.

- In additixan to this experimental data, the following theoretical -
argument anplies that fhe aseumptioan'= 1l is probabl& more reasonaole.

| Classically, the anéuiar velocity of,rotation; W, can be calculated |

from the kinetic energy; KE, by
g = 1w 1%, T ¢

“At the temperature of these experlments the median energy of the
J
nolecules above a barrler is about .3 kcal/mole above tne barrler. The

37

cm2 for any perhalogenatedreuhane. The angular velocltymls much faster -

- when a molecule is in the staggered configuration and possesses;mostlygya“ .

Sl e e

i . . 1

three square welis;'it is seen that:the molecule spends half of its time

with a small kinetic energy and_thevother half with.a-larger kinetic

0. 3 keals /mole is the rate for roughly half of the revolution while

. the other half revolutlon takes place much more rapldly With these

12

. approximations, the average angular veloc1ty is 1 x 10 radians per

second.

. The prlmary source of deactlvatlon in solutlon is colllslons, so’

it is necessary to compare the colllslon rate with the angular velocxty.

17

Frost and Pearson justify using elementary collision theory to

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

L
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collisions per second, ZA’ is given by _ . - )

8ﬁ%T)2 UiB ng (17)

ZA=(

The calculation was performed for one molecule of CF,Br-CC1 Br (M.W.=293)

in CFCl3. The density of the solvent, Dy, is 1.49 gm/cec. O,p 18 the

mean radius of A and B, taken as L ﬁ, and ¢ 1s the reduced mass. The

number of,collisions/second is 1 x 1012. Althoughlthis provides an order 

. 8 _ . ) L
of magnitude result, Benson™ points out that if one chooses a reasonable

-t

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

sphere well\model, then thé potential energy of interactlon between a

“

molecule with its 4 to 12 nearest neighbors is always of the order of o

" magnitude of T (thermal energy). : : ' ‘

Consequently,Ait is hét unreasonable to assume‘that deactivation
occﬁrs immediately followipg a rotatioﬁ. ‘Cagle and Eyfingl9 have shown
this to be true for internal'rotatiqn of substituted biphenyis in “he
liguid phase. If}( deviaﬁés‘slightlyvfrcm thevassumed value.of unity
in the calculatioﬁs ﬁelowt the'resulting free energy of‘activation will

be too high. However, the error shouid be common to all the halogenatéd

ethanes consideged, so_that.the‘barriers can be quantitatively compared..

In Eq. (iS) one must use the difference.in freé energies between

- "the potential minimum and the potential barrier. However, energiés-

of activation would be more satisfactory quantities to correlate between
moleculés;' It seemé reasonable to assume that only small changes resuit:
in all of the vibratibnal.frequencies of a molecule as internai rotation
occurs, except for the ﬁorsional mo&e which has zero frequency'at the

top of the barrier and a sizeable frequency in any of the minima. This
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;nlatter mode is, hence, the only mode to contribute substantially #o As*,

the entropy of activation. Calculations show that TAS* reeulting”froﬁgfféijl

‘thievlast vibration for any of these halogenated ethanes at the temperature

: under consideration is approximately 0.5 kcal/moie, and does not vary by
more than * 0.2 kcal/mole from one molecule to another. This variation
is of the same order of magnitudeiaé our experimental‘error.'_Since exact
corrections cannot belmade, tnis variation will be ignored. |

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

.activapion are approximately 0.5 kcal/mole less than the free energies
of activation. Since this is a constant term, 1t is of llttle 1mporuance

..ln the correlation of barrlers with molecular structure. It will hence-'
_fortn be ignored. All numbers appearlng in the remalnder of the text '

-

‘which are referred to as energles of actlvatlon are 1n fact free energles

K4

- of activation. .- i ' "

Experinental

CTCl —CFCl was obtained from K & K Laboratorles and CF Bris CCl Br from

2 2
Peninsular Chemresearch Inc. CFeBr-CFBrQ and CF Br~CHBrCl were prepared

v,by bromlnatlon of CF -CFBr (Penlnsular Chemresearch Inc.) and CF —CHCl
L(Allled Chemlcal Corp ) in the ~same manner as CFQBr~CFBrCl has been .
preparedl-eO ‘

| The spectra were recorded on. a Varlan HR-60 spectrometer operatlng
at 56 h Mc/sec equlpped with a flux stablllzer and 1ntegrator. Chemlcal
shlfts and coupllng constanus were determlned by the usual audlo sideband

technique, when.the resonance lines were sharp. At intermediate rates

of exchange the llnes were broad and two 51debands of uhe rruorinated'

L

-,

»

< ©
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solvent were ulsed,v one on each side of the peaks of iﬁterésﬁ, Mpst of
'tﬁe spectra were‘obtained at fairly rapid sweep rates (about 200 cp;/fﬁ |
minute), using short response timeéé'in ordervfo avoid saturating the
ibroad péaks at reasonable power lévels. All frequency differencés and
liﬁe widths @abulated in the tablés are the average of-af least 8 spebfra}
The experimental errors are the rqot;mean—ééuare deviations. The
. Separations befween thé pgaké and line widths were mea;ured to % or.1 cps
from the computer spectra; depending on the width of the peak. The
vcompufer resuits for CFgBr;CClQBf %ere Qb%ained more accurately belowz-‘
v220°C by interpolation from the pfinted‘absorbances in order to oﬁservé
Smail differences in the'widﬁhs.  '

The variable ﬁempérature iﬁsert has.been described previously.-
- Aithough the absoiute teépefature is only known to t 2 or 3°, the differeﬁces i

in temperature'for.spectra taken on a given run are known more agcurételyu
CFEBr—CQlEBr'

Br-CClBr were taken in a 25%

The iow temperature spectrum-at 191°K,

The variable tempefature spectra;of CF
mole fraction solution in CFCl3; ’
shownrin"Figi'Q, consisté of a large peak (Labelled peak 1 in Table I -
'énd the diséussion below) about 3313 cpé upfield from the solvent and
an AB'quartet‘of_peaké centered 205.9 cps ﬁpfield from peak 1. Fromi‘
ﬁﬁe schepaticvdiagram of.@hé three_rotamers’of CFQBr-CCleBr in Fig{ 3,
it is seen that.rotamer I has a plaﬂe of symﬁetry which makes the two
fluofines equivalent. Rotamérs iI‘and ITI are mirror images which diffeg
Dy the interchange of their two fluorines. Conséquentiy rotation between

II and. III does affect the spectrum. Peak 1 is unambiguously assigned
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’to rotamer I and’ uhe quartet to the palr of rotamers II and TII: The_
chemlcal shift, YA - Vps and the coupllng constant, JAB’ of the two -
fluorines on II or III‘are 184.8 + .6 and 155.8 £ .6 cps, respectively.'

1

The ratio cf’the areas of peaks 3 and k relative to 1 and 2 was
me;sured with.the Varian integrator. From the known coupling'constants
and chemical snlfts of the AB quarteu, the area of peak 2 was calculated
and used to find the area of peak 1 alone. This calculatlon 1nd1cated
that the relative pojulations of I: (II + III) = 1.16 % .oézr 1.00.
" Hence rotamers'II and IIIAere 320 % 20 cal/mole higher in energy than
rotamer I. o

As the temperature is increased the peaée broaden. At 198°K peak
.2 ie unobservable due to the 5 cps w1dth of the much larger peak l." |
Above 206° peak 5‘£s not dlstlngulsnable from the‘n01se. However, the
‘coalescence of the’reﬁainihg three peaks, 1, 3, and h;‘wasucarefuily'
‘ studied.‘ Iﬁitially it was attempted to fit}the-spectra assuming.that
* the transmissioc coefficient wes much less than one. ‘As will be shown
later.chobsipg.allvthree berriers'the s%me, or the barrier between
- rotamers ;I and III less than the other two barriers, gives calcﬁlated

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

of peaks 1 and 3:' As is pointed out beloﬁ, this is not observed. it

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

,ES) is slower than the exchange between I and II (Eu) or I and III (E6)
to reproduce the experimental spectra. . Eh and E6 are equal by symmetry.
All spectra were calculated'USing Eq. (15). This equation is always

correct for XK= 1 and is valld for h{< 1l i1if E. is set equal to Eh and E6

p

his latuer case, the resultant calculated barrlers are low by a

In th

LS



equations must be used.
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constant factor, -RT 1n X . For E5 <Ej,, and ¥< 1, a new set of

I TR
toL T

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

CFEBr-CFBrClzo shows 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 between peaks 3 and 4 is constant from 191°K to

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

1l 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 cés
upfield from the solvent. From the chemical shifts measured at .198°

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

is calculated to be 2318.0‘¢ps and 1s independent of small changes in

the barriers. It ié also clear from the 2% eps downfield shift of peak 1

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

“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

vc;bs = i»obs - 0.305 (T ~ 198), : (;8)
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Table I o

Calculated and observed frequency se?érations and line widths fﬂ;

. for CF Br-CCl.Br in CrCl : Péaks ‘are numbered as in Fig. 2.

2 2 3

The eypcvlmenual spectra are shown 1n Fig. &, and some of

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

. Fig. 5. All values are inAcps, at 56.4 Mc/sec.

R R T S SR &
Temp. Eug E5” Vios vlwv3 B v3~v4 Wl = W3 . Wh
198°K  Exp. . 0.0 162.3 86.3 5Lo'A k.9 'h;g
C L .4 2 . 2 .2
0.8  12.0 0. 162% N 86 5., 5.7 ' 5.6
10.85  -10.85 0 1625 - 86 L.g 6.2 . 6.2
10.85 11.6 . 0 162¥ - 86 ch.g 5.3. 5.3
10.85 .- 12:0 0 62 - &6 h.o . 5.2  ,-5.2
10.85 13.0. - 0. 162A ‘ - 86 L9 5.2 5.2 -
10.9 - 12.0 0 162 .. 86 4.6 ko L8
206 - Exp. -0.2  162.9 T 87i0 12v2r 13.7- 13.6
+.3 LA 58 s5 £.6° 7 £.9
0.75 12.0 1 161 . . 8 - 13.1  15.3 ° 15.0 -
10.8 10.8 % 1615 86 12.5 17.5°  17.3
10.8 . vll 6r 1. 161 86 Cle.l - 1hk.z 13.9
- 10.8 13 o. 1 161 e 86 ©12.1 0 13.7 13.5
01085 . 13.0 - 1 61 . 86 11k 12.50 07 12.b
2165  Exp. | 21 156.6 . . .87.2  30.2 "33‘7J'A~33.8
. ‘_:-.6. £1.5 ; 1.5 1.2 - £2.0 ‘ie,o
" 10075 13.0 3% 1sk . 87 . 3k o ko. 4ok
-10.8  12.0 3. -asky o 87 L. 29L - 37 374
.. 10.8 13.0 .., 3% skl .87 281 363 37
10.85  10.85. 3 0 o-157. . 8k 32 L3l L6
10.85 . 11.6 3 156 - 87 . 28% 374 38
10.85 12.0¢° '3 156 . 86 274 3L © o34
10.85  13.0 3 156 . 86 261 33% 33%
10.9 10.9 3 157 o8y 28 b L5%
10.9  11.3 2z 1563 87 ety 3 i
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Table I continued
o a a
. o . ‘e N 3/ 2/3
Temp. . v-Eu} E5f obs Vlfy3 1/.3}/1+ W W
202%° Exp. 1h.5 122. : 83.  Lg9.3 " 6L.6
£1.2 7. S ET. L 205 #2.5
10.7 . 11.6 16 me 8k 51 63%
10.7 12.0 15 115 90 L& 625
10.75 10.75 17 121 e 525 . 65%
10.75 11.2 15 123 82 o 59%
. 10.75 11.6 13 126 ' 88 43y 5L1
10.75 12.0 12 P o922 u1% . 51
10.8 0.6 14 13k o e v e 56
230°  Bxp. 76 93. 11l
o +8, L L
10.75 10.75 78 88 106
£ 10.75 1.2 75 85 102
10.75 1.6 .75 86 ,103
10.75 . 12.0 . 76 87 T 105
0.8+ 10.8 71 98% 1174
10.8 1.2 68 ol 11k
10.8 11.6 69 97 1116
- 10.8 . 12.0¢ 69 101 118%
10.85 11.2 58 103 - 123
SR ‘b . © 5
_ Temp. | E)-J- . Es obs W
24L7°  Exp. 100.3 . L8.1°
L 2.1 2.3 -
10.8 12.0 . 101 Ll
. 10.85 1.k 102 LL
e 10,85 12.0°- 101 L8
10.85 13.0 100 Los
10.9 10.9 103 Ml%
10.9 C1L.h 1013 7L
10.9 12.0 100 511
11.0 1.0 1025 - 51°
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Table I  continued

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

chemical shift from CFrCl ana uhe width of a s1aebana of the

3

‘ solvent peak, taken as the nabural line w1d h 1n the calculaulon,vu
were 3112.6 and 2.0 at 198“, 3110. 0 and 3.0 (206°), 3109P1 and 2.7

(216%°),A3119.6 and 2,9,(%2250), 3179.0 and 3;0'(230°), and 3198.0

a

and 5.0 (247°).

E) = ;6’ and_E5_1n'kcal/mole. o L S : S

(o] b1
obs

i

less 3112.6 cps. - .
A d : 3/)'" K ) . R .' : A ) . | . ) do ) 1‘0

- W is the width of the main peak at 3/L4 height, etc. At 2163° .
the width is obtained from the dashed line shown in Fig;'h..

Coalesced.

v is the chemical shift corrected according to equation_l8 and -

-,’

‘!
v
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'
i

where T is the absolute temperature. The experimental chemical shifts
. from the solvent are listed in footnote a of Table I.»

The erperimental spectra are‘srownAin Fig. 4 at several temperatures.
The'cheﬁical shifts and line widths are tabulated in Tadble I for the
experimental and several calculated spectra.

At 198°K the spectrum calculated with ELL = 10,85 kcal/mo;e reproduees
| the observed width of beak l: The spectra.caleulated with all three

barriers the same makes peaks 3 and 4 broader than peak 1 because the
chemical shift between the fluorines which are exchanging when II rotates
.to_III is less than the average chemical shift between ?he fluoriﬁes on
I and II or IiI. .Ihcreasing E5 prevents direct intercenversion of IX
~and III; E5 Z 12. O kca;/mole gives the proper width of peaks 3 and M

The experimental spectrum at 206° is similar to the one at l98°; it is

-

5
At 2163°K there is a set of values of E, and E

reproduced with B, = 10.8 and E 2 12.0. -~ L o
which reproduce

p

. fairly well tﬁe observed spectra. Three memberslof'thie set are 10.8
and 13.0, 10.85 and 12.0, or 10.9 and 11.3. If B, = Eg then the
dl ference in w1dths of peaks 1 and’ 3 1s much larger ‘than dbservea.
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 1mposs1ble to measure the half w1dth of. peaks 3 and 4 from the
true base line due to overlan with peak 1.

Several calculaued spectra at 2225 K are shown in Fig. 5. 'The

“calculated spectra with E EH clearly»show peaks 3'and L coalescing‘

<
> |
before peaks 1 and 3 coalesce, vhereas the experimental spectrum shows

- both 3‘and L as discernible beaks on the side of peak l. XE, = 10.7,

\
‘e
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E5 = 12.0 and Eh = 10.75; E5 = ll 2 both aupllcate the exnerlmental
's?ectrum. the barrLers are uhe ‘same, uhen peak 3 cannot be seen Whlle
maintaining the observed chemlcel shlft between peaks 1 and 2 }n,the
ca;euleﬁedlspectra, | |

- At 230°Kethe Set.of barrie:s which reéroduce the observed spectrum.
“includes Eu = 10.8, Es:éell.Q an@ E;g='1o.85; E5 = 1270.-hChoeSing eil
barriers‘equel reprodueés the Qbservedvline ﬁi&th and frequehcy at this'
feletively high temperature only beeause of the symmetrical appearaecevf }

of the spectrum. E), =_E5 = 10.8 has approx*mately the same width as

10.8 and E_. = 12. 0, but the former is a more symmetrical peak whereas -

EL = 10. 1d 5 |
.' uhe latter has a much larger upxleld tail. :At’high.values_of ngan
'.ngpfield peak (due %o rotamers II and III)of.sufficientjintensit& to ',
eaﬁseva slight increase {n the_widths'is:beiné superim@osed on,the.maini.
P?ak.. g . f .'v : o ; } : L ; ' | L
At 2L7°K therevie‘a set ofvbarriers whieh Qillvfiﬁ the observed
'spectrum. At this relatieely high teﬂperaﬁuﬁe the lines are na:rower'
and the ‘effects-of'Es on'the s?ectré.ere ;eedily‘noticed, »If the
barriers'wefe the same it would bewnecessary?to increase“Eu'to il;o to.
reproduce the speCurum, whereas Eu = lO 85 and E5 12.0 provides.an'

equally good fit.

‘The above data show that choosing the barriers in CFeBr;CCl Br'as

5

the experlmenual spectra over the 60 degree temperauure range in which

h = E6 10. 8 ..l kcal/mole and E 12.0 5 kcal/mole can reproauce |

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 épectre are depicted elsewhere,l

S
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Qualitative results were also obtained in CS2 solution. In this
solvent the lower barrier was the same, or possibly slightly lower,
than in the‘CFCl3 solution. Since the absence of a solvent fluorine’

resonance made it impossible to estimate the field homogeneity  quanti- -

tative comparisons were impossible.

FC1Br-CFC1Bxr

Thompson, Nevmark, and Seaerholm6 obtained the barriers in CVClBr-
- CFC1Br using the Bloch-McConnell eqﬁétions.' Since the density'matrix
'fhéory éan reproduce the observed doﬁblets due to spid—sp@n'§plittihg,
~the spectra have been'recaldulatedf There are tw§ isomérs, eacn

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

' -

-

at l77°'is shown in Fig. 7. The second and third rotamers of the first
isomer are mirror imageé and. hafe identical AX Spectra. .Thé ;*uovlneo'
in all the other rotamers are equivélent and only one line is observed
for each rotamer.

The analysis~of-the.low-teﬁperatufe sfectra has~been described in
detail by Thompson et. al.6 Based on éheir‘assignment,'lia resonates
at péak'e‘in Fig.;Z, IIbvétApéak a,'and IIc at peak_h. EL is the barrier"
between rotamers IIa and IIb Eé between IIa and. IIc, and E6 between IIb
and IIc. Note that IIDb has the bromlnes trans and is assumed to be the
sﬁable configuration; Primes have been uSed-tQ,distinguish the barriersA

03

in isomer ITI from those in isomer I. The assigmment for rotamer I is
unambiguous since Ib and Ic contribute equally to the doublet peaks b, ¢,
£, and g. -The remaining peak, d, is assigned to Ia. Eh'is the'barrier

between Ia and Ib and is equal by symmeury to E6, the barrier ae3weeﬁ

Ia and Icf 5 is the ‘barrier between the mirror image rotamers, Ib and Ic.
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The exchaﬁge beuween the rotamers of the second isomer can be

0

described exactly by the modlfled Bloch equatlons 31nce no coupllng is |
‘observable. The spectra at intermediate rates of exchange have only'been -
obtained in CSE‘ .Sihce thevfielu homogeneitylis not known, only qualitative<
“results are reported here. There:are two’main differences between the
barriers‘reported'here.and those determined previously. First} kinetics
based on X = 1 have been used 50 tnau all the barriers are about .4 kcal. /moxe v
hlgner than prev1ously reportea. Second 1t41s possible to observe the . . ;”
two different barriers in the first‘isomer‘by observingvthe coalescence

of the doublets due to rotamers Ib and Ic.

The experimental spectrum and several calculated spectra at 19M9K;=
are shown in Fig. 8. A natural line width of 3.0 cps has been assumed _

- -

for the calculetionsf'-This is reasonable since the spectra were taken.
after obtaining a good field at a temperature only 10° lower where the
lines are sharp. . The observed ratlo ‘of the helgh s of peaks a and h

requlres that E! and E6 (denoted as EP5 and EP6 on the computer outpuu)

>
e about .8 kcal/mole greater uhan Eu: Choos1ng elther Eé much larger,
about 1 keal. /mole, than E6’ or E6 much larger than Eé makes peak h
much.sharper'than peak da. " This effect occurs since either4condition
res»rlcts the rotatlon of species IIc (peak h) 51gnrf1caﬁtly.more than
it arreCys,IIa (peak a) IIa‘is already undergoing rapid exchenge with

P p

.becomes aoout 5 Acal /mole greater than Eh A small dlfference between

IIb and its resonance becomes essentialLy indepeudent of E. after E!

ELl and E6 is not detectable within the present experimental error, so o

5.

the two barriers were set eoual for .the remeinder of the calculations.

The bes» width for peako a and h 1s then obtarnea with E i 9 8 kcal /mo
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and é 10.5 kcal./mole. Using these values, the observed width of peaks
d and e is ovtained with Eu = 10. l xcal /mole Finally, the doubleus are f:_f

only observed if E. is 1ncreased substanulally above Eh’ to 11.0 or 12. O.

p
Al@hough‘the doublets ceuld'be observed by making”Eu and E5 the same,
abont 10.4, the width of peaks 4 and e is much too sharp. This confirms
the conclusions reached in the analysis of the CFQBr-éCleBr data that the
highest barrier is necessary te reproduce the observed spectra;land
consequently the transmissioncoefficient musﬁ be near unity;
Experimental-spectra have alspineen taken at 207° and 233%&6 At 207°C
the'experimental spectrum is duplicated with Eg = 9.9, us = 10.8, E uu = 10.2,
and E§‘= 12.0 at a line width 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. Al 233?K it is:possible to
reproduce the experimental spectrun wiﬁh the same choice of barriers-' |
which gave uhe best fit at 19L°K if a natural line w1qth of 20 c¢ps is
used.lu The magnet 1nhomogene1»y may have been thls large for these
spectra, and cannot be determined in the nonfluorinated solvent.
- The relnves»lgatlon of the data for this compound show thau the

barrlers dre unchanged with uemperature, w1th1n -experimental error,

and are given approximately by the values determined at 194°K.

CFClE-—CFCl2

A third compound containing only two fluorines has also been studied. .

‘There are two 1denu1cal rotamers of CFClQ-CFCl2 w1th the fluorlnes gauche

to each other. The third rotamer has the fluorines trans. TIn Doth

rotanmers the fluorines. are equivalent. A 33% by volume solution in CFCL

3
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was pfepared. The compound ﬁes coﬁfaminated‘by about ?5% CF20i7CC13. The

eingle resonant peak of the latter oceurs 65§086 ppm upfield from CFCl3,

an& 2.722 .006 ppm downfield *rom uhe s1ngle CWClQ—CfC’ peak at room

temperature. Tnis impurity peak_dld not interfere with the 1nterpretutlon_»

at any ﬁemperatures. Tiersgl has obtained a shift of 2.755 % }Ql pom” at

.21°C for g‘éo% solutiOn_of'the difluoroethanes“invCFCl3j.the difference
.'from oﬁr value.is due to‘the ehemical'shiftAdependenee on the temperatu;e

and solvent concentration.. - |

| At low temperaﬂures exchange ié_éuffieiently siow that the'spectrum due o

‘to CFC12~CF912 consiéts.ofvtwo shar? lines, with-relative areas of.loOO:
,1-33-f,;03 at 151°K. Assumlng the trans rotamer is the low”;eld ‘peak, then -
the degenerate gauche rot amers.comprlse the highfield peax, and tne energy
-of the gaache forms is l2é '7-cal/mole above the trans fowm. '

The chem;cal snlfos, vl and ve, of the rotamers from the solvenu'are/

: uabulaued in Taole Il‘ These haye been plotted_agalnst temperature at_low
temperatyres where exchange does;noﬁ“effect the transition frequencies. |

“Extending The straight'lipes to BOO X glves chemlcei shifts of 3767. cps

" and 3866. cps, respeetively Using. the "time average' .approx1matlon,20
the chemieal SﬁiftAet 3@O° is’calculated ﬁo be-3828a cps, which compares
well with the experimental ?aiﬁe_of 382&; cps Eéﬁsiderihg_the narfow
tem?erature‘range over whieh.the chemical shift of tﬁe individual rotamers-

'ihas been ebtained.' |
L'_ Thejelterhaéive assignmenﬁiof ﬁhe low.feﬁperature:speetrﬁm, choesiné

'the‘trans rotanexr as the_highfield peek, yields gauehe rotamer ehergies

of 294 Kcal/mole. Then‘the spectrum observed a% lgth should consist of

two peaxs OL equal 1nuen51uy, contrary to experlment. Further, the
‘ N .

chemical shift at room temperature calculated'from the "time average'

approximation would be 3811l. cps.
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Table  II.

]

- Chemical shifts, peak widths, and barrier to rotation of CFClQ-

CFCl2 in C¥C1 All freguencies are in cycles per second at

3"

56.4 Mc. Experimental spectra are shown in Fig. 9.

Doublet ‘ " a - a

Temp-. , Separation « 1 A Vo
151.°K . T 57.91L £ .25 - 3839.7 £ .5 3897.6 £ .5
154 0 58.9 +..3 © 3837.L4 £ .3 3896.3 = .3
160 . 59.6 = .3 3835.6 £ .5 3895.2 £ .5
167 : 61.9 = .3 3831.6 = .3 3893.57% .3
4 b  ° Doublet . Wiatn© Width® ' -4

Temp. - 2/'1‘2 " Separation = Peak 1 Peak 2 ‘Barrier
177°K 2.6 £ .3 63.1 = .5 6.8 £ .3 6.0 £ .3 9.5
186 & Lh = .3 62.6 £ .6 16.3 £ .6 13.0 = .4 9.7
1188 . 3.2 . .3 62.4L £ 1.1 17.7 £ 1.0 13.1 = 1.0 9.7
191 7.0 £ 1.0 52.8 = 3. S 28. = L. 9.6
194 L6 x .7 4. £ 2. L — 30. % L. 9.65

S 196 4 6.L4 £ 1.0 . (2.0) 61. £ 3. 9.6
198 - 2.8 = .3 (1.5) 50. * 3. 9.6
200 2.8 £ .4 (1.21) 38. * 2. 9.6
20k 2.6 £ .5 B oh. £ 2. 9.6

213 L8 x 1.0 ) 12.8 = .6 9.6
a

Chemical shifts from thelsolvept; CFCL,-
Widﬁh at half height of solvent sideband.

Width at half height. Avove 190°K there is only one peak; its width

:ié given‘in the peak 2 coluﬁn, The numbers in pérentheses in the p;ak lbb

¢olumn denote the asymmetry of this peak, calculated as the ratio of the

distance, at half height, from the center of the peak to the'iow field

PRI N
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Table II continued

side divided by the distance from the center to the high field side,
where the center is that point under the maximum of the peak.

d - . . . . : .
‘The barrier 1s obtained by comparison to the calculated spectra.

-~

The parameters obtained from these spectra are tabulated for several

values of the barrier at each temperature in Table IV of reference 1lk.

c.p

PT . ! N . . . X
(N B . . - : . R

1
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There is also a linear dependence of the chemical shift between

rotamers with temperature of 0.20 cps/degree. It was assumed that the

‘m

temperature dependence remained linear at all temperatures and spectra

were -calculated using a corrected chemical shift,

i

Vo = Viso T Q.eo (T - 150)

wnere VT is the chemical shift at temperature T.

- (19)

The experimental spectraﬂat several temperatures are shown in Fig. 9,

and the line widths and chemical shifts are tabulated in Table II. Since
exchange between the two gauche rotamers does not change the 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 rotamers. Since only

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

. o , 5
- expression developed by Gutowsky and Holm, ? but with an additional factor

of two 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.  The inhomogeneity of the magnetic field, . .

obtained from the widﬁh of the solvént 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 obbained at each temperaturé 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 = .

independent of {emperature.

1 kcal/mole,
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- - o
g_ Br CrBr2 '

The low temperature spectrumbof the three rotamers of CFéBrFCFﬁré*jJ:A'

in carbon disulfide was first observed by Manatt andvElleman.23 Spectra‘
t . . ! ) R 2 ) Lo
_were‘first taken in CSQ, but the sample always froze before the low
intensity peaks of the spectrum,‘broadened by exchange, coﬁld be observed.

t is also.cohvenient te'ﬁse a fluorinatedrsolveﬁt in Qrder to improVe’
?ﬁe field homogeneity.conveniently at loﬁ temperatures. Therefore; the:
barriers were.obteined in a solut 1on 40% by volume in CT2012

The three rotamers are drawn in Fig. 10, and the spectrum at 1526K

is shovn in Fig. 1l. Rotamers I and II have identical ABX spectra, and

_:peaks_l—S and. ll~l3,are clearly attributedvto this roﬁaﬁer. The remaining

X spectrum due to roﬁemer III,vin which two of

‘five peaks comprise.an A2

the fluorines are egquivalent. - The additional peeks between peaks 8 and 9

- R4

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

temperatures._'At 145°K, peaks l;v2, 7} and 8 ere as sharp as peaks 3-6,
but‘it 1s then impossible to.observelrhe>triplet of.retamer III, as ﬁhe
population“of this roﬁamer decreases'rapidly with temperature, However,
uhe coupllng constants and cnemlcal shifts (1n cps from the solvent) of

rotamer I could ‘be accurately determlned — ‘AB = 168 1, JAX = ~16.1, i}

'JBX = -18.4, vy = 28’+3 5, vy = 301k.2, and vy =.3616. 9 cps.

At lh6 K the relaulve areas of peaks 7-8 and 9 ~10 is 1:2.023 = .lh,
- from which the energy of rOuamer III (relaulverto rotamer I)eis 760 '

kcal/mole. The coupllng conSuanu and chemical Shl ts for the fhird-'

n

rotamer were obtained at 150 K ~ JAX = -?;is, Vy = 3330 5, and vy = 3885.

cps. The Srgns of the coupllng constants were determined‘as follows.

1 ) 2 ~~1‘ : .
Manatt and Elleman 3 showed that JAX and JBX'ln rotamer I are negative,

+



-31-

assuming JAB is positive. Presuming that time averaging is qualitatively

valid, the coupling constant at room temperature is calculated with both
sitive and negative signs for JAX in rotamer III. The resulos are =15.3

and.-l7.6._ The experimental value in ng is Il7elg; from which it follows

-
@]

that JAX in rotamer_IIi is also negative. , o
- As the temperature is increased above 150°K peaks 1-2 and 7-8 of the’

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

temperature is increased further the outer peaks can no longer'be dis~

tinguished from the noise, and only the central AB quartet was studied.

Tnis region is shown at four highef temperatures‘in Fig,JlE{ At 163°

the quertet is eollapsing intovtwo peaks.'_The'ehtife_spectrum at 167°

:is shown in Fig. 13. All of the peaks are sharp except those due to theu'
AB octet of rotamers“I an& II. The latter coalesces to a'broad line
abou£-9o ¢cps wide at;17l°; As uhe\temperauure is increased fur her this'
sharpens into a doubiet, ebsefved‘at l85°._ At higher temperatures the
doublet coalesces and the triplet (peaks 11-13),<whieh.rémains sharp
wnbil 285°, oroadens and‘coalesees at;about 197°K. Several epectra ofﬁéhe

triplet peaks are shown in Fig. 12. Above 2139 the triplet reappears,‘

and the doublet forms again above 217°. At room temperature an AQX

.

sﬁeCurum consisting of five sharp lines is observed. .

The results are Quelitatively explained for exchange between three
ABXlsystems by ©the fellowing argument. Eh’ the barrier between rotamers
I and II, is much less than E5, the barrier between rotamers II and III.
By symmeury, 36,.uhe barrier beuwecn I and III is equal to E5.74Rotation

from I £0° IT occurs at relatively low temperatures, which interchanges

the position of the A and B fluorines, dbut doesn't change the enviromment

>



Y

of the X uUClGUo- ne X reglon of the snectrum acd the doublet of rotamer

III are only affected by ro»atlon from I or II to III. Thic does not

occur o an appreciable_extent until you reach the hlgn temperature end | N

of ©The coalescense‘range. Thcs the triplets remain sharp until about

185°K. The Goublet in the AB reglo“.ls observed from 185° toiabout i97°

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

are,almcst averagea. Above 26b°,_E# has only a minor effect on the‘AB part?wf .
?he spectrym: The X.portign is‘ipdependent of Eh at all témperatures,

The freguency ‘separations and Deak widths for the.observed and cal-

~

-

“culated spectra atvseveral ?emperatﬁres are tabulatedvin,Table III “for

the AB regioh and Table'IV for the X peeks. Tﬁe'calculated spectra repro-~
‘dﬁce'tbe.appearance of the experimental spectra fcr.%he proper choice of the
bar;ieré and-a£e not .shown here. Qualitatively, the chemical ehifts
tabulated in Table ITI are explaizieq as follows. - There is a downfield

shift cf the AB octet with ﬁemperature,'dﬁe to ;nterﬁoleculer,ihteracticns
with the solvent, until sbout 185°K. At this point the octet begins to
coaiesce with the much.less intense doﬁblet of rotamer III,;ahd'only an
avereged A2 épectrum is obeer§ed of eilfthree rotemers at a weighted L 1
intermed i ate ffe@uency.' As'the'temperature,rises the popuiaticn of rotamer, | o

III.increases, which would shift thejlinéé upfield. However the dO'ﬂ;leLd

chemical shift of the individual rotamers with temperature causes an’

approximately equal and opposite effect, so that the'frequencyvof the . .7 :

doublet is essentially unchanged from 219° to 237°. - - S - . .

The center of the AB region'at 237° is observed 2937.6 ¢ps upfield]. ) =
frcm'the solvent, whereas the chemical shift is calculated Co be 2965.0 -

cps Irom the ' low tempefature data, a discrepancy of 30,& cps.‘ At 185°
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Table III

Caiculated and observed frequeﬁcy_separations and iine widths
for the A3 region of CF,Br-CFBr, in CF2012,"" Peaks are
nﬁmbefed as in Fig. 11 at low temperatures. The doublet

" observed at temperatures above 167°K is labelled as peaks

4 and 5. 'WM,S is the width, at half height, of peaks L and
5 together. The‘experim;ntal spectra are shown in Figs. 12-

13. The calculated spectrum with an asterisk give the best

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

Tgm?f., | EM . _E5 VgV, Vs VsV ;_w3;u o W5;5
163°K Exp 11.1° . k47.9 4.7 38.5 39.6
- #1.0 .6 . x.6 2.0 2.0
7.6 9.9 12 51% 1hs C g L33
7.65 9.9%  13% 52% 15% 38 39%
7.7 9-9 1k 53 . 16 35% 36
4 ) b
Temp. Eu E5 VL—Vs Wu’5
w78 Exp. . | 5hj.i 2 95 t 2
7.6 9.9° L7 95%
Te7 9. 9% 57 . 1025
174 Exp. e - . 682
_ 7.6 9.7 c . 58
7.6 9.9% c - 58
7.7 9-9 c 73
7.6 10.1 c 58




l _3u- .

Tavle III -continued

b b _ a
Temp. ‘ By, ES vuf-v5 wlb5 VAB
185° . - .~ Exp.. ’ 9 2 - k21l 2907;7_£'1 R
7 9.9 <o 36L . 2929
7.8 9.8 " 9 b1 - 2929
7.8 . 9-9% -9 Lo . - 2929 -
7.8 - 10.0 ST 100 ©39% 2929
7-9 ' 9.9 c* .kl , .. 2929
7.9 10.0 c : - 433 2929
210 -  Tp. s PR k9.0 = 1,5?'2924e5 £ 1.2 -
7.7 9.8 c 45% 2951
T 9.9% c. . kr o 20k7h )
7.7 10.0 . c. L7 . 29hk3d
7.7 - 10.1 c - ' Lss “29ko
7.9 9.9. | c oo 29&7%_ |
237 CExp. 16.7 £ .9 9.5 £ .7 2937.6 % 3
R A 10.0 | ‘17% | 7 2965 |
77 - 10.1% 175 9.6 T 2965

& Spectra were caleculated using Eqs.'(8~l3> in the ABX'appfoximation
and Eq._(ié)( The natural.line width, in-the absence of exchange, ‘used
in the calculations was 2.6 (163°K), 3.2 (167°), 2.5 (174°, 185°), 2.3
(210°), and 1.8 (237°). , - '

® 55 = B in e 1/' le.

c ., o
-Lines coalesced.

a

vyp S the chemical shift of the AB line (s) from the solvent. Below

- 185°K the calculated values are all 2929 cps, the experimental values are
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Tabvle III continued

2018.6 (163°), 2916.0 (168°), and 2908.1 (17h°). The chemical shifts
corrected for the vemperature dependent intermolecular solvent inter~

action (see text) are 2929 (185°), 2950 (210°), and 2965 (237°) -




-

.

the discrepancy between the observed and calculated value for the location

of the AB octet is 21.5 cps, and at 152° the difference is about zero.
Fither a nonlinear temperature dependence or a substantially different-

temperature dependence for the chemical shifts of the two different

rotamers appears necessary o explain these three points. Nevertheless,

assuming the difference 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 data in Tables III and IV indicate the best values for the

barriers to internal rotation are Eu = 7.7 .2 kcaL/mol? aﬁd E5'='E6,= '

9.9 = .2 kéal/mqle..,Althdugh,the,experimentai spectrum at any.ﬁemperatgré

,can be reproduced, the best value for the barrier:Eu varies randomly *

 from 7.6 to 7.9, and for E. from 9;7 to 10.1, dﬁe to the error in.

5

determining the temperature in these experiments. At most temperatufes

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

calculated spectrum sufficiently that the best value is readily determined.

This is quantitatively seen from the widths of the peaks given in

Tables IIT and IV.

© o, - . 3
By . . -

CFBr-CFBrC1

N

Brey and RameyQM first obtained the low temperature spectrum of:'

\

‘the three rotamers of this compound.  The assignment of the low temperature

spectrum is discussed in detail-by Newmark and Sederholm}go' In the

~ spectrum at 150°K (Fig. 14) peaks 1-6, 10-11, and 16-18 are assigned to

.'an ABX spectrum of roﬁamer I; peaké 9, 12415, and 22-24 to rotamer III,

and peaks 7-8 and 15-21 to rotamer II. The fluorines in II are nearly

degenerate. The chemicai shift between the fluorines in rotemer II was



Table IV

ERLN

Calculated and observed frequenecy separations and line widths

for the X region of CFEBr--CFBr2 in CFQClQ.a Only the triplet,
1

: .‘~ . . - ar  a =, N o s L1
peaks 11-13 in Pig. 11, was studied. w* is the width at i;

- U U . : .
height of peak 12, and w2 is the width at % height. The latier,

as seen from the spectra reproduced in Fig. 12, usually includes
part of peaks 1l and 13. The calculated spectra with an ‘

asterisk give the best fit To the experimental spectira.

Temp. E; | VigVip vle-vi3 V% , w%
188°x Exp. i 17.0 = k4 6.8+ .5 - 8.7+ .-.6
9.7% 17 - 175 9%
9.8 175 . 174 - 7%
9-9 175 174 6%
196 Exp. 1.5 £ 1.0 15.7£ 2.0 12.0 + .8 39.3 + 1.3
9.7 ¢ 15 13 | b1k
C9.75%  15% .15y C12 Ll
9.8, -7 15% o 164 .10 Lo
199 Exp. c e . /f 17.2 £ 1.0 youh = .8
| 9.7 c | c 181 43k
9.8% ¢ c 162 M32
210 Exp. ¢ ¢ - g2, £3.5 M3z ls
9.9 c c | 16 ' I
10.0% c e 195 )
10.1 c _ c .23 L5
217 Exp. S 16.8+ .6 - 15.6 = .8 9.4 = .8 -
. 9.8 17 17 6%
9.9 17 \ 17 ' 8

10.0% 17 15 10
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!

a - ' BN - . . ' N
See Tootnote a, Table III. Line widths used for spectra in this

" table are 1.8 cpsl(laa°K), 1.9 (196), 2.1 (199), 3.2 (elbjg_éné (217),

\

and 2.0 (238).

b,c ' o . ,
‘Seme as Table III.' | N S = o .
s - ‘ ‘
) g | t
A
/
s / i
- t
. ‘ Rd
‘
i
e T L - - !
B L : L
v
) y
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determined by finding what value of this parameter, when used in the time

a&erage approximation ielded the ocbserved high temperature spectrum.

o

The major experimental error in this caleulation is the‘energy, E3, of

votamer III, which introduces an uncertainty of about 1l cps in the value

of (vA - vﬁ)TIe Consistent results are obtained for the high temperature
Poai : . . .

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

-

values used in the original calculation, Ey .= 7&6 %:al/mole and. (v, - VB)-_

-11.0 c?s. L Co, | o
Increasing the ﬁemperature to 15k°K coalesces lines 7-8 and 19-21 of

rotamer II. At 158°K (Fig. 15) allithe,pairs:of doublets heve,eoaiesced

except peaks 12-15 and 22-24, which are shown in the experimental spectrum

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

. these peaks coalesce. To calculate this feature it is clearly necessary

that rotamer III ve isoleted from the other two rotamers, which are i

interchanging fairly rapidly at 165°I. The calculated spectra will only

reproduce ‘the éxperimental ones if both E55»the barrier;between<rotamers_
-

IT and III, and ES, 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‘i 2 at “158°K, .and 13 = 2 at 162°K, can be reproduced either by taking

E5 = E6, or choosing one of the two barriers higher than the other.,

Because exchange is occurring so rapidly between rotamers I and II;

calculated spectrum depends‘primarily-on the»totalbrate of exehange<of'

I and IT with III. At higher temperatures peaks-12-15 have. coalesced
with peaks 1-1l. A large number of spectra were‘calculateavat 186° ana
196° in which E5

kcal/mole. However, the spectra calculated with E

and Eg were separately varied in the range 9.0 to 10.5

5

not equal to Eg could

N
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always be obtained with both barriers the same, al some intermediate value

‘of E_ and E,. For example, the. calculated spectrum with E5-= 10.0 and

p)

= 9.0 differ

e}

=
N

)

[9)]

negligibly from the one with E. = By = 9.1 at 186°K.

p

"Consequently, in the discussion which follows all spectra were calculated

/

with E. equal to E6.

p

The observed widtl of peak 12 is obtained with E5 = 9.0 at 15L°K,

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

¢

partially due to varying degrees of saturation of the peaks, which was
. R . - . o . .
necessary in order to observe them. Saturation introduces additional

broadening of the peaks, so that the true widths should be narrower, and

N

the aétual energy slighély highéi. The form of the rést_of tné.spectrum

is éccuraﬁely,reprdduéed WithlEu ;,7,8 kcal/ﬁole at'theSe three temperaﬁuresa
In paréicular, at 158°, the width of pesks 5-6 is calc@lated to 5e 38%

cps for B = 7.7, andj33bpps‘forv34 = 7.8. The expérimental~yalue is |

3k £ 2 cps. At 162“ (Fig. 16) the results fér the width are 45 cps (7- 7,

55 cps (7.8), and 51 + L cps (experimental). The freguency separatibns

are unchanged, within experimental error, from those observed at. 150°K.

.

5
The. spectrum at 165°K is reproduced best with E, = 7.9 and E5 = 9.2.

Note that . decreasing E. to 9.0 in Fig. 16 makes peaks 12~-15 much broader. . -
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 40O cps on the scale in the figure) has decreased at this

temperature to 119 % L cps, and this difference continues to decrease

)

e

as the temperature is raised until it is only 21.7 cps at 231°X. A% most
intermediate temperatures it is a sensitive .function of the barrier.
For exemple, it is 102 cps for B, = 7.8 -and 116 cps for B, =7.9 at 171°.

i
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The observed width, 61 cps for peaks 5-6, is somewhat larger than that

caleulated (L7 cps for the 7.9 barrier). The splitting of peaks 16-18

into a triplet occurs at E) = 7.8,"E5 = 9.2 or Eh = 7.9, ES = 9.lh, This‘
shows exchange between rotamers I and II is occurring so rapidly that the
fluorines are averaged. The tri?let is coalesced agéin at 186° as the.

exchange with rotamer III becomes effective.

-

At 186°K the experimental freguency difference between peaks 3-i

~and 5-6 is 60 % L cps, and the width of peak 5-6 is 43 = 2 cps. The

. c o - ty o . o, PN
caleulated spechrum with B, = 8.1 and E. = 9.0 gives 6L and L6 cps,

p)

respectively. If Eu is between 7.6 and 8.0, then the frequency separation

is 68 cps and the LOO cps peak is much sharper. The considerable discre-.
pancy between the energies required to calculate the specira at 186° |

compared to the other Temperatures may be dﬁe'to anAabnofmalLy large érror
in the temperature calibration. ‘; _ - x“‘ »
An alternative explanation is the error in the enérgy-of the third
rotamer, which directly affects the chémical shifts of rotamer II used in
the calculation. At 186° the exghange;between I and II is rapid, so that

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

8.1. . Exchange with III is sufficlently slow that the effect of E. and

5

E6 is slight. 'If E_ were EOucal/mole higher, the calculated chemical

3
shifts would be about 5 cps smaller at 186°K. At other temperatures a
small adjustment in the barriers, about .1l kcal, changes the calculated

o

chemical shifts sufficiently that an error in E, would be umnoticed.

| | 3
At 196° exchange between rotamers I and II is so rapid that the
5 The choice of E5 = Q.2 gives

spectrun depends only on the value of E
the best fit to the experimental spectrum, in which the -experimental

.
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‘and calculated chemical shift between peaks 3-L and 5-6 are both 54 cps. -

~

However the width at half height of the large peak is calculated to be

only Lo he experimental value is 48 * L cps. The width -

(9]
o]
(7]
At
i
=,
o)
(0]
H
]
o
2]
ck

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

result 1is 52 = L cps. Changing the barriers does not meke the peaks

signi;icéntly broadef; but does change the chem;pél shift by'abput 5 cps'
for each,.l kcal,‘so”ﬁhatftheqdiscrepancy between the‘obserfed and calcu-
lated,ﬁi'th‘may'again e due to 2 slight saturation of(the peaks.

A% 205° the barrier E5 is.abou£'9.3 kcal. The AB part of the spectrm#”
(from 200 to 600 cps) is‘becominé tﬁe usual pctét of peaks for an'ABX

spectrum, and the X part of the spectrum sharpens into a triplet. The. P
: . 2 . .

peak at 430 cps (on the scale in the figure) is due to the A fluorine

e

- e . . oA ._ 20 . 4
n the notation used by Newmark and Sederholm. Referring to Table I

of their paper, v, in the three rotamers at 150°K is 3438.8, 3&74.5,'/

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

snifts for v

g are 3;9&.2, 3485.4 and 3859.2 CDS . Thus the A fluorine

resonates in three enviromments whose éhemical shifts differ by only 200 .
cps, and shquld prodﬁce a much‘sharﬁer signal than ﬁhe B fluorine, in
which thé‘bheﬂiéal exchange must be sufficient to éverége over fhrée
environmenfs whose freqﬁencies differ by~650 cps. The éxchange rate

must be three times Taster for the B fluorine in ofdér_to meke its

peaks as sharpvés those for thefA flﬁérihe‘ The splitting of'the‘A peaks-
due to coupling with_thé FX nucléus'can also be 6bserved at a léwer Tempera-
ture. This qualitatively'eiplains the'appearance of the spectra above

180°.

\
"
.
f
1



At 220°K %she choice of E5 = 9.5 kcal/mole gives the best it to the
LR

spectrum, reproducing the width of peak 5 (11. * 1. cps) and the peak

. “ e ) ) . -— - 4., .
L-5 frequency difference of 26 cps. Increasing E. to 9.6 coalesces peaks

5
3 and L.

etermine only the lowest barrier  to intermal

o

It haé been.poésiﬁle ﬁo
rotation iﬁ.CF Br-CrBxCl, Eh = 7.9 = .1 kcal/mole. The experiméntal
spectra can Dpe repro&uced chogsing the two higher berriers equal to
9.3'i‘.2 kcai/ﬁdle. However, ,since the spectrum is only a functiom of
the total rate of exchange with thefthird fotamer, it is iﬁbossible to
“determine the‘two other barriers se?arately. A lower limit of 8,8-can
be set on tThem. |

The three rotamérs are.drawﬁ in Fig. 17. From sﬁeriC~consideratiohs;
rotamer I is assigned to drawing A, II to B, and III to C. Although
the calculations are independent of* this assignment,‘it'can ve used 6
determine fhe form of the activated complex for the three possible' |
rotations. When the substituted methyl group, CFClBr, on A rotates iEO
degrees to form rotaner B,_it is.necesSary that the chlorine move.pass
the fluorihe, the bromine pass the second fluprine; and the fluorine pass
the bromine. Minuthe'transitibn state these three pairs of atomé are’ :
presumaﬁly eclipsed. The'resﬁlts on CFQBf;CFBr2 énd CFEBr~CClzBr, in
wnich the assignmenﬁ of the rotamers is unamblguous, indicate that if
tﬁo large halogens, éuch'as a bromine and chlorine or two bromines, are’
eclipsed, then the barriers are much larger. This évidence‘is"reviewed
below. tIn CFEBr-CFBrCl it is seen that the AC and BC exchange fequifes
eclipsing.two large halogens. The assignment made above is then completely
consistent with-the barrier determinafion sinﬁé Eh’ the lowest barrier,

is between rotamers I and II, or A and B.
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F _Br-
C 2B CHBxCl

Pr~-CHBrCl was studied as an approximately 25% by ,volume solhulon""

|
td

CE

2 ‘ v ‘ _

in CFEClQ. The low temperature rluorine spectrum is shown in Fi z. 18.
The spectrum should coasist of the SqurpOS“ulon of three AB quarte

da

¢S, one

i

Tor each rotamer; and each line,should be a doublet from thé H~F splitting.

In analogy to CF_ Br-CFBrCl and LF ,Br-CFBr,, the AB couplihg constant

N

should be aﬁout 165 cps;v The spectrum is suostanulally d¢*Lerenu from
that of CFQBrQCFBrCl,‘and the éssivnment was finally mede by a careful
consideration of tﬁe relative areas of the peaks. Peaké 1, 2, 6, 7,. 10,
end 11 are assigned %o “the AB quartets of rotemer I, peéks'é,'h,'S,‘9, 12, and
;

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

rotamer II. The two fluorines are nearly degenerate in this rotamer.

- . . e

Peaks 1 throﬁgh 4 should be doublets, butinc-splitfihg Was'ever observed-
on these peaks, indicating that two of the EF coupling constants are almpét
zero. Peak 5 was obtained aé a quarteﬁ On two occasioné? the faur péaks
are 2602.2, 260h 6, 2607. 5, and 2610.3 cps up:leld from the solvent. Thev
;h6 X proton snectrum consists of two broad overlapping peaks. |

The spectra of the thfee rotamers were analyzed as ABX spectra to
obualn une ghemlcal Shl fts. Aithough all tﬂ;-H—C-C—F ¢ouplihg constants
"that have been‘reported have thé same'sign,25 the resﬁlts have oniy been
obtained in substituted ethanes at room tempefature, énd onwone-substituted-
ethylehe,' The data presented here suggests the coupling constants at room -
temperature‘arg the superpositiﬁn of largevvalues for somé rotamérs and
small ones in the others. In particular, the small coupling constaﬂts

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

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

1
v



-Ls5.

rosamers I and III were taken directly from the observed splittings. The

results are in Table V.

' -

shifts end coupling constants are observed. These are also listed in
Table V. The spectrum at 303°K is exactly analogous to peaks 1-8 in Fig.

11 for the AB peaks of rotamer I of CFQBr—CFBr2 in which the peaks in

-

eacn doublet have the same intensity. Consequently the two H? coupling
éonstants ﬁust have the same sign at 303°K. From the gqualitative applica—>
tion of the time average apprbximataon to the coupling-constants.it then - .
follows that the two large coupling-constants in rotamers I and III have

the same sign. The energiles of the rotamers were obtained from the average

of several integral spectra - E2 = 167 * l3'ca&/mole and E3 = 248 = .20

'cal/mole.

The averaged coupling constants and chemical shifts at high {empera-

. 5 . . . . 20
~tures have been calculated from the time average approximation. 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 amount'as the results

obtained ‘in CFQBr—CFBrCl.QO "The discrepancy would be larger if some

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

case, the trend of the two coupling constants is quantitatively reprbduced.
The calculated value of the chemical shift between the two fluorines on

the same carbon is within experimental error of the observed values. The

%

observed discrepancles between the calculated and observed shifi from ~i: .

ct

ne solvent peak are the usual order of magnitude. These results sub-

wn
<t

tantiate the conclusions drawn from the CF Br-CFBrCl chemical shifs

2

data by Nevmerk and Sederholm. &0 _ : N

The spectrum has been analyzed at 229°K and 303°K where averaged chemical’




Table V

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

2

__and of the averaged spectrum at 229°K énd 303°K. Al valueé are in cycles per second.

J VIJ.AX | I a Y | VE VA

E _ 160.8 % .5 <2. 8.9 3 2268 3298.8  .1030.k

II o - 18 & 3.h % oy 258&”.3‘ 682 W29
in R 1590 .7 18,5 ¥ Lo <o 33748 eM6r.h - 907 L
229°K o .'161.6 x4 52 + .3 - 8.9t .3 2630.8 .2852.5 231.7 .

303°K 1_62.2'5 A 5.65 ¢ 2 8.6 + .2 0631.3 . 2819.1 187.8

& 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°,
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B ' . : ' Tavle VI

Calculated chemical shifts and coupling constants (in'cps)
-
at high temperatures using weighted averages of the low

temperature data for CFeBr-CHBrCl.

JAX JBX vy vB-vA
229K 5.3 9.3 2647.6 . 2337
303° 5.7 8.8 2672.1 187.6
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The spectra at,intérmediate rates of’exchanée‘aré shown in Fig. 19.
The situation is analogous to the experimental results of CFQBrfCFBrCl—
the peaks of one roiamef, in this c;se rotamer II, are not-broadened oy
exchange whereas the other two rotamefs are undérgoing rapid exchange.
Barriers Eh and E5 must be at least'7.8 keal/mole to calculate the

experimental spectrum with & sharp peak 5. The choice of E6 = 6.9

-
3L

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

. . . R . R . . \
in the figure at 147°K (the peaks are numbered acco¥ding to.Fig. 18).
Spectra were calculated with EM equal to E5 since the previous

results on CF,.Br-CFBrCl showed that the spectra will only depend on the

2

totur rate of exchange of II with IIT or I.

The choice of B) = E_ = 8.2 keal/mole at 147°K reproduces the -

2 ,
observed width of the sharp peak, 13% cps. Changing Ebr by..l kéal}
changes the width by less fhan a_cycle at this low'temperaﬁure; I

When the temperéture is inéreééed'to 156° the smali peaks become
extremely broad. Eu = 8.1 rgproduces Fge‘width‘of the.main peak,
26 + 2 st; E6 between 6.7 and 6.9 reproduces the general appéarance
of the spectruﬁ for this valﬁe.of~Eu;',At 168° ahpthervpeak 385 = 26 cps
upfiel& fromjthe-méiﬁ peak 15 observed. Eh % 8.0.reproduces-£he width |
of the large'peak, 165.i 20 qps,_and fhe‘observed chemical shift. 'Changing
Eg has a small effect on the width. . V "

At 190°K the AB part of én ABX speptrﬁm is obsérved, in which the

downfield palr of peaks are much sharper than the upfield pair. This

2

appearance is explained in exactly the same manner as the CF Br-CFBrCl
spectra above 180°. The observed spectrum is reproduced with B), = 8.2,
E6 = 6.9, or Eh =:8.l, E6 = 7.0. Both barriers have a noticeable effect

f
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on the spectrum. E6 is still important-at this relatively high temperature
because of thne large chewical shift between rotamers I and III.
At 210° %the experimental spectirum can be reproduced for valiues of E,4

about 8.2 and E6 avout 6.9. The changes in the widtns upon small

veriations of these parameters is insufficient to choose an exact value

of the barrier at this Temperature.
In conclusion, the lower barrier in CFQBr-CHBrCl is 6.9 £ .2 kcal/mole,
and the higher barriers are at least 7.8 kcal/mole. The experimental

spectra can be reproduced by choosing the higher barriers the same, and

equal to 8.2 kxcal/mole. - : -

4

If steric hindrance of the bromines determines the relative stability

of the rotamers, then drawing 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. However, only drawings A _.and

B have the proton trans to a fluorine, and the probable explanation for

the observed spectrum is that the four gauche H-F coupling constant are

small and the two trans couplings large. Then drawing A is assigned %o

rotamer I, ¢ to II, and B to III. F

y 1s a doublet in rotamer I, Fp e

doublet-in rotamer III, and-the chemical shift relationships in Table V

.

are satisfied.
The barriers to internal rotation show unequivocadbly that the barrier
between rotamers I and IIT is over 1 kcal/mole less than the other two

barriers. From the steric considerations discussed in the section on

CFQBr—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 rotaners represented by drawings A

N
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a.

and B in Fig. 22 Rotamer C must be assigned to peak 5, or rotamer II.

This shows that the second assigmment of rotamers to the drawings is =~ |

correct, and presumebly that the trans H-F coupling constants are substan-

tially larger than the gauche ones. Since the coupling is transmitted

th N the bonds, it is unlikely that it should have extreme fluctuations

with small changes in dihedral angle.

This interpretation of the coupling constant is supported by other
s : o 26 4 e e e
evidence. Abragam and Bernstein = have studied the temperature dependence

of JHF in CFClQ—CHClQ. Although they were uhable to reach a low enough

temperature to freeze out the roteamers, the results could be expldined by

fitting the observed averaged coupling constant with E2 = E3 = hOO:cal/mble.\
= 18 cps, and Jgauc“e = 1 cps. Although it has been shown that
a4 . s .

J,
“trans
20,27 tne results in Table VI -

this method of analysis is not quantitative,

show that it should be gualitatively correct for these cases where the

coupling comstants in the low {Temperature rotamers are.very different.
B A o 28 .. » - pi g
Fessenden and Waugh, from a similar study of CHClQ—ngcl, find

two sets of coupling constants for the two rotational isomers of the

compound which when substituted into the Time average approximation yileld

the observed results. The solution in which the more. stable rotamer
has all the chlorines gauche to one another (similar to drawing C in

e 2 . = ) - . o _-
Fig 21) gives Tipans = L0 and Jgauche 5 cps. The results on CF Br

CHBrCl studied here indicate this assignment of the relative stability.
of the rotamers is likely to be correct.. The alternative assignment

for the relative stabilities gives a gauche coupling comstant larger

- than the trans one.

v
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The relative energies of the rolamers may be explained by a considera~
tion of the dipole moment of The C-E and C-halogen vonds. The CgH dipole
is much less than the C-nalogen dipoie, so\that the dipole moment perpen-
dicular to the C-C axis in rotamer C should be less than ih rotamer B.

This effect could be studied by determining the relative energles of the

three rotamers of CFQBr~CHBrCi in solvents of different dielectric strengin.

-

Discussion

A. Chenmical Shifts

The chemical shifts between two fluorine atoms on Tthe same caroon

varies by more than 15 ppm.in the molecules discussed. lthough this: | =

seems rather large, similer differences are obtained for methylene fluorines

-

in cyclic compounds.29 The results on CF,.Br-CFBrCl and CF. Br-CHEBrCl

2 2

N

indicate that the smaller values usually observed in molecules undergoing
free rotation result from en averaging of larger values of different
o -

signs in the various configurations.

That the spectrum of the three rotamers of CF. Br-CHBrCl is very

) 2

ferent from the one of CFEBr-CFBrCl shows that substitution of a proton
for a fluoriné:has a large effect dn the electron distribution of the .
molecule. This 1s certainly reasonable ih‘view of the change in megnitude
of the dipole moment for ﬁhe C-F compared to the C-H bond.

No correlation between the substituents gauehe to the AB fluorines
and their relative chemical shift has been noticed."Thus; in isomer I of
CFQBr-CFBre'(Fig; lO).bne of the fluorineslis gauéhe té a fluorine and
bromine, and the other gauche to two bromines. The two 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

of I. Similar results are true for the other compounds. The distortion
of the molecule Trom tetrahedral symmelry, due to the large bromine
substituents, may ve the maln source of changes in the chemical shif?

vetween rotamers. In all the molecules studied the resonance of the

fluorines in the high energy form are at higher magnetic field. The

-

high energy form probably has the bromines gauche, and conseguently the

greatest distortion. This is, definitely the case. in CFEBr-CCld r and
a

CFgBr—CFBr0 where the two isomers have different spectra. In the other

molecules 1T is impossible to assign the rotamers to the spectrum from

such considerations because each rotamer has an ABX spectrum. However,
: . N .

in analogy to the first two molecules, and other halogenated ethanes .

- 30

which have been studied by different technigues, the highest energy

form probably has the largest substituents gauche to eachn other. This

is reasonable from steric and dipole moment considerations for the

verhalogenated ethanes. This assignment was made in CFC1lBr-~CFClBr and

.

CFEBr—CFBrCl in order to correlate the barriers in the next section.

-

. The assignment of CF,. Br-CHBrCl is apparently an exception to the usual

2
rulethat*the high energy form has the large halogens gauche to each
other.

In CFQBr—CFBr “and CFeBr—CFBrCl there is some consistency .in the

2
resonance of the single upfield'fluoriné'(FX). In the two rotamers

(IIT in Fig. 10 and C in Fig. 17, respectively) where this fluorine is
gauche to the two other fluorines it is several hundred cycles upfield

-

rom the resonance when the fluorine is gauche to a fliorine and a bromine

.

or chlorine. -



B. Barriers |, ,

The free energles of activation, termed for simplicity the barriers,

of the halozenated etnanes wnich have been determined in this work are
listed in Table VII. The freé energles are measured Irom the potential .

nininmum of the most stable rotamer. The barriers of four acdditional .

H

perhalogenated ethanes, determined from infrared and -electron diffraction:

measurements, have also been listed for comparison. Presuwnably the large

barriers Tor the ethanes with bulky substituvents like chlorine or bromine

.

are steric in gin, and one would anticipate a correlation between

3
@]
H
!

LIPS

the size of the substituent and the barrier. To show this correlation,
the pairs of atoms which are eclipsed in the activated complex when the.

otation occurs are also indicated in the Table.

H

. -

Comparing the results‘in the compounds with two fluorines to those
with three fluorines,vit is clear that adding a bulky chlorine or brdmine
significaﬁtly increases the barrier.

The geometry of'the'moleculé substantially affects ?he magnitudé'

of the barriers. - Thus, E)_!r in CF

2Br-CClgBr has exactly the same pairs of

%toms eclipsed in the activated cdﬁplex as Eh in'CFClEr-CFClBr, yet the:
two baifiers'differ by -7 kcal./mole. There is a similar lack of.agreement“
between E5 qf the former mblecule and E;”of the latter, although the
experimental érror is greater in this caée. Althoﬁgh the CFC1Br-CFC1Br

measurements were performed in C82 solution wnile the CFQBr—CClQBr

measurenments were made in CFCL sufficient measurements of the latter

3}
compound in CS2 shiowed that the lower barrier did not change with solvent.

The higher barriers in CFQBr—CCleBr may be explained by observing that

one oi the carvons has three bulky substituents in this isomer. Distorting
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Table VII

)
ct

P

The pairs of atoms which are eclipsed in a rotation, and the

ed free energy of activation, in kcal/mole.

Molecule ‘ o Berrier . " Eclipsed Pairs
CFBr-CCl,Br B = =108 = .1 Br-Cl, Br-F, Cl-F.
By = 12.0 £ .5  Br-Br, 2 Cl-F.
CFCL,-CFCL, . E = 9.65 £ .1 C1-Cl,. 2 C1-F.
CFC1Br-CFC1Br 7 B, =E =101 .2 ' Br-Cl, Br-F, Cl-F.
E5ié 12.0 % 1.0 . Br-Br, C1-Cl, F-F.
E} = 9.9 = .2 2 Br-F, C1-Cl. .
B = 10.6 = .2 .. Br-Br, 2 Cl-F.
Ef 2 110.6 = L2 - 2 Br-Cl, F-F.
CFBr-CFBr, E), = 7.7 = .2 ‘3iBr-E:p ¢ng5;"
v E5 =Eg = 9.9 # .2 +Br-Br, BrfF; :".
CF,Br~CFBrCL ' E,= 7.9 .1 2 Br-F, C1-F.
E; 2 . 8.8 S Br-Br, Cl-F, F-F.
B = 8.8 - * Br-Cl, Br-F, F-F.
- CFBr-CHBrCl B, > 7.8 Br-Cl, Br-F, F-I.
E. > . 7.8 - Br-Br, CL-F, F-H.

.2 - . Br-F, Br-H, Ci-F.

=
O\ \Ji
]
[e)
\O
4+



Teble VII continued

- Molecule Barrier Eclipsed Pairs
CF .3 3a E= . L4.35 3 F-F.
CF.-CF, CL° E = 5.67 C1-F, 2.F-F
32 : - 1-F, .
T CF Bl = 5 By ol
CJ.3 CJ.QB; B O.-)-{- or F’ 2 3 F‘.
‘ c013-0013° - T = 10.8 = 3. 3. C1-Cl.
a ) .’

.Reference 2.
Reference 5.

Reference 3.
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the bond angles from tetrahedral symmetry To move the dbromines further
apart in the eclipsed state is then rendered more dlfficult.

It is reasonable that the barrier will be the sum of three terms,

]

corresponding to the three pairs of eclipsed atoms in the activated

N

complex. Let E(Br-F) denote the contribution to the total barrier of

& bromine atom and a fluorine atom which are eclipsed. It is possible

to obtaln barrier contributions from each palrwise interaction, although
the conclusions already drawn show these mey have little significance.

It is nevertheless interesting to obtain an independent result from the

other molecules studied. From the CF_~CF_ and CF3-CF2Br;results;

373
 E(F-F) = 1.L5 kcal./mole, and E(F-Br) = 3.50 kcal./mole. -However E(F-Br)

ct

= 2.75 kca;./mole is_calculated from Eu'of'CFeBr--CFBr2 25% lower than

w
N1

0. Turther consideration of pairwise contributions to the barrier in

Hh

1

joN)

ferent molecules is clearly unﬁarfanted.
It is interesting that the two barriers in an asymmetric compound

" are significantly éifferent'(e.z kcal%/mole in CFQBr—CFBrQ)‘ A theory

to gquantitatively predict the results:cannotvdepend linearly on the size

of the substituents. Thgs,,E(Br-Br) +,E(F-F)'# 2 E(Br-F). " In Teble VIII

the digtéﬁce;from a.substituént'on en ethene to the plane bisecting the carbon-

carbon vond is given. These values can be compared to the Van der Waals

_radii, also given in the Table. The bromine and chlorine Van der Waals

H

adil extend much further than the bisecting plane. The ovérlap of the
eclipsed atoms, corresponding to E(Br-Br), E(F-F), and E(Br-F), are

. ° - ’ . ‘. - .
1.06, .2k, and .65 A, respectively. A linear theory would postulate that

the barrier contribution is directly proportional to this overlap, and

2
¥

conclude that EL,r =E_in C 2Br—CFBré. However the results prove that the
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The distance from a halogen or proton substiftuted on an
ethane to the plane bisecting the carbon-carbon bond, D,

er Waals radiuvs R. All distances are in

m
o]
oY
}J
ct
0
<3
(]
o]
o}

Angstroms.

Substituent C-X distance® ..  D° ' RS D - 'R
H 11.095 1.13 1.2 . - -0.07
F : 1375 ' 1.23 1.35 -0.12
cL , 1.78 - 1.36 1.80 - ~0. kb
Br 1.9k ' L.k . 1.95 . -0.53

.

From L. E. Sutton, "Table of Interatomic Distances and Configurations

in Molecules..and Ions," The Chemical Society, London, 1538.

-
\

The calculation assumes tebtrahedral bond angles.

L. Pauling, "The Nature of the Chemical Bond," Cornell University

Press, Ithaca, New York, 1960, p. 260.
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varrier is proportional to some power of the overlap distance. In fact
the overlap is so great that some distortion of the carbon vonding orbitals
undoubtedly occurs to reduce it in the transition state, which eliminates
simple correlations of the data.  In this respect, it is interesting o -

note that the distance between two bromines on a ueuraneq al carbg

is 3.17 A, or .3k A further apart.thanvthe two ecli sed brom;nes.

The series of compounds, CF B?-CClBrX, X = K, F, and Cl has veen
studied. A significant increase, 1. kcal./mole, in the magnitude of
the barrier occurs with substitution of a fluorine for a proton. This
éuostantial increaseuin the barrier may be a steric effect. In one

o o : . , W \
case the bromine is eclipsed with a prOuon the o her case with a
fluofine. In addition a contributing factor to the'difference-may be,
the change'in the maghitu&e, anq possibly alfeCuloﬁ, of the bond dipole
upon substitution of the fluorine for tne prOuon. Changing:the fluoirine
to a chlorine ihcreases the varrier even more, by 3.0 keal. /mole. The
'significant.increase.in the bar rler with su05ultutlon o; a chlorine occurs
_because in CFQBr-CClgBr ny rotgtion fequires'that two large halogens
e eclipsed. - .- . -.’ o - .

.Finally;'the free enefgies of-activaﬁion are indépendent of tempgrature;
within experimental error. The résﬁlts bresented show the theory is |
suff1c1entlj sen ivc‘to émall‘éhanges in thé barriers that it should
be possible to measure the temperatﬁré dependence of the barriers with
experimental apparaius which p:ovide more accuraté temﬁerature control.

The error in the barrier is directly proportional. to the absolute error

h

. the temperature because of the exponential dependence of the rate

1

laws used in this work.
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Summary

+ The results on CFQBr~CClQBr and CFQBr—CFBr2 have been presented

in considerable detall To snow that the modification of the th

)

ory

ct

of exchange developed above can accurately reproduce experimental specira.

For the more complex molecules studied it was lmpossible to obtain The

free energles of activation between all three rotamers. However, the

theory is still capable of reproducing the observed spectra within

=N

R

experimental errcr in the parameters used in the calculation.

-

The listings and wrifte-up for the computer vrograms are avallable
C . 15 N :
upon reguest. :
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Figure 20.

Figure 21.

of the solvent, Cﬁ
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N

as its calculated location from the computer spectra. The

8]

3

sharp peaks on the sides of several of the spectra are

solvent sidebands The spectra on the left are of the peak

. . - - - . - e e O
Experimental and calculated spectra of CFEBr-CrureAaL“l67;Ka

Spectrum of CF . 3r-CFBrCl at 150°X. The separation between

Spectra of CF Br-CFBrCl at several temperatures (°K). The

sharp peaks on either side of each spectrum are sidebands

of uhe solvent, CFCl3. '
Experimental and calculated spectira of CFzBr—CFBrCl at 162°
Solvent sidebands are at 2902 and 4146 cps. | - )

The three rotamers of CFEBrfCFBrCl.

Experimental spectrum of CF, Br-CHBrCl at 123 . ‘
SDeCura of ngBr CHB*CL at several uembera*"res (° K) The

N « .
. S

sharp peaks on either side of eagh spectrum are.sidebands

2 2

.

uxperlme¢tal and ca culated spec»ra of Cr23*~C rCl au 1L7°K.

'Solvent sidebands are at l9h7 and 37&9 cps-

The tnree rotamers of CﬁgBr-C BrCl

.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used 1in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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