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NUCLEAR MAGNETIC RESONAlIJCE STUDIES 

PART I: F19 SPIN-SPIN COUP~ING"CONSTANTS 

Soon Ng 

-Inorganic Materials Reseal~ch Div1sion, Lmrrence Radiation 
Labo~atory and Department of Chemistry 

University of Califo::cnia 
Berkeley J California. ' 

AJ3S'l'RACT 

The pa.ttern of fluorine-fluorine coupling constants is explained 

on the basis of two mechanisms for nuclear spin-spin coupling: 'the 

"through-bond" and the "through-space" mechanisms. In ·the former J the 

,interaction proceeds' via the electronic structure in. the intervening 

bonds. It is high~ dependent on the electron-withdrawing power of 

,the substituents on the carbon skeleton. This contribution to the 

coupling constant goes to zero when the sum of the electronegativities 

/ 
of the substituents becomes sufficiently high. The latter mechanism 

.' 
is operative when two fluorine atoms are sufficiently close in space 

for there to be appreciable'overlap of their electronic clouds. This 

"through-space" interaction proceeds via an electronic structure where 

, there is no bond per se. ' ,Experimental evidence, for the existence of 

both mechanisms ~s ,given. 
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PART I: F19 SPJN-SPJN COUPLING CONSTANTS 

I. INTRODUCTION 

The usual nuclear,magnetic resonance (NMR) spectrum exhibits two 

kinds of' fine structure. The first kind is known as the chemical 

shift. l ,2,3 It arises as a result of' small variations in the electro-

nic shielding of the nuclei or groups of magnetically equivalent nuclei' 

in the molecule. The magnetic field at the nucleus of an atom differs 

by a small, amount from the applied magnetic field, due to an interaction 

between the applied field and the orbital motion of the electrons sur-

rounding the nucleus.· The local field created by this interaction is 

generally opposed to the applied field, and the nucleus, therefore, is 

said to be shielded from the magnetic field by surrounding electrons. 

Since this shielding f'ield is found to be proportional to the applied 

field, a shielding parameter of the nucleus can be defined as the ratio 

of the shielding field to the applied field. This parameter is then a 

reflection of the actual electronic (chemical) environment of the 

nucleus. The second kind of fine structure is attributed to an in-

direct coupling of the magnetic moments of pairs of nuclei in the same 

molecule. 4 ,5. Direct magnetic dipole-dip9le interactions average to 

zero because of the high-frequency molecular motions characteristic of 

the liquid state. This indirect magnetic interaction between nuclear 

spins was found to be proportional to the scalar product of the nuclear 

spin veytors 

the proportionality constant is known as the coupling constant, usually 
\ 

expressed in cycles per second. 
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The theory of indirect nuclear spin-spin interactions is based on 

the complete Hamiltonian for the electron-nuclear interactions as first 

outlined by Ramsey and Purcel16 and later developed in more ,detail by 

Ramsey.7 The portion of the Hamiltonian important for indirect nuclear 
. 

interactions consists of three principal parts which may be called the 

electron-orbital, electron-dipole, and the contact termsjand may be 

written as 

These three terms represent, respectively, the interaction of the 

nuclear magnetic moments with the electron orbital motion and with the 

. electron spin density at a distance from, and at thenucleus. 7 ,8 

Essentially, the mechanism is the magnetic interaction of each nucleus 

with the spin Or orbital angular momentum of a "local" electron, to-

getherwith the coupling of electron spins and/or orbital angular 

momenta with each other, i.e., the indirect nuclear interaction pro-

ceeds via the electronic structure in the molecule. 

The first term Jf (1) invo'lves the' total electronic kinetic energy, 

the magnetic interactiohs between electronic orbital motions and 

nuclear moments., and the various interactions between the electrons. 

Since the ordinary momentum p of a free particle must be replaced by 

the generaliz~d momentum P = (p + !:. K) for the particle in an electro.­c 

magnetic field, where A is the magnetic vector potential defined as 

curl A = H and dive K = 0, and where P is the generalized momentum of 

the partic.le, J:fcl) can be written as 

!f (1) = ~ (~) [Pk + ~ ~] 
2 

+ other terms not in­
volving nuclear spin 
vectors, 

,., 

.... 1 

• 
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where m is the electron mass, Pk the linear momentum of thek-th elec­

tron, and ~ the vector potential for the same electron d~e to the 

nuclear moments. »u (1) can be put in the appropriate quantum mechanical 
;,.. 

.. form by making the substitution i\. ..... r 'fj Also a specif'ic choice of 

vector potential ~ is made in terms of· the nuclear magnetic moment 

~n ~ rn t In and the distance rkn = rk - rn betwejn the k-th and the 

nucleus by writing ~ = ilnx rkn/r~. Thus this first term in the 

Hamiltonian is written 

')d;.. . (1) 11 ~ e - - / 3 ] 2 
~r(l) = ~ 2m [I v + c ~ h rnIn x rkn rkn + other terms 

. where rn is the magnetogyric ratio of nucleus.n and In its spin vector. 

operator • 

. ~ ~(2) represents the dipole-dipole interaction between the nu­

clear magnetic moments and the spins of electrons in non-S orbitals ,: 

where 

and' 

spin, 

and 

it ( 2) = - iln • Jf el ' 

-
... Jtel = _I-le + 

r3 
, 

-J..Le = 2~S is the magnetic moment due to the electron 

~ is the Bohr magnet on \. 
! 

S, is the electron spin. Thus for a system of k electrons 

and n nuclei, if(2) may be written 

Finally, the third term9 represents the interaction between elec-

trons in s orbitals and nuclear spins, and is 
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= l6rc (3h E Y I~ ( r ) S . I 
3 n 1m k n 

k,n / 
I 

The Dirac delta ~unctiono(rkn) in the term implies that the interaction 

depends on the probability o~ the electrons being at the nucleus. Such 

a contact term was introduced by Fermi to explain the hyper~ine struc-

ture in atomic spectra, and it is also used in the discussion of elec-

10 tron resonance experiments. 

To ~ind the energies of the indirect nuclear moment coupling that 

proceed via the electronic system, one may treat the parts of the above 

Hamiltonian depending on I as a perturbation on the remainder, and 
n 

carry the calculation '):;0 second order. Such a calculation of the 

coupling energy requires a knowledge of the energies and wave fUnctions 
-. 

of the triplet states. The perturbational calculation involves the 

summation of an in~inite number of terms, but most theoretical inter-

pretations have been based on an approximation of the original general 

equations, using an average excitation energy. In this approximation, 

only the ground-state wave function is required, and for this purpose 

both LCAO-MO and valence bond wave ~unctions have been used. 

_ It has been shown that for protons.the Fermi contact term makes 

the principal contribution to the coupling, and that the electron-

dipole and the electron-orbital interactions may be neglected. 7,11 

is now generally believed that proton-proton spin coupling proceeds 

through the electroniC structure in the intervening bonds. This 

lIthrough-bond l1 effect is compatible with the common observation that 

the magnitude of the coupling constants attenuates with increasing 

----number of bonds separating the nuclei. McConnell has suggested an 

It 
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attenuation factor of 10 for. each additional intervening saturated 

12 
bond. 

·Whereas some headway has ,been made in the theoretical treatment 

11 of proton-proton interactions, not much progress has been made ,in 

the prediction of fluorine-fluorine coupling constants, although a 

large number of such coupling constants have been determined experi-

mentally. Perhaps the most complete treatment of the problem is due 

to McConnell,13 who applied MO theory to the evaluation of the coupling 

constants in C
2
F4• He stated that "nuclear spin coupling between pairs 

,of nuclei other than protons present a much more complex problem from 

a theoretical point of view. This is true because, in general, both 

one-electron orbital and two-electron spin and orbital interactions 

can make significant and sometimes comparable contributions to nuclear 

spin, coupling." The conclusion he made was that "nuclear spin couplings 

between nuclei that are not directly bonded to one another but i{hich 

malce use of ,bo,th s and p atomic orbitals for molecular binding will 

involve significant contributions from both electron SPll1 and electron 
i 11 

orbital interactions with the nuclei. 1I Karplus attempted to inter-

pret the observed coupling constants in,fluoro-ethylenes by consider-

ing only the contact term, although he suggested that fluorine-fluorine 

couplings are more complicated than the proton-proton coupling because 

terms other than th~ contact term may make significant contributions . 

Recently, Gutowsky and Mochel,14 found that the coupling constants 

(J
FF

) for some 2-Fluorobenzotrifluorides depend upon the 6-substituent. 

They found that the approxirr~te, theoretical expression developed by 

,- Pople for the orbital contribution to J
FF

, and which relates the 
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anisotropy of the chemical shift and the molecular geometry to the 

orbital contribution, leads to values which depend on the 'angle be-

tween the principal axis of the chemical shift tensor, ,vhich. lies a.long 

the C-F bond, and the F-F vector, and on the_.:f-::f .. 1p.ternuclear distance. 

'·e~':;··These<'a.tigu1ar dependent values are too small by at least MOraer of' 

magnitude to account for the results they oqserved. They also noted 

that Karplus' valence-bond estimate of the contact contribution to 

J
FF 

differs by a twofold factor for cis and trans fluorines in fluoro­

(ethYle~es,ll which factor is similar to that they found for the cis and 

trans rotamers of 2-Fluorobenzotrifluorides, in which the ~F3 group has 

two distinguishable, preferred orientations with respect to the plane 

of the benzene ring, such that an F from the CF~ group is cis, in one 

. case, and trans, in the other case, to the 6-substituent. They 

suggest, therefore, that the theoretical explanation of their results 

should be sought first in the contact term and its dependence upon 

molecular geometry and substituents. 

In view of the additional electronic p orbitals in the vicinity 

of the nuclei involved, the problem of fluorine-fluorine coupling is 

certainly more complicated than is the ',ease of coupling between protons. 

It would not be surprising, therefore, if ·fluorine-fluorine coupling 
~- , 

could proceed via more than one mechanism. 
/' 

/ 
I 

/ 
,/ 

..i 
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+I. FLUORINE-FLUORINE COUPLING CONSTANTS 

A striking anomaly is observed in fluorine'coupling constants in 

fluoro-organic compounds. In 1956 Saika and Gutowsky15 rep'o;ted':8, near"-

zero coupling constant between the fluorine atoms on adjacent carbon 

atoms on adjacent carbon atoms in the molecule CF
3

CF2N(CF
3
)2' This was 

unexpected, since fluorine-fluorine coupling constants were known to be 

large, and particul~rly since the other two coupling constants are 16 

and 6 cps for the fluorine nuclei separated by four and five bonds, 

respectively. Since that time about 20 similar cases have been reported 

in the literature. 16, 17 vfuile the coupling constants between vicinal 

fluorine atoms are nearly zero in a great number of compounds, the F-F 

. 18 18 19 coupling constants ~n HF
2

CCF
3

, H
2

FCCF
3

, BrF2CCFBr2, and many other 

sUbst'ituted ethanes are large. In fact, the range of vicinal fluorine 

coupling constants for the different halogen substituted ethanes appears 

20 
as follows: 

)CF2CCF 3' 0-5 cps; 

4-9 cps (H
2

FCCF
3 

18 
XYFCCF

3
, gives 15.5 cps ); 

. , 

XF2CCF2Y, 1-8 cps; 

The magnitudes of the coupling constants appear to increase as the 

electronegativity of the substituents decrease in the order I > H > Br > 

Cl > CF
3 

> F. 

,/ Several hypotheses have been advanced to explain the near-zero 

coupling constants between some vicinal fluorine atoms. In the case of 
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perfluoroethyl ~roups it has been widely assumed that the near-zero 

coupling constants come about as a result of the acciden~al averagin6 

to zero of the non-zero coupling" constants for the three stable con-

figurations with respect to rotation about the connecting carbon-carbon 

bond. This idea was originally presented in the literature by Crapo 

16 20 and Sederholm. It was further invoked by Harris and Sheppard. But 

'. 17 
Petrakis and Sederholm found that while the coupling constants between 

a CF 3 group and a vici'nal CF 2 are nonvanishing in some compounds, this 

coupling constant is nearly zero in many compounds. They argued that . if 

the explanation offered above is valid, one must assume. that the coupling 

constant does not vary much from compound to compound, but is only a 

function of the dihedral angle. This would lead one to predict that the 

coupling constants in all compounds having the CF
3

CF2 -gfoup would be 

nearly zero, which is not the case. This idea was thus shown to be non­

tenable by Petrakis and Sederholm. 17 Recently, it has been established 

that in substituted ethanes the trans and gauche coupling constants have 

the same sign19, 21 so that no accidental averagiI!g to zero of the non-

zero coupling constants can occur for the three-stable configurations 

with respect to rotation about the connecting carbon-carbon bond. Petrakis 

and Sederholm17 advanced another explanation for the vanishing vicinal 

fluorine coupling constants, that of "through-space" coupling. According 

to this explanation, fluorine atoms couple almost completely due to the 

direct overlap of orbitals on two fluorine atoms. The overlapping 

orbitals need not be bonding orbitals. The coupling constant is ass~~ed 

to increase monotonically as the amount of overlap increases, i.e., as 

the fluorine-fluorine distance decreases. Petrakis and Sederholm postulated 

"'. 
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,// 
that the coupling constant goes to ze//when the distance between t.he 

o 
fluorine, atoms becomes greater than,2.73A. This distance is just the 

sum of the Van der Waal radii of l~e two interacting fluorine atoms. 

Assuming normal bond lengths and/bond angles, and assuming that the 

staggered'configurations are the favored ones, the closest fluorine-

. fluorine approach between the two set sets of fluorine atoms in the 

CF
3

-GF2 or R-CF2-CF2-R' group is 2.73A. Thus, if F-F coupling constants 

are determined solely-by this non-bonded interaction, the near-zero 

coupling constants are easily explained. Petrakis and Sederholm further 

explain that the non-zero coupling constants· observed in compounds such 

17 22 16 . aSFG(CF
3

)3' C12FCCF
3

, or IClFCCF2CF
3 

~n terms of bul1W CF
3

, Cl 

or I groups forcing the vicinal fluorine atoms together. However, in 

18 view of recent data for HF
2

CCF
3 

and H
2

FCCF
3

, which have coupling 

constants of 2.8 and 15.5 cps, respectively, and in which the substituents 

are smaller than the fluorine atoms they replace, the latter part of this 

explanation is seriously questioned. This, and the fact that the trans .. 
coupling constant in CF

2
BrCFBr

2 
is 16.2 cps,19 whereas a near-zero value 

would be expected on the basis of "through-space" interaction only, cast 

doubt on the validity of the "through-space" mechanism as the complete 

eXplanation for the overall pattern of F-~ coupling constants. , ... - ...... _ ... 

In the present work an attempt is made to offer a more complete 

explanation for fluorine coupling constants. Without ~Qandoning the 

"through-space" mechanism it is proposed here that for vicinal fluorine 

coupling constants both "through-bond" 'and "through-space" mechanisms 
, ~. , 

are important. The "through-space" mechanism gives acontribut~on to 

the coupling'when two fluorine atoms get close to each other in space. 
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III. 1tTHROUGH-BOND" COUPLING 

" 

As pointed out in the previous section, vicinal fluorine coupling 

constants depend upon the electronegativityof the substituents present. 

In a study of some substituted ethanes nYer23 has indicated that 

fluorine geminal coupling constants are' dependent on the Pauling electro-

negativity of the third substituent at the carbon atom. This suggests 

that highly electronegative substituents withdraw electrons carrying 

nuclear, spin information between the interacting nuclei, thereby reducing 

the coupling constants. In the case of vicinal coupling constants, it 

is probably the C-C bond which is being depleted. One need not picture 

the highly electronegative substituents as substantially reducing the 

electron density in the carbon-carbon bond, but only reducing the density 

of electrons in excited triplet or n states which are responsible for 

the transmission of spin information. 

If this "vampire effect" of the highly electronegative' substituents 

is part of the explanation for the pattern of vicinal fluorine coupling 

constants, it should be possible to' correlate-the---observed--coupling 

constants with the sum of the electronegativities of the substituents. 

Such a correlation is shown in Fig. 1, Where, for a series of substituted 

ethanes X2FC-CFX
2

, in which each X is any halogen or a hydrogen atom, a 

plot of the sum of the Pauling electronegativities of the four X's vs 

the observed F-F coupling constants shows an excellent correlation. 

Halogen substituted propanes can be added to this plot if an electro-

negativity of about three is aSSigned to the groups CF
3

, CF2Cl, CF2Br, 

and CF
2
H. This second plot is shown in Fig. 2. The scatter of the 

--- pOints is somewhat poorer when the propanes are added) probably due to 

i 
J 

': v 
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skeleton from which excited electrons can be withdrawn. 

It should be noted that on the basis of such an argument~ vicinal 

fluorine atoms attached to nearly perfluorinated carbon skeletons ,would 

be expected to show a zero coupling constant} as observed. However, 

this would also.predict a zero F-F coupling constant through the bonds 

between :f'luorine.atoms separated by more than three bonds in nearly 

p~rfiuorimited~6ups ~ •... 

... 
. '., 

"" 'oj' 

. '.;,0 
,:.' 

',-;' " 

'. 'I· 

;.'; ," 
.. l,.; "', 

" .. ' 

"" , .. ~ .. ': 

,,: . .', 
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rI. "THROUGH-SPACE" COUPLING 

Having shown how electronegativity of substituents affects fluorine 
i 

coupling through the bonds, it remains/to demonstrate that fluorine can 
,. 

also couple through non-bonded int~r'~~tions. This latter mechanism is 
I 

postulated to come about as a rjPUlt of overlap of the electronic clouds 

. , of the fluorine atoms whenever 'the geometry of the molecules offers 

. such opportunity. This fluorine interaction proceeds via an electronic 

structure where there is no bond per se. The sizeable coupling con-

stants observed'between fluorine nuclei separated by more than,three 

bonds as in CF
3

CF2N(CF
3

)2 and in a large number of other compounds have 

already been explained, in terms of this mechanism. 17 

In this work a crucial experimental test for this "through-space" 

mechanism is attempted. For this purpose a study is made of the NMR 

spectra of molecules whose fluorine nuclei are in close proximity and 

yet separated by ~t least five bonds so as to eliminate substantially 

any coupling through the bonds. The fluorine NMR spectra of several such 

molecules will be discussed. These are (I) o-trifluoromethylbenzoyl 

fluoride, (II) 2,3-bis(trifluoromethyl)-pyridine, (III a, b, c,d) 

l,2-bis-(trifluoremthyl)-l,2-dicyanocyclobutanes, as shown in Fig. 3. 

Experimental 

The NMR spectra were taken at room temperature with a Varian 

Associates HR-60 spectrometer operating at 56.4 mc/sec. Audio-frequency 

modulation of the magnetic field was used to' produce sidebands for cali~_ .. 

b,ration. The values of the coupling constants are the averages of 10 to ," 

15 determinations. 
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The preparation of Comwunds I and. II was done in a stainless steel 

cylinder constructed as follows : a 75-ml Hoke stainless steel cylinder, 

closed at one end, is connected to a stainless steel T-joint, at whose leg 

#2 is fitted a Hoke needle valve, and to the other end of this' valve is 

connected a short piece of copper tubing'ending with a lO/30 standard tapered,' 

copper joint; in addition, leg #3 of the T-joint is fitted with a stainless 

steel cap. A diagram of the whole assembly is shown in Fig. 4. Such a 

high pressure cylinder was necessary since the fluorinating agent used was 

, 24 '8 0 ' 
sulfur tetrafluoride, SF4' which has a boiling point of -3 to -37 C and, 

~por pressures of 150 p.s.i. gauge (approx.) at 26°0 and 350 p.s.i. gauge 

(approx.) at 55°C. 
, I 

Sulfur tetrafluoride has the special property of converting Ca~bOnYll!\ 
I 

groups'into difluor1des and carboxylic acid groups first in acyl fluo~ides' 

and then into t:rifluoride's, upon further 'reaction: 25 

+ > 0=0 

+ - OOOH 

:> CF2 + SOF2 

.--------::> COF -~> CF 3 + SOF:2 

I 
The reaction cylinder was prepared for carrying out each reaction in it 

as follows: the Hoke valve was removed from the T-joint. After the cylinder, 

was flushed with nitrogen, a weighed quantity of the srunple to be reacted with 

SF4 was, introduced into it by means of a funnel placed at the T-joint where the 

value 'was removed. A tiny drop of water was also introduced since this reacts 

with SF4 to produce ,HF,whiCh is a catalyst for the SF4 reaction. The Hoke 
, ' 

valve was then s~cured in position, ,the threads made gas tight ,by means of 

Teflon tape. 'The cap at leg #3 of the T-joint, was also mad'e g~s tight by means 

of a'~plec~ pf:.iTe,flOn;';:(>la,ced;inside it~: ,'!-:.1Uth'ithe('.Hoke:1 needlei:l'Va~Ve closed; 
-:·~f 

. ' .... 

, , 

,,' 

• 
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HOKE CYLINDER I 

Fig. 4-1 

r~ IN. COPPER TUBING 

TUe.E CONNECTOR 

LI%O STD. TAPERED 

COPPER JOINT 

MU.33565 



/ 

-18-

the assembly was then connected to a vacuum line at the tapered copper 

joint. The cylinder was now cooled with li~uid nitrogen and then 

evacuated. SF4 gas was introduced into a 5-liter round flasl( connected 

to the vacuum line, which also had a barometer attached to it. The 

pressure of the re~uired amount of SF}.j. gas in the 5-liter flask was 

calculated. The amount of gas thus measured was transferred into the 

reaction cylinder via the vacuum line. The assembly, upon warming, was 

immersed in an oil bath and heated at a temperature and for a period 

of time, estimated from similar reactions reported in the literature~5 

After the experiment the cylinder was cooled in an ice-salt bath 

and the gases in it vented through the needle valve. This step pre-

sumed that the reaction products had low vapor pressures~ Then a small 

~uantity of solvent was introduced into the cylinder through leg No.3 

was then purified, usually by distillation. 

The compound o-trifluoromethylbenzoyl fluoride was prepared by 

reacting o-carboxybenzotrifluoride (Peninsula Chemresearch, Inc.) with 

SF4 gas in the cylinder, as described above, at 80°C for 10 hours. The 

product was distilled at 40°C under 2 rom Hg pressure. 

, \ . C(
CF'J 

'- COOH 

J 
! 
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The compound 2,3-bis-(trifluoromethyl)-pyridine was prepared by 

reacting quinolinic acid with SF4 gas at 140°C for 14 hours. The pro-

duct was distilled at 35°C under 6 rom Hg. 

i 
\ 

I , 

CC
" eOC;>H 

~ I 
N eOOH 

,---_ .. -.-~" ... ~"".~---" 

/ 
pressure. 

,Attempts to Synthesize Other Com~ounds 
> 

1 
.1 

_. Attempts were made to synthes ize the following compounds: (rv) 

1,4,5,6-tetrachloro-bicyclo (2,2~1)-5-heptene-7,7-difluoro exo-2-tri­

fluoromethyl,. and (V) 3-methyl-4-cyclohexene-sic-l,2-bis-(trifluoro­

methyl) • 

• ... \"; ,._,_,,_ .... _ •• ~._ • ".. • H,"- • ~ .... __ •• " •• ~. 

I . 

i 
i 
I , 

CI 

(IV) 

• 4, _.:~f"::""-~~.:-~ ........ ·;r-............... ~>r .... ~-... -·,.. • 

, 
! 

Cv) 
MU.33832 
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Compound CD!) 

Hexachloropentadiene was converted to l,2,3,4':'tetrach1oro-S,S-di­

methoxycyc1opentadiene in the fo1101ving reaction:
26 

j, 

CI CI 
CI CI 

MU.33831 

--_ .. -.. - ... _._---

The product was distilled at 110°C under 12 nun Hg. pressure. 
/ .' 

. The next step in the synthe,sis was the Die1s-Alder condensation be-

between equimolar amounts 'of lJ2,3,4-tetrach1oro-5, 5-dimethoxycyclopenta­

dlene and acrylic aCid, CH2 = CH-COOH. 27 

• 

",U.33830 

<t' 
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. The product 1,4,5,6-tetrachloro-bicyclo (2,2,l)-5-heptene-7,7 dimethoxy-

2-carboxylic acid, was crystallized from benzene. M.P. = 163-164°C. It 

was not known whether the carboxylic acid group was oriented exo or endo. 

The sharp melting point indicated that there was. only one isomer in the 

prod.uct. In view of the large methoxy group at the 7-position on the 

. / same side of the bridge in the molecule as the acid group, sterie con-

siderations would favor the endo isomer as the sole product. However, 

which isomer the product was could not be determined. 

The next step was the hydrolysis of the two methoxy groups at the 

7-position of the bicyclic compound to the corresponding ketone,group.27 

This was done with concentrated sulfuric acid (96%) in 20 times excess 

for 50 hours in the cold. After the hydrolysis, the concentrated reaction 

mixture was diluted and allowed to stay/overnight with stirring. The 
/ 

product was then extracted with ether • 

J 

I 
I 
I 

, 

il_-... .i ___ _ 

. j 
/ 

I 

eOOH 

/ 

o 
\ 

The product, having a ketone group on the bridge of the molecule, showed 

a strong absorption at 5.5 microns on the infrared spectrum, indicating a 
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highly straineq carbonyl group. M.P. = 90°C. This compound is here-
. 

after referred to as ketone-acid. 

With the 7-carbon forming a carbonyl group, steric factors would 

now permit the carbcocylic acid group in the exo orientation. The acid 

group could, in principle, be oriented byepiroerizing.with .. .a .. base ..... ,_. 

For the epimerization, the ester was made, and a solution of sodium 

methoxide, NaOCH
3 

in methyl alcohol i{aS added to the ester dissolved in 

methyl alcohol. However, the reaction failed. It resulted in the loss 

of the carbonyl group, as indicated by the infrared spectrum of the 

. resulting product, which now was chemically and spectroscopically dif-

ferent from the original ester. 

It was felt that the treatment applied for the hydrolysis was suffi-

cient to epimerize the carboxylic acid group. In fact, the proton NMR 

spectrum of the ketone-acid product was found to be the superposition 

of two ABC spectra, arising from the 3 protons on the molecule. This 
! 

NMR spectrum indicated that both isomers were present in the ketone-acid 

product. It was not possible to separate the two isomers. 

Nevertheless, the ketone-acid product was reacted with sulfur tetra-

fluoride, SF4, to effect the following reaction: 

o 
\\ 

,/ 
/ 

------_ ...•....•. , ...• ' .... _--.,., .. ,- "-"'.' - ...... -_ .. ---.' ... -

. ~. 

! .. 
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The reaction was carried at 40°C for 3 hours and at 120°C for 20 hours. 

The reactio~ products were passed through alumina. Only one fraction 

gave a reasonable fluorine NMR spectrum.of the expected products.' The 

spectrum is described below. 

The fluorine NMR spectrum exhibited a doublet and two pai~s of 

resonances, the areas under these two sets of resonances bore the ratio 

3:2. The separation in the doublet was 8 cps and that between the com­

ponents of each of the two pairs was 157 cps. The components were not 

of equal intensity, but the pairs'were identical. One of the pairs 

further exhibited a doublet structure in each of the components, with 

a separation of 3 cps. This spectrum could be explained in terms of 

the following compound: 

...•. 

CI 

The two pairs of resonances were attributed to the AB spectrum of Fl 

and F2, and the 157 cps separation was the" coupling constant between 

the two fluorine nuclei. The large doublet was attributed to the 

CF 3 group and the separation of 8 cps was the coupling. bet.Teen Hl and 
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the CF
3 

gro~p. The separation of 3 cps in one of the pairs of the 

" resonances must be due to one of the two fluorine nuclei coupling with 

a. proton, presumably F 1 coupl:ing with either Hl or H2 • " 

In the above compound, it could not be ascertained whether the CF
3 

group was oriented endo or exo. The NMR spectrum described above was 

consistent with the endo isomer. It appeared that the reaction of SF4 
with the isomers of the ketone-acid resulted in a one-isomer product. 

In terms of steric considerations, the isomer with the'CF
3 

group endo 

would be the favored product. This isomer with the CF
3 

group endo was 

not the, desired product. 

Another approach to the synthesis of the desired compound has been 

proposed. This involves the follow:ing reaction: 

MU.33826 

Having placed two fluor:ine atoms on the bridge of the molecule, the 

ester group could be epimerized with a base such as sodium methoxide. 

This epimerization reaction could be ascertained from the proton NMR 

spectrum of the 3 hydrogen atoms on the molecule.· If it could be 
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ascertained -root the ester group has the exo orientation, then con­

vers ion of this ester group to the OF 3 group would result. in the de~ 

sired compound. 

Compound (V) 

J:.. series of attempts was made to react 3-methyl-4-cyclohexene-cis­

. ,1,2-dicarboxylic. acid W'ith sulfur tetrafluoride, SF4,. to obtain the 

above-named compound. . The rea.ction was never successful. 
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Discussion 

The coupling constants in compounds (I) and (II) can be compared 

with those in trans-2-chloro-heptafluorobutene-2.28 The coupling con­

stant between the fluorines in the two CF
3 

groups (trans across the 

double bond) is 1.3 cps. This coupling constant is quite, normal for 

fluorine atoms separated by four saturated and. one olefinic bonds. As 

the CF
3 

groups are trans across the double bond there can be no direct 

overlap between the electronic clouds of the fluorine atoms. 

(r) o-tri:fluoromethylbenzoyl fluorine. rIhis compound gives a 

simple first order fluorine NMR spectrum, conEiisting of a doublet and 

a quartet, the latter being at low field; see Fig. 5. The coupling 

constant between the fluorine nuclei is 10. 9;~ps and the chemical shift 

is 5438,cps. As the interacting fluorine nuclei are separated by one 

aromatic and four saturated bonds, the throug:1-bond coupling is assumed 

to be of the order of 1 cps as in the case of the butene cited above. 

The 10.9 cps must be due almost entirely to "through-space" coupling as the 

geometry of the molecule providese:x:cellent'" o()porttihity- for'-the direct 

overlap of the electronic clouds of the fluorLne nuclei. 

Assuming that the equilibritun configurati'm is such that the plane 

of the acyl group is perpendicular to the benz.:me ring and two atoms of 

theCF
3 

group are equidistant from this plane, as shown in Fig. 6, the 

closest F-F distance is about 2.621. Referrir,g to the coupling constant 

VB distance curve (Fig. ,7) postulated by Petrakis and Sederholm,17 this 

distance should give a coupling constant of 3'J-35 cps, which, when weighted'" 

by 1/3, agrees with the experimentally observd ave.raged value of 10.9 cps. 

) 

, . 
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(II)~,3-bis-(trifluoromethyl)-pyridine. The fluorine M{R Spectrllil 
. ~-

of this compound consists of two quartets. Due to the rather small 

chemical shift (239 cps), the quartets are not of the genuine 1:3:3:1 

pattern •. See Fig. 8. The coupling constant is 12.8 cps. The fluorine 

nuclei are separated by one aromatic and f01l.!_.~_a.~~rated bon~_~_ S5) that 

any coupling through the bonds should again be no more than one or two 

cps as in the case of the butene cited above. The close proximity of 

the fluorine nuclei again provides ample overlap of their electronic 

clouds so that the large coupling constant observed must be due almost 

entirely to "through-space" coupling. 

By drawing analogy with o-xylene, for which Pitzer and Scott29 

have shown the preferred orientation of the two CH
3 

groups to be the. 

out-of-mesh position, the favored orientatio~ of the two CF
3 

groups is 

assumed to be also in the out-of-mesh position, as shown in Fig. 6. 

Allowing some angular distortion in the C-C-F bond angles of both 
o 

groups, the closest F-F distance is approximately 2.5A. Again re-

ferring to the coupling constant vs distance curve17 (Fig. 7), this 

distance predicts a coupling constant of about 60 cps, which, when 

weighted by 2/9, gives approximately the experimentally observed 

averaged 'va.lue.: of:·12~8· cps. 

(III a, b,· c, d) 1,2-bis-(trifluoromethyl)-1,2-dicyanocyclobutanes. 

Recently, the preparation of a series of l,2-bis-(trifluoromethyl)1,2-
/ 

dicyanocyclobutane diastereoisomers/has been reported and their fluorine 
. ..r 30 

NMR spectra are described as follows: . diastereoisomer mixture IlIa + 
/ 

I 

IIIb "exhibits a fluorine NMR spectrum consisting of four singlet 

resonances appearing as two pairs whose components are of equal inten-

sity J" and diastereoisomer mixture IIIc + IIIc II exhibits two pairs of 
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resonances whose components are of equal intensity, ••• , and the 

~ resonances' appear as quadruplets (due to -mutual-splitting' of,- the CF 3- . 

groups) rather than singlets." One of the authors, S. Proskow, 31 has 

provided the detailed information about the fluorine N!'-1R spectra of th~ 

diastereoisomer mixtures, Fig. 9. Table I lists the fluorine coupling: 
~, 

Table I. Coupling Constants for the Cyclobutanes 

cyclobutane 
Coupling Constant ,i diastereoisomer - Substituent 

mixture X cps 

IIIc + IIId OCH2CH
3

_ 12 and 10 

IIIc + IIId SC(CH3)3 11 and 11 

IIIc + IIId p-CH
3

OC6H4 - 12 and 10 

constants. The components of the mixtures IlIa + IIIb have zero coupling 

constants for all substituents X. In diastereoisomer mixtures IIIc + 

IIId it is known which value of the pair of coupling constants belongs 

to which stereoisomer since the configurations of the individual com-

pounds are not established. The value listed forst for each set of 

diastereoisomers is that for the more abundant product • 
./ 

Since in cyclobutanes IlIa +'<Ir~ the CF
3 

groups are transoriented, 
/ 

the closest F-F distance certainly falls outside the range for coupling I _ 

/ 

through space to be effective~ As the fluorine nuclei are separated by 

five saturated bonds, it is not expected that through-bond coupling is 

operative. Hence, the II singlet resonances" observed for the CF 3 grou~~. 

However, in the case of cyclobutanes IIIc + IIId in which the CF
3 

groups 

are cis-oriented, the fluorine nuclei are close enough so that there is 
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appreciabl~ overlap of the electronic clouds to effect coupling through , 

space, The 10 to 12 cps coupling constants observed for these cis-

oriented CF 3 ,groups 'can be accounted for in no other way', These cyclo­

butanes with cis- and trans-oriented CF
3 

groups offer, therefore, the 

most dramatic evidence for the "through-space" mechanism, 
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v . CONCLUD JNG REMARKS 

The abo¥e sections show quite explicitly that fluorine nuclei 

'couple via two mechanisms. The "through-bondll mechanism proceeds 

through the electronic structure in the intervening bonds, as is the 

case with proton coupling, whereas the IIthrough-space" mechanism becomes 

operative only when there is direct overlap of the electronic clouds of 

the fluorine atoms, procee~ing through an electronic structure where 

there is no bond per se. For fluorine nuclei separated by two bonds, 

~.e., geminal fluorines, the two mechanisms may operate simultaneously, 

and indeed are not distinguishable. The two contributions would result 

in very large coupling constants ranging, as observed, from 150 to 400 

cps. In the case of vicinal fluorines only the IIthrough-bond ll mechanism 

is normally important. The magnitude of the "through-bond" coupling is 

governed by the electron-withdraw,ing power of the other substituents 

attached to the carbon skeleton which can cause the coupling to vanish. 

When the fluorine nuclei are separated by more than three bonds, the 

coupling between them; though diminishingly small from the "through-

bond ll mechanism, may be enhanced if the geometry of the molecule allows 

the nuclei to get into close proximity so that the IIthrough-s:pace ll 

mechanism becomes operative. The zigzag pattern of the carbon skeleton 

and the angular bonds formed by atoms such as N, 0, etc., give rise to 

situations which can cause fluorine nuclei to couple through non-bonded 

interactions. Qualitatively then, one can readily account for all F-F 

coupling constants in saturated compounds so far investigated in terms 

of these two mechanisms. 

It is expected that in the case of F-F coupling the contributions 

.. -. from the magnetic dipolar and electron-orbital terms 1 in addition to 

',,:", .: .. ' 

. , 
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1 

the Fermi fontact term, may be significant, although tris is not yet 

established. This is because for non-s electrons the ~ermi contact 

term vanish~s,and, as a result, the other spin-coupling 'terms which de-

pend on the presence of ~gle-dependent atomic orbitals may become :" 

important. The Fermi interaction, proportional to ,1*(r=O) 1
2

, makes the 

principal contribution to the coupling constant between protons, be-

cause electrons on a hydrogen atom are well represented by l-s atomic 

orbitals. However, since the s and p characters of the bonding are not 

known, it is difficult to assess the relative importance of the differ~ 

ent,parts of the Hamiltonian discussed in the introduction. But it i~ 

known that atomic porbitals cent"ered on F atoms contribute greatly .--
to the bonding, while the p character of atomic orbitals centered on 

protons is generally considered small. 

The large excursion of the p el'ectrons centered on fluorine atoms 

makes it reasonable to assume that direct through-space coupling could 

be significant in F-F coupling constants, and less signific,ant in H-H 

coupling constants. Direct through-space coupling of two nuclei A and 

B, separated by two or more bonds, may take place either through one-

electron or two-electron interactions. PhySically, the one-electron 

part arises because nucleus A interacts magnetically with an electron, 

which in turn interacts with nucleus B (nuclear moment A: electron: 

nuclear moment B); the two-electron part arises because nucleus A in-

duces a perturba.tion on a local electron, which in turn interacts di-

rectly with an electron on nucleus B which then interacts magnetically 

with nucleus B (nuclear moment A: electron 1: electron 2:' nuclear 

moment B). 
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The e~planation outlined above for fluorine coupling constants 

should also l be valid for coupling between all nuclei, particularq thos~ 

with non-s electrons. Highly electronegative sUbstituents have the sam~', 

effect',on proton coupling constants. 32,33 Roberts34 et al,have reported 

several examples of long-range H-H and H-F spin-spin couplings and have 

asserted that these couplings are exerted through space instead of 

through the bonds. In all these examples the favored conformation of 

the molecules is appropriate for the "through-space" mechanism to be 

effective. Hence fluorine-fluorine coupling constants no longer seem 

to need special explanations. // 
/ 

I . 
' .. 

It is interesting to note 
/ 

t,hat geminal and vicinal fluorine coupling 
/ 

constants can reveal ~henatur~ of the other substituents at the carbon 

atoms, owing to the "vampire ,effect" of the substituents. "Through- . 

'space" coupling can help decide the relative orientations of the inter-

acting nuclei, as in the case of the cyclobutanes in the previous section. 

While a dihedral angular dependence of fluorine coupling constants has 

not been established, indications are that in substituted ethanes, the 

trans value is less than the gauche value, drawing from a few examples: 

in CF2BrCF2Br, J g = 12 cps, J t = 1.5 cps; and in CF2BrCFBr.2 , J g = 18.6 

cps, J t = 16.2 cps. (This is just the,reverse of what is known for 

proton coupling.) Future studies of fluorine coupling constants in 

molecules promise to be important in the elUCidation of their structures. 
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FIGURE CAPTIONS 

Plot of vicinal JF_F vs. sum of electron~gativities 

of substituents in ethanes. 

Plot of vicinal JF_F VB. sum of electronegativities 

of substituents in ethanes and propanes. 

Fig. 3, Part I •. · Compounds (I) o-trifluoromethylbenzoyl fluoride, (II) 

2,3-bis-(trifluoromethyl)-pyridine, and (III) a,b,c,d) 

1,2-bis-(trifluoromethyl)-1,2-dicyanocyclobutanes. 

Fig. 4, Part I. Cross-section diagram of stainless steel reaction 

cylinder. 

Fig. 5, Part I. F19 NMR spectrum of Compound (I) o-trifluoromethyl-· 

benzoyl fluoride. 

Fig. ·6, Part I. Projections of Compounds (I), o-trifluoromethyl-

benzoyl fluoride, and (II), 2,3-bis-(trifluoromethyl)-

pyridine in the plane perpendicular to the aromatic 

ring and parallel to the aromatic bond between the 

groups of F atoms. Dashed lines represent the 

aromatic ring. 

Fig. 7, Part I. Plot of F~9 spin coupling constants as a function of 

internuclear distance between interacting nuclei. 

Fig. 8, Part I. F19 NMR spectrum of Compound (II) 2,3,-bis-(trifluoro­

methyl)-pyridine . 
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F19 NMR spectra of the cyclobutane diastereoisomer 

mixture: X = SC(CH3)3' (a) IIIa + IIIbj (b) IIIc + 

IIrd. Spectra determined in CC14 at 56)~ Mc / sec and 

externally referenced in terms of displacement in 

parts per million relative to "Freon 112," l,2-di-

fluoro-l,1,2,2.tetrachloroethane. Relative areas are 

indicated in parentheses. 
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NUCLEAR MAGNETIC RESONANCE STUDIES 
1 ' 

PART 11:\ THE EFFECT OF SOLVENTS ON F19 SPIN-S'PIN 

COUPLING CONSTANTS 

ABSTRACT 

The effect of solvents on the coupling constants of the compounds, 

bromotrifluoroethylene, l,l-dichlorotetrafluoroethane, and the rotai,ers 

of 1,1,2-trifluoro-l,2-dibromo-2-chloroethane has been studied. The 

coupling constants are found to vary with the solvents. This implies 

that intermolecula.r interactions affect coupling constants to a degree 

that is not negligible. This effect of molecular interactions on 

fluorine coupling constants may be due to the dipolar character and 

polarizability of the interacting molecules. The interactions appear 

to be"essentially of the same kind, and detailed differences arise 

from the nature and dipolar character of the solvent molecules'. 

The temperature dependence of fluorine coupling constants that 

has ,been reported previously may be due to this temperature dependent 

molecular in~tion as well as population of excited vibrational 

states. 
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PART II THE EFFECT OF SOLVENTS ON F19 SPJN -SPJN 

COUPLJNG CONSTANTS 

I. INTRODUCTION 

Studies of nuclear magnetic resonance (NMR) coupling constants 

are significant as the details of the coupling phenomenon are yet to 

be unravelled. It has been shown that indirect fluorine-fluorine inter-

actions are exerted through one or both of two mechanisms for nuclear 

spin-spin coupling: the though-bond and through-space mechanisms,l 

Factors that have been regarded as influencing M~ coupling constants 

are molecular vibrations and temperature dependent intermolecular 

interactions. 
< 

2 Schug, McMahon and Gutowsky have investigated the first 

phenomenon for vicinal proton coupling constants. The second phenom-

enon" is the subject of, this study. Investigation of these subtle 

effects on coupling constants between atoms other than hydrogen j.s 

important not only for a better understanding of the coupling phenom-

enon in some of its due complexity but also for the application of ~Thffi 

techniques in the study of molecular geometry ruld of conformational 

isomerism. 

In compounds, substituted ethanes in particular, 'in ,\-lhich rota-

tional averaging occurs, it has been assumed that the chemical shifts 

and coupling constants of each, rotamer can 'be obtained by a least' 

squares fitting of the experimentally observed temperature dependent 

chemical shifts and coupling constants, which are time-weighted aver­

ages. 3 The averaged chemical shift can be written in the form3 

(1) 



/ 

/ 
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,·,here Q is the internal rotation partition fup..,.etion for three rotamers o 
. in thermal equilibrium, 

bE bE2 Q~ = exp (- --1)+ exp (- ---) + 1 
~ RT RT 

.,- . 

The relative energies of the rotamers are defined by setting ~l = 

El - E3 and 6E2 = E2 - E
3

• The averaged coupling constant can like­

wise be written in the form3 

Q
-l [Jij bEl ij (6E2 ) = 0 1 exp (- RT ) + J 2 exp - RT· + (2) 

/ 

It is obvious from Eq. (1) and (2) :tnat the least squares fitting pro-

cedure assumes that the temperatyre dependence of <vi> and <J ij> .. 
! 

results only from changes in the equilibrium populations of the rota-

mers and that the chemical shift and coupling constant have no in-

4 
trinsic temperature dependence. However, recently Brey and Ramey 

have observed the temperature d~pendence of the fluorine coupling con-

stants of some fluoro-organic compounds, which exist only as one isomer. 

They att~ed this temperature dependence of the coupling constants 

to populations of higher torsional and other vibrational states, 

giving larger weight to angles and atomic positions not corresponding 

to the equilibrium configuration. They subsequently reported that 

molecular interactions have negligible effect on the coupling con­

stants. 5 

Newmark and Sederholm6 have studied the time-weighted-average 

approximation in the NMR spectrum of· CF2BrCFBrCl and found that there 

is a discrepancy of the order of 100/0 between the calculated high 

temperature and the observed averaged coupling constants. They 

.. 



I 

attributed this discrepancy to ej_ther :population of excibed torsional 
, 

. states or temperature dependent molecular interactions .--:---

In this investigation the effect of solvents, and therefore mole-

cular interacti9ns, on F-F coupling constants in so:ne halogen sub::;ti-

tutcd ethylene and ethanes has been studied. Hitherto, it was be-

lieved that changes in medium affect coupling constants through changes 

in (a) the relative energies of two or more rapidly equilibrating 

isomers whose time-average coupling constant is being observed, or 

(b) the bond order of the bond connecting the coupled nucle;i...7 The 

first effect cannot be true in molecules with ~elatively rigid geo-

metry as in ethylenic compounds or in molecules like CF
3

CFC12 in. which 

! the CF
3 

unit has threefold symmetry. The second effect has been called 

upon to explain the proton magnetic resonance measurements on solutions 

of f~~ide (HCONH2 ) in acetone and in water, in which there was pro-

8 nounced medium dependence of the proton coupling constants. This 

coupling constant dependence on solvent probably arises as a result of 

changes in the molecular geometry and/or the molecular charGe distribu-

tion, induced by intermolecular interactions, which in this case must 

be primarily hydrogen-bonding. In mol~cules in which hydrogen-bonding 

is not pOSSible, the effect of molecular interactions on the ~o/~ 

spectral parameters may be due te/ the dipolar character and polariza.­
/ 

bility of the interacting molecules. With different solvents the 

nature and/or extent of the intermolecular interactions would vary.-

r 
( 

. I 

!' 

t , , 
i 
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II. EXPERD1ENTAL 

The compound CF 2BrCFBrCl '·ras prepared by bromination of CF 2 = CFCl 

in a sealed tube. The ethylene was used in excess and allo\,red to boil 

off from the product, which was then used without further purification. 

The compounds CF 2 = CFC1 .. CJ"2 = CFRr, and CF 3CFC12 Were obtained from 

Peninsula Chenrresearch, Inc. 

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

at 56.4 mc/sec. The variable temperature insert has been described 

previOusly.9 The coupling constants were determined by the usual audio-

fre~uency sideband techni~ue and are the averages taken over 10-15 

spectra • 

I 
/. 

/ 
! 
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III. DISCUSSION AND RESULTS 

Bromotrifluoroethylene 

The coupling constants of this compound have been previously re-

10 ported. The NMR spectrum is shown in Fig. 1. Since the relatively 

rigid geometry of the molecule precludes the existence of any rota-

tional isomerism, the effect of solvents on the coupling constants in 

. this molecule at constant temperature is then attributable solely to 

molecular interactions. 

Table I shows the coupling constants of this compound determined 

in different solvents (50% by volume) and the percen~age deviation of 

the coupling constants from that in the neat sample. As shown in Fig. 

2 and 3, the percentage deviation in J 13 and J 12 is plotted against the 

dipole momentsll of the solvents. There appears to be some cor~elationJ 

though somewhat poor. However, it is noted that in some solvents the 

geminal (J
13

) and the cis (J12 ) couplings are noticeably different 

.. from the corresponding ones in the neat sample. The trans couplin g 
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Table I Coupling constants of Bromotrifluoroethylene J cps. 1 (The values vlithin 
bracketsvlere determined at -105°C.) 

I 

Dipn).e % Deviation Ofo Deviation % }Jeviation 
Solvent Moment J

13 
from neat J12 

. from neat J
23 

from neat 
~,Debye sa~ple2 s8Jnple2 sample2 

CF2=CJ."Br 73·74 0 56.58 0 122.83 0 
(r(2: r(6) 0 (55·48) 0 (123·40 ) 0 

S==C=S 0 71·70 -2.77 56.42 -0.28 123·11 +0.23 

(71. 77) (-1.36) (55.37) (-0.20) (123.44) ( 0.00) 

CF2BrCF2Br ..... 0.2 73·30 -0.60 56.50 -0.14 123·17 +0.28 
I . 

CF2CICFC12 ..... 0·3 73.64 -0.11t 56.69 +0.19 123.18 +0.28 +-
\0 
I 

CFC1
3 

0.45 73.26 -0.65 56.84 +0.46 123.38 -0·37 

(72.09) (-0.92 ) (55·32) (-0.29) (123. 22) (-0.15) 

dioxane 0.45 73.78 +0.05 55·08 -2.65 122.61 -0.18 

CH
3

CSCH
3 

74.26 +0.71 53.69 -5·11 122.46 -0.29 

CH
3

COOH 0.8 74.31 +0·77 55·98 -1.06 122·73 -0.08 

(CH3CH2 )20 1.20 73. 81~ +0.14 55·99 -1.04 123·10 +0.22 

('(3.84 ) (+1.48) (53.04) ( -4 .1~0) (123.09) (-0.25) 

OSC12 1.38 72.05 -2.29 55. 82 -1. 34 122.42 ~0.33 

CH:>OiI 
..) 

1.61 71~. 47 +0·99 55. 71~ -1.48 122.86 +0.02 

CH
3

CH2OH 1.63 73·90 +0.22 55.86 -1.27 122.89 +0.05 

(73.86) (+1. 51) (53.85) (-2.94) (123·12) (-0.23) 

crr :,'CHCH Cl -2 .4 "2 2.0 73.08 -0·90 56.10 -0.85 122·99 +0.13 

CH:>CHO 2.49 74.23 +0.66 55·10 -2.62 122·55 -0.23 
..) 



Sol vent-

CH
3

COCH
3 

(CH3CO)20 

CH
3

CN 

Table I (continued) 

Dipole 
Moment J

13 Debye 

(74.11) 

2.70 74.88 

2·70 74.39 

4.0 74.61 

\ 

\, 

10 Deviation 
from neat J

12 sample2 

(+1.86) (53.54) 

+1.55 54.85 

+0.88 55.40 

- +1.18 54.86 

1. Most probable errors are less than ±0.10 cps-.-_ 

---

10 Deviation 
from neat J 23 sample 2 

(- 3.50) (123.18) 

-3.06 122.47 

-2.09 -122.60 

-3.04 -121. 93 

2. The most probable errors are ±0.14% in J
13

) ±0.18~in J12J and. ±0.08% in J
23

. 

-',,-

% Deviation 
from neat 
sample2 

(-0.18) 

-0.29 

-0.18 

-0.73 

I 
+" .. -, 
'U 
~ 
I 
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constant (J
23

), however, remains essentially unaffected. The follO\-r­

ing trends are observable: the value of J 12 in various solvents is 

never substantially larger than in the neat sample, i·lhereas J 13 is 

shifted in both directions by solvents; solvent molecules with highly 

polar or polarizable centers tend to cause more pronounced changes in 

the coupling oonstants; and finally, smaller solvent molecules tend to 

cause larger changes in the coupling constants. The solvents which are 

similar in nature to this olefin, na~ely, the halogenated ethanes and 

IlFreon 11" (CFC1
3

), do not cause large changes in the coupling con-

stants. 

At -105°C the coupling constants in the neat sa~ple are noticeably 

different from those at room temperature (20°C). At this lm-r tempera-

ture, as shown in Table I, the coupling constants of this compound also 

vary "from solvent to solvent, and the differences in the COUI)ling con-

stants follow' the same trends as at room temperature. HOvlever, the 

differences in the coupling constants behleen' those determined in the 

solvents and those in the neat sample are enhanced at this lm-rer temp-

erature. It is interesting to note that in those solvents vhich cause 

large changes from the neat sail1ple) the geminal coupling constant does 

not seem to be temperature dependent. whereas the vicinal one is strongly 

temperature dependent. It must be emphasized that as the differences 

in the coupling constants are large) amount1ng to as much as 3 cps, they 

are ,Tell outside of experimental erTOTS. 
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l,l-dichlorotetrafluoroeth&~e 

Since this compound has the CF 3 unit 1-rith threefold symmetry, ro-

tation about the C-C bond ,·rill not affect the observed coupling constant. 

4 Brey &~d Ramey have reported the temperature dependence of the coupling 

constant of this compound. In this l.]'orl<. the coupling constant has been 

determined in a number of solvents (50% by volume) at two temperatures. 

The NMR spectrum is shown in Fig. 4. 

Table II shows the coupling constants determined in different sol-

vents. The percentage deviation of the coupling constants from that in 

the neat sample is listed in this table. The coupling constants deter-

mined in the solvents are invariably larger than that in the neat 
.. 

sample at both the temperatures. The coupling constants determined at 

the lower temperature (-60°C) are invariably larger th&~ those deter­

/mined at the higher temperature (20°C). 

In the solvent CF2C1CFC12, which is similar to the solute, the 

coupling constant is 5.76 cps. This value is identical with that in 

the neat sample. 

,/ 

./ 

I 
/ 
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Table rIo Coupling Constants of CF
3

CFC12, in 
1 cps 

% Deviation % Devia.tion 

J(20°C) 
from neat 

J( _600C) 
from neat 

Solvent sample2 sample2 

CF 3CF12 (neat)o 5·73 0 5·97 0 

C~COCH3 5·92 + 3·32 6.24 + 4.52 

CH
3

0H 5·91 + 3.14 6.21 + 4.02 

CH
3

CH2CH2CH
3 

5.84 + 1·92 6.18 + 3·52 

CH
3

CHO 5.85 + 2.09 6.15 + 3·02 

CH
3

OCH
3 

5.89 + 2·79 6.24 + 11.52 

CF2C1CFC12 5.76 + 0·52 

CFCl -, 3 5.81 + 1.40 6.20 + 3.85 

1 All values are accurate to better than ± 0.10 cps. 

~he deviation due to errors is less than:!;l . .-,:4% for J(200 C) and±l.68% 

for J (-600C) . 
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l,l,2-trifluoro-l,2-dibromo-2-chloroethane-

This compound gives rise to three rotamers as shOlm in Fig. 5. 

Thelmr temperature lIJlIffi spectrum of this compotl .• '1d is a superpos i tion of 

theABX spectrum of each of the three rota.m.ers. Such a 101" temperature 

. 6 
spectrum is shown in Fig. 6. The spectrum at -123°C has been ass~gned. 

The coupling constants of the two more abundant rotamers have been 

determined in f'our solvents at -123°C] and the results are shOlm in 

Table III. Dipole moment and steric considerations lead to the assign-

ment" of' the most stable rotamer to correspond to dravring A, and the 

next stable rotamer to correspond to dravling B. 
6 

Examination of Table III sho'i"s that the coupling constants of' the 
/ 
bro rotamers do vary with the solvents at temperatures at vhich the 

rotamers were "f'rbzen out." Rota.rner I shows for JAB a high value in 

-CH
3

CH2Cl as the solvent and a low value in the non-polar solvent butane, 

CH3CH2CH2CH3 . The diff'erence between these two values is 1.5 cps, a 

magnitude which is well beyond experimental error. For the same rot~nerJ 

J
AX 

+ J
BX

, determined in cis-2-butene, is noticeably different from the 

other three values. Rotamer II shows sl~ghtly different values of the 

coupling constant in the different solvents. The differences bet'i-reen 

these 'values may be small but not negligible. 
I 

" 
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Table III. C~u:pling Constants of the Rotamersof 

Solvent 

,CH
3

CH2Cl' 

CFC1
3 

cis-2':'butene 

CF 2BrCFBrCl at 123°C1 

Rotamer. I 

.J 
AB JAX+JBX 

169.15.: -26.32 . 

170.61 -26.58 

170.0 -26.60 

170.23 -25·53 

. '.'. . 

Rotamer II 

1/2(J
AX

+J
BX

) 

-13-36 

. -13·58 

-13·97 

-13.26 

.:lj AB is accurate to better than ± O.J·f cps) and the two sums (J AX+JBX) 
"", ~".' 

.'. '.' 

.. -: .... 

./ 

. are accurate. to better than ± 0.25. ,cps .• The m0f3.~ __ pr.obab1~_,~rror~_:i,n 

. atl'" cases are.· better .. than· ± 0.1 cps. 

'. " 
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Discussion 

The results on the three compounds studied indicate that fluorine 

coupling constants are solvent dependent. The effect of solvents on coup-

i 
ling constants can be quite pronounced if the solute-and solvent molecules 

differ substantially in structure and have highly polar or polarizable 

centers. This solvent dependence is the effect which would be expected from 

molecular aSSOCiations, which might induce changes in the ele'ctron dis-

tribution in the molecules. Therefore, it is e~pected that the contribu-

tion to the coupling constant by non-bonded. nuclear spin-spin interaction 

("through-space II coupling) can be affected strongly by intermolecular 

interactions. It is noted that the solvent d.ependence of the coupling 

constants is of ~he same order of magnitude as the observed temperature 

dependence of coupling constants. 

In the compound Bromotrifluoroethylene the fact the trans J 23 remains 

about the same in d.ifferent solvents seems to indicate that the electronic 

structure in the intervening bonds is not affected to any appreciable ex-

tent, if at all. This implies that the contribution to the coupling 

constants J
13 

and, J12 by the through-bond mechanism for nuclear spin-spin 

coupling is probably not affected. Therefore the observed changes in J
13 

and J12 in different solvents probably ~omes about as a result of changes 

in the contribution. to the coupling constant by non-bonded interaction 

( "through"; space" coupling). It might be postulated that the polar centers 

of the solvent molecules interact with the non-bonding electron densities 

directly between the atoms Fl and F2 and between the atoms Fl and F
3

, 

either aiding in relaying nuclear spin information across or hindering 

the transmission of same. The size and geometry of the solvent molecule 

• 



-61-

certainly detennine how close it can approach the solute molecule, 

thereby determining the extent of the interaction. It is to be noted that 

with some solvents, particularly those solvent molecules i-lhich are similar 

to the solute molecules, the molecular interactions may be similar to 

that inherent in the next sample. In this case no significant changes in 

the coupling constants would. be observable. At lower temperatUres weak 

molecular interactions would. be enhanced, whereas strong molecular inter-

actions would be present regardless of temperature. The enhancement of 

weak molecular interactions would be accompanied, by changes in the coupling 

constants. The observations made earlier bear out these statements. These 

. observations bring out the point that interactions are all of essentially 

the same kind, and detailed d.ifferences arise from the nature and dipo,lar 

character of the solvent molecules. 

In Bromotrifluoro~thylene the geminal J
13 

shows no temperature de­

pendence in solvents which would be expected to associate strongly with 

the solute. It ,is probable that almost every solute molecule is strongly 

associated with the solvent molecules at any reasonable temperature; 

therefore, there would be very little temperat1ll"e dependence of the 

molecular association and hence the temperature dependence of coupling 

parameters is entirely due to vibrational excitation. Since J
13 

shows 

little or no temperature dependence in these sol vents, it can be stated 

that this geminal coupling constant is not strongly affected by excita-

tion of vibrational modes. Having shown, thus, that J
13 

is not affected 

by excitation of vibrational modes, the large temperature dependence of 

J
13 

in two cases - in the neat sample and in the solvent CFC~3 - must 

have come about as a result of temperature dependent molecular associa-

tions. In the case of the vicinal J12, there is obviously a contribution 
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, ,.' ' from both factors , vibrational excit~y10n and mol,ecular association. ': .. 

" , /'" 
It might be ~e~ted that th~ .. gem1nal J13 and the trans J 23 hElve 

,little dependence on excitation If Vibrational modes. ' In' ~he case ,of 
. , . , ' ,. 

, J13" the CF2 end of the mOlec~e should not vary much with excitation of ,\,' 

"c,:' : the low-lying vibrational modes. 
, ~', ' .' . 

::':", ,: ;" ',the n-bonding" this might not be affected' much by popula.tions of the 

Likewise, if ~23 comes about through.-:-, 

, f, 

torsional mode~ On the other hand, a good deal of the Vicinal J12 must 
. ',' 

come ,about through space and this would depend strongly upon the excita- ' 

" ,', ,tion of the torsional mode, as observe4,. 
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IV. CONCLUSION 

This study of the effect of solvents on the coupling constants of 
. 

three compound.s, bromotrifluoroethylene, 1, l-dichlorotetrafluoroethane, 

and l,l,2-trifluoro-l,2-dibromo-2-chloroethane, shows that the coupling 

constants vary with the solvents. This implies that intermolecular 

interactions affect fiuorine coupling constants to a degree that is not 

negligible. This effect of molecular interactions on coupling constants 

may be due to the dipolar character and polarizability of the interacting 

molecules. The interactions appear to be essentially of the same kind., 

and. detailed differences arise from the nature and dipolar character of 

the solvent molecules. 

The results of this study, in conjunction with the results of Brey 

and. Ramey 4 show' the magnitud.e of the error which can be made when one 

makes the assumption that the observed temperature dependence of coupl.~ng 

constants of compounds, substituted. ethanes in particular, arises solely 

from changes in the equilibrium populations of the r'ota.vners.· Tnis study 

demonstrates that the temperature d.ependenceof coupling constants for a 

given isomer may in large part come about as the result of temperature 

dependent molecular association as well as population of excited vibra-

tional states . 
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Fig. 4, Part II 

Fig. 5, Part II 

Fig. 6, Part II 

-·65-

FIGURE CAPl'IONS 

The spectru~ of CF2 = CFBr 

Plot. of the percentage deviation of cis J12 

determined in solvents from that in the neat 

s~~ple vs the dipole moments of the solvents. 

The most probable error in each point is ±0.18%. 

Plot of the percentage deviation of geminal 

J
13 

determined. ·in solvents from that in the 

neat sample vs the dipole moments of the sol-

vents. The most probable error in each pOint 

is ±0.14%. 

The spectrum of CF
3

CFC12" 

The three rot~~ers of CF2BrCFBrCl. 

The spectrum of C!2BrCFBrCl in CH
3

CH2Cl 

(50% solution by volu.'1le). at -123°C. 



ACKNOWLEDGlV.lENTS 

The author wishes to express his sincere appreciation· for the ) , 

guidance of Professor Charles H. Sederholm) whose advice) help and 

encouragement contributed. greatly toward the c()mpletion of this ,work. 

The author is also grateful to Professor Stanley M. Williamson for 

his assistance in the preparation of the stajnless steel reaction cylinder 

(Fig. 4, Part I) and of Cornp0i.l.nds I and. II d.escribed in Part 1. The 

author is also grateful to Dr. S. ProskoH ol~ du Pont Company for providing 

detailed information about the m,m spectra of the cyclobutanes (Fig. 3, 

Part I) as Hell as the sample fluorine ~~t spectra of these compounds 

(Fig. 9, Part I). Finally) the author is indebted to Mr. Richard. A. ' 

Nei-lmark for his assistance. 

"This work was perfonned. under the auspices of the United States 

Atomic Energy Commission . 

./ 

I 

i 



.. ~ 
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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 
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or for damages resulting from the use of any infor­
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this report. 
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