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,/// ' Abstract

The pattern of fluorine- fluorine coupling constants is explained on

‘the basis of two spin coupling mechanisms. the "through-bond" and the
'"through-spacef mechanisms. In the former, the interuction proceeds via
thegelectronie_structure in the intervening bonds, It ie highly;oegggggggﬁ
on the electron withdrawiné power of the substituents on the carboo skeleton.
- fﬁis contribution to the coupling constanﬁ goes to zero when the sum of the
electronegativities of the substituents becomes suifficiently high. The
ldfter mechanism is ooerative vwhen two fluorine atoms are sufficiently close
.in space so that there is appreciable overlap of their electronic clouds°

This "through-s pece Ainteraction proceede via an electronic structure where
there is no bond per se. Experimental evidence for the_existance of both w;;;i

mechanisms is given.



"consists of three principal parts which may be called the e_lectron-orbi‘ggl,

-1 =

The theory of indirect nuclear spin-spin interactions is based on gi:he

complete Hamiltonian for the electron-nuclear interactions as was firs{
~outlined by Ramaey and Purcelll and later developed in more detail by Ramseyz.

The portions of the Ba.miltonian important for indirect nuclear interactions

electron-dipole, and the contact terms3 These three terms represent-the ’
interaction of the nuclear magnetic moments with the electron orbital motion
and with the electron spin density at.a distance from, and at the nucleus ’3

Essentially, the mechanism is the magnetic interaction of each nucleus with

‘the spin or orbital angular momentum'o'f a "local” electron, together with

the coupling of electron spins a.nd/or' oﬂ% angular momenta with each other',
i.e., the indirect nuclcar 1nteraction proceeds via the eclectronic structufe

in the molecule.

———

It has been shown that for protons the Fermi con%ct term makes the
prmcipal contribution to the coupling, and that the electro:dipole and the
electron-orbital inte_ractipns may be neglected2 h. It is now generally believed ‘
that, protbn-proton' spin coupling proceeds tﬁrough,the electronic structure in

the intervening bondsh. 'This "through-bond" effect is compatible with the

common observation that the magnitude of the coupling constants attenuates

with increasing number of bonds séparating the nuclei.

Whereas some he‘adway‘ has been made in the theoretical treatment of proton-

R 'proton mteractionsh, 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 experimentally. Perheps the most complete

treatment of the problem is due to McConnells ’ who applied MO theoi‘{r 'to the

- evaluation of the coupling constants in C2Fh° He concluded "that nuclear spin

couplings betveen nuclei that are not dimctly bonded to one another but which
make use of both s and p ‘atomic or‘b:ltgls for vmolecular binding will involve

4
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| ‘teractions with the nuclei." In view of the additional electronic p orbf'ga,lé

B PR

V 'compounds .

. 13-24 cps (Cl.cmCFC12 gives 9.k cps

. i
3

significant contributions from both electron spin and electron orbital in~ o 7

i

A,
RO

. in the vicinity of the nuclei involved, “the problem of F-F coupling is 'ce’v""',i‘.inly

more complicated than in the casc of coupling between protons. It would not

be surprising, therefore 'y if F-F coupling can proceed vio. more than one mechanmm. .

A striking anomaly is o’bserved in F-F coupling constants in fluoro-organic
In 1956 Sailka and Gatowsky6- reported a near-zero co-upl:lng constant
between the fluorine atoms on adjacent carbon atoms in the molecule CFBCF N(CF )

This was unexpected pa.rticularly since the other two coupling consta.nts are

16 cps and 6 cps for fluorine nuclei separated by four and five bonds » respective=

ly. Since that time a whole host of similar cases have been reported in the

Litemture7’8. While the .cOupling‘constants between vicinal fluorine atoms
are nearly zeroc in a great numter of compounds, the F-F coupling constants

in HF CCF. H FCCF.; 9 BrF CCFBx, 10 and many other substituted ethanes are
’ 3 b 2 5 :

'.large. "In fact the range of vicinai fluorine coupling constants for the

»

different halogen substituted ethanes appeaae as followsll. XZFQCCF:_;, 0-5 cps;

 XYFCCF., 4-9 cps (HaFCCF gives 15.5 cpsg); XF,CCF, Y, 1-8 cps; and XF,CCFXY,

3
12y, The magnitudes of the coupling constants

appear to inc;rease as the electr\o-ne‘gativity of the subetituents decreases in

the orderI>H>Br>Cl~CF3>F.A | | | |
Several hypothesee have been advance'd to explain the near-zero coupling -

constants betwee'n some vicinal fluorihe etoms. In the case of perfluorocthyl '

groups it has widely been assumed that the near-zero coupling constants come

. about as a result of the accidental averaging . to zero of’ the. non-zero. coupling

- ‘constants for the three stable configurations with regspect to rotation about

the connecting carbon-carbon bond. This i@ea was originally presented in the

literature by Crapo and Sederholm7. It was further invoked by Harris eﬁd

Sheppardll This :ldea however, was shmm %0 be non—tenable by Petrakis and
_ 14

~_'~.l
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Sederholma who advanced another explanation for the vanishing vicinal fluorine o

o \
. coupling constants, that of "through-space coupling. According to thi%w

‘»5 .

mechanism, fluorine atoms couple almost completely due to the direct OVerlap
of orbitals on the two fluorine/atoms. The orbitals used need not be bonding
‘ orblsals. The coupling constann‘increases monotonically as the amount of
| overlap. increases, 1.e.; as the F-F distance decreases. They postnlated that
the conpling constant necomes zero when the distance between the fluorine atons
‘' becomes greater than 2.7ZX (approximately twice the Van der Waals radius for
fluorine atoms ). In the perfluoroethyl groups'the distance between vicinal
fluorine atoms in the favored, staggered configurations is greater than or -
equal to 2. 722 Thus, if F-F coupling constants are determined solely by this
."through space' mechanism, the near-zero ‘coupling constants are easily explained.

Petrakis and Sederholm further explained the non-zero coupling constants observed

. in compounds such as FO(CF, ) , C1_FCCF,'2, or ICIFC-CF CF37 in terms of bulky

. : 2 3
':‘ CF3, Cl or 1 groups forcing the vicinal fluorine atoms together. However, in
view of recent data for HFZCCF3 and H2FC0F39, which have coupling constants

‘of 2.8 and 15.5. cps, respectively, and in which the substituents are smaller
than the fluorine stoms tney replace,'tne latter nart of this explanation is
seriously questioned. This and the fact that the trans coupling constant in
‘ CEéBrCFBra ls>l6.2 cpslo, nherees ajnear-zero velue'would be expected on the
basis of "through space".interaction only, cast doubt on the validity of the
"through space".nechanism a8 the complete explanation for the overall patter of
F-F coupling constants.' - e |
. In the present paper we attempt to offer a . more complete explanation for
" fluorine coupling constants. Without abandoning the "through space" nechanism
v propose that for vicinal fluorlne coupling constants both "through-bond"
- and "through-space" mechaniems are important' The “throughnspnce mechanism

':7gives a contribution to the coqpling when two fluorine atoms get close to each




" the C-C skeleton becomes sufficliently high

f _15‘.'5‘e.ing depleted. One need not picture the highly electronegative substituents

” responsible for the transmission'of spin information.

part of the explanation for the pattern of vicinal fluorine coupling constants,
"shown ‘in Fig. 1 where, for a series of substituted ethanes XQFC-CEXQ, in which ';

- Halogen substituted propanes can be added to this plot if an electr&negativity

'doub{'._ due to the longer carbon skeleton from whiéh excited electroms can be

other in SPaée' The "through-bond" mechaniaﬁ ceases to give a contributfon o

"' vihen the sum of the electron-withdrauing powers of all atoms attached to ;

"Through—Bond " COupiing- .

i

As po:ln-ted'out in tﬁeApreviousb s'ect:loz'z,' ‘vicinal fluorine coupling constants

depend upon the electronegativity of the substituents present. In a st\;dy of -
some substituted ethanes Dyer has indicated that fluorine geminal coupling

constants are 'depgndéﬁt ‘on the Pauling electronegativity of the third sub-

- stituent at the carbon é.toml3. This‘suggests that highly. electronegative

' substituents withdraw nuclear-spin-information-carrying electrons from the

bonds between the interacting nuclei, thereby reduéing the coupling constants.

In the case of v’icin'al coupling constants, it bis probably the C-C bond which

as substantially reducing the electron density in the carbon-carbon bond, but

only reducing the density of electrons in excited triplet or 7 states which are

If this "vampire effect" of the: highly electronegative substituents is

it should be possible to correlate the observed. couplmg constants with the

sum of the electronegativities of the substituents. Such a correlation is

each X is any halogen. or.a H a.toip, fhe_sum of the Pauling e.lectronegavtivi‘ties

of the four X's shows a linear relation with the observed F-F coupling constants. J

of about 3 is assigned to the groups CF3 CF,Cl, CFBr, and CFH (See Fig. 2). {

The scatter of the pbfnts 18 somewhat poorer~yhen the propanes are added, no
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through space. This latter mechanism is postulated to come about as a result

’ois-(trifluorometlwl)-pyridine, (III a,

o, 2 dicyanocyclobutanea. L

-

. a5

. withdrawn. - . I

//

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

| atoms attached to .nearly perfluorinated carbon skeletons would be expectgg-‘
 show a zero coupling constant, as is observed. However, this would also predict

_________1_.._-

- a zero. F-F coupli.ng constant through the bonds between fluorine atoms sepamted

" by more than three bonds.

"Through Space" Coupling

’

Having show;i how elcctronegativity of substituents affect fluorine coupling

through the bonds, it remains to demonstrate that fluorines can also couple

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 vhere there is no bond per _se. " The sizeable

o coupling constants observed bctweeﬂ fluorine nuclei separated by -more than

three bonds as in CF3CF N(CF. )2 and in a large number of other compounds has
already been explained in terms of this hanisms.

A crucial test for this "through-space" mechanism would be to study the

NR spectra of molecules whose fluorine ‘muclei are in close proximit.y and yet

separated by at least five bonds so as to. substantially eliminate any coupling
through the bonds. We shall discuss the fluorine NMR spectra of several
such molecules. These are (I) o-triﬂuorometbylbenzoyl fluoride, (II) 2,3~

b, ¢, d) 1, 2~bis-(trifluoromethyl )-

— e
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Experimental ) ' ’ V‘
The NMR spectra vere taken with a Varian Associates HR-60 spectrometer v'
operating at 56 It Mcps at room temperature Audio-frequency modulation of ; '
- the ma.gnetic field was used to produce sidebands for calibration. The ;
- values of the coupling constants ere the averages of about 154 determinations.
The compound o-trifluoromethylbenzoyl fluoride was prepared by reacting
o-pcarbozqrbenzotrifluoride (Peninaular Chem. Reeearch, Inc.) with SFh 1k gas
in a stainless steel cylinder at 80°C for 10 hours. The product vas distilled

"at 40°C under 2m pressure. R

3 . 3
< NN
' OOH ‘BOOC N COF

The compound 2, 3-ditrifluoromethylpyridine was prepared by reacting
quinolinic acid with SFh gas at 140°C for 14 hours in a stainless steel |

cylinder. . The product was distilled at 35°C under ‘6 preseure

o

=
1407°C -
. 3

Discussion

" The coupling constants in compounds (I) and (II) can be compared with
those in trans-24chloro-§ﬁeptafluorobutene-215 , the MR spectrum of which has
'peen reported. The coupling, constant between the _fluorines in the two"CF3
groups (trane_ across the dou‘ble bond) 4s 1.3 cps. We consider that this coupling -
constant is ouite norm;L for fluorine atoms separated by four saturated and onc

olefinic bonds. As thecra fgroupc'are;tm;,acméa the double bond there can

¢
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nuclei.

-7 -

be no direct overlap between'the e1ectronic clouds of the fluorine atoqs.fi"

(I) o-triflivoromethylbenzoyl fluoride. This compound gives a siﬁple

: ) : ' ' . ¥
first order fluorine NMR spectrum, consisting of a doublet and a quartedb ,

the latter being at low field. The coupling constant between the fluorine

nuclei is 10.9 cps and the chemical shift 15-5&38 cps. As the 1nteract;ng

' fluorine nuclei are separated by one aromatic and four saturated bonds, the

through-bond coupling is assuned to be of the order of 1 cps as in the case
of the butene cited sbove. The 10.9 cps must be due almost entirely to
"through-space coupling as the. geOmetry of the molecule provides excellent

opportunity for the direct overlap of the electronic clouds of the fluorine

\

v E ‘ AN -
Assuming that the equilibrium configuration is such that the plane of

: the acyl group is perpendicular to the benzene ring and two atoms of the,CF3
~ group are equidistant from this plane, -as shown in Fig. 3, the closest F-F
. o .
" distance is about 2.62A. Referring to the coupling constant vs. distance

'-curve postulated by Petrekis and'Sederholmﬁ,;this distance should give a

coupling' constant of 30-35 cps, whieh, when weighted by 1/3, egrees with the

' experlmentally observed averaged value of 10.9 cps.

(11) 2, 3=bis- (trifluoromethyl)-pyridine, The fluorine NMR spectrum

of this compound consists of two quartetsa Due to.the rather small chemical

shift (239 cps) the guartets are/not of the genuine 1:3:3:1 pattern. The

coupling constant is 12.8 cps. /The fluorine nuclei are seéparated by one

~ aromatic and four saturated bonds so that any cowpling through the bonds

" . should again be no more than one or two cps as in the case‘of the Bu@ene

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 é1m¢5t entirely to "through-space"” coupling.

e
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. ‘ vposition, the favored orientation of the two 3

',_3.,'

g

16 hnv% i

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

shown the preferred orientation of the two CH3 groups to ve the out of mesh

t

CF. groups is assumed to .be 9lso

in the out of mesh position, a8 .shown in Fig. 3. Allowing some nngular

distortion in the C-C-F bond angles of both groups, the closest F-F disf,ance
" is approximtely 2 SA. Again referring to the coupling constant vs. di{stance

' /
' curve, this distance predicts a coupling constant of about 60 cps, which,

‘when wez.ghted by 2/9, gives approximately the experimentally observed averaged

i
.

value of 12.8 cps. C /
(11T &, b, ¢, d) l,2-bis-(trifluoromethyl) 1,2~ dicyanocyclobutanes.

) Recently, the preparation of a ser:l.es of 1,2~ bie-(trifluoromethyl) 1, 2 o

‘dicyanocyclobutane diastereomers has been reported and their fluorine NMR

/ .
M Qiastereomer mixture ITTa + IITb "exhibits

' ‘spectra are described as follows H

- a fluorine n.m.r. spectium consisting of four singlet resonances appearing as

“two pairs whose components are of equal ‘intensity, " and diastereomer mixture

IIIc + I1Id "exhibits two pairs of resonances whose components are of equai

intensity, . . ., and the resonances appear as quadruplets (due to mutual

splitting of the CF3 groups ) rather than singlets.” One of the authors s

S. Proskowl‘8 has providéd us with the detailed information about the f.l.uorine‘
/ ;

: NMR spectra of the diaetereomer mixtures, tcgether with the fluorine NMR

st

spectra of two sets of the mixtures > Fig.lh Ta'ble I lists the fluorine coupling

constants. The” componente

cyclobutane -

diastereomer

mixture coupling constant, cps

MIc + IIId , ' % 12 and 10—

ITIe * }II(- ‘ il and 11
IITe + IIA . ° . 7 peCH0CH 12 and 10

((/
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o

" of the mixtures IITa + IIIb have zero coupling constants for all subati%uents

j
1

X. In diastereomer mixtures IIIc + IIId 1t ie not known which value of’ the
- ~ pair of coupling constants belongs to uhich stereoisomer since the ,configurations

- /
of the individual compounds are not esta‘blished. The value listed first for

L

18

each set of diastereomers is tha.t for the most abunda.nt product 5' '

Since in cyclobutanes IIIal- + IIIb the CF 3 groups are trans-orienf.e?d, -

L - -/ . :
the closest F-F distance certainly falls outside the range 'for coupling t;hrough-

~space to be effective. As the fl_.uor:lne nuclei are separaﬁ'ed by five saturated

bonds, it 1s not expected that through-bond coupling is operative. Hence

‘the "singlet resonaxices" -obéerved for the CF3 groups. However, in the case

L j
of cyclobutanes IlIc + IIId in which the CF3 groups are cis-oriented, the

fluorine nuclei are close enough so that there is appreciable overlsp of the

electronic clouds to effect coupling through space. The 10 to 12 cps coup;ing

/

) v"»»const.ants observed for these cis-orieni:ed- CF3 groups can be a.ccounted for in
. no other way. These cyclobutanes with cis- and trans-oriented CF3 groups

.offer, therefore s the most dramatic evidence ‘for the "through-space mechanism.

Concluding Remarks

The above sections show quite exb],icitly, that fluorine nuclei couple

_vié tvo mechanisms. The "throug,h-‘f)ohd" mechanism proceeds through the electronic

~ structure in the :I.rg.ervening bonds, -as is the case "with proton coupling,

vwhereas the "thfough-space” mechanism becomes operative only when there is

direct overlap of the electronic clouds of the fluorine atoms, proceeding

»through an electronic structufe‘wh'ere there is no bond per se. For fluorine

 nuclei separated by two bonds, i.e.', geminal fluorines,.the two mechanisms m;ay

operate simultaneously; and indeed are not distinguishable, which would result

IS S

in very large coupling constanta over a wide range; as are observed (150-400

cps). In the case of vi,c:lnal fluorines only the ™through-bond" mechanism is

important. The magnitude of the "through-bond® coupling is governed by the .




’wa electron-vithdrawing power of.the other substitutents attached to the

_J‘carbon skeleton which can cause the coupling to vanish. When the fluorfie}
S - nuclg:l are sgparated by more ‘than 'thx;ee Sonds ’ “the coupling, though. d.ﬁnip:}.;ghingly
:éfé"‘A. small from tﬁe'"ﬁhrough;bond" mechﬁnisnb\?ay be enhanced if the geometry;bfﬁ
L the molecule allows the nuclei to get 1nto close proximity 80 that the f;'
- "throughmspace mechaniam becomes operative. :&he zig-zag 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
épace. ‘ | |
Tﬁe explgnation outlined above for fluorine éoupling_conetants should' a
‘also be valid for coupling between all magnetic nu&lei,'particulérly those
.’;  with n&n-s electfpnﬁfﬂ Highly electronegative substitutents have the same

2l et al have reported

| ‘effect on pfotdn coupling constants??2%, Roberts
| several/éxamples of long range H-H and H-F spin-spin couplings and have
'"i'asserted that these couplings are exerted through space ;nstead of through

S the bonds. In all these examples the fhvoredvconfbrmatioﬁ of the molecules
zfﬁlkif_L'lis appropriate for the ”through-qpace” mechanism to be effgctive;”‘fﬁﬁﬁi?”*

‘~; f;ubrine-fluorine coupling constants no longer seem to need special explanations;

iy5 It is interesting to note that geminal and vicinal fluorine coupling

" constants can reveal the nature of the other substituents at the carbon atoms, -
| f'; owing to the "vampire effect” of the substitutents. "Through-space" coupling
.canvhelp decidevthevrelative orientafione of’the interacting nuclei, as in
‘the_case_of thé cyciohﬁténes»in the prgvious‘section. While a dihedral angular
dependence of fluorine coupling éonqtants has not been establishédy“{ﬁdiééﬁiodggﬂ’;
are that in substituted ethanes, thé‘trans value 1s less than the gauche |
value, drawing frpm a few examples: in CFéBrCFéBr s J =12 cps, J =l 5 cps{

and in CF BrCFSr, 10 J =18.6 cps, Jt=l6 2 cps. (This is just the reverse of

what is known for proton coupling ) Future studies of fluorine ccupling constants

in molecules promise to be important in ' elmcidation of their structures.
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_ subst:ltuents in ethanes and propanes.

Figure 3.

Figure b,
"/l .

) {',,Figum .?Captions' A _ .

B

Plot of JF p V8 sum of electronegativities of substituents . .

in ethane_s.
Plot of vic:lnal J P-F vs. sum of electronegativities of

ProJections of compounds I, o-trifluoromethylbenzoyl fluoride,
‘and II, 2,3-bis-(trifluorométhyl)-pyridine in the plane

perpendicuiar to the. aromat:lc ring and parallel to the

aromatic bond between the groups of F atoms. Dashed lines

represent the aromatic ring.

" 79 BR spectra of the cyclobutane dlastereomer mixture:

X = SC(CH )3, (a) IIIa + IIIb, (v) IIIc + IIId. Spectra

determ:lned in CClh at 56 4 Mcps and externally referenced

_in terms of diaplacement in p.p.m. relative to "Freon 112,"

1l ,2-d1f1uoro-1 ) 1, 2 »2) -tetrachloroethane + Relative areas

are indicated in parehthéses. : - ’
fo

;
§
g.
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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 in 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.





