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Solute-Hexafluorobenzene Interactions : a Nuclear Magnetic Resonance 
Spectral, Dipole Moment, and Kerr Effect Study 
By Robert S. Armstrong, Manuel J. Aroney," Roy K. Duffin, and Heather J. Stootman, School of 

Raymond J. W. Le FGvre, School of Chemistry, Macquarie University, North Ryde, New South Wales, Australia 

l H  N.m.r. are reported for a variety of soiutes in hexafluorobenzene and an attempt is made to correlate the solvent- 
induced shifts with the magnitude of the solute dipole moment. It is confirmed that hexafluorobenzene causes 
negative shielding of protons near an electrophilic centre in the solute and positive shielding of protons close to a 
nucleophilic site. Molar Kerr constants of solutes, measured for the first time in hexafluorobenzene, are found 
to be sensitively affected by hexafluorobenzene solvation. A time-averaged solvent cage model is invoked within 
which some degree of order i s  induced through stereospecific solute-solvent interactions. 
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THE n.m.r. chemical shifts of polar solutes are sometimes 
sensitively dependent on the nature of the solvent 
environment. Aromatic solvents, for example, often 
produce appreciable ' solvent-induced ' shifts with 
reference to absorptions in relatively ' inert ' solvents 
such as cyclohexane or carbon tetrachloride. Such 
effects have been extensively studied for benzene solva- 
tion1-5 but little is known about the behaviour of 
aromatic solvents other than benzene. In 1970, 
Bertrand et aL4 examined the lH n.m.r. spectra of 

dipolar, polycyclic molecules such as HC[OCH&CCH, 
as solutes in benzene and in hexafluorobenzene and they 
found that the latter solvent induces strong downjeld 
shifts of protons at the positive solute site and up$eld 
shifts of protons in the negative region of the solute, 
effects which are opposite in sense to those caused by 
benzene. They suggested a solvent cluster model in 
which favoured solute-hexafluorobenzene transient 
associations occur through preferential attraction of the 
positive end of the solute dipole for the relatively 
negative peripheral fluorines on the solvent ring. The 
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purpose of the present work is to investigate further the 
incidence arid stereospecificity of such interactions in 
hexafluorobenzene from n.m.r. spectral, dipole moment, 
and Kerr effect data. 

EXPERIMENTAL 

The solutes, obtained commercially or synthesised, were 
purified immediately before use. Dioxan was purified by 
passing through an alumina column then drying over sodium 
wire before distillation. Hexafluorobenzene, obtained 
commercially, was fractionated using a 40 cm column 
packed with glass helices. 

The lH n.m.r. spectra were measured on a Varian A60 
n.m.r. spectrometer using tetramethylsilane as internal 
reference. Initially ca. 5% solutions were made up (or, 
alternatively, saturated solutions were used where the 
solubility is low) and these were successively diluted until 
no further changes in 7 could be observed. The T values so 
derived in dioxan and in hexafluorobenzene are listed in 
Table 1 together with the solute dipole moments (which 
are quoted from ref. 6). 
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‘i’he dipole nioiiients and iiiolar Iierr constants of tri- 

methylamine-borane and NNN’N’-tetramethylethylenedi- 
aminezinc(r1) chloride were determined at  inflnite dilution 
in hexafluorobenzene (Table 2). The apparatus, tech- 
niques, symbols used, and methods of calculation have been 
described before.’-1° The following data 11-13 apply at  
25 “C for hexafluorobenzene: E~ = 2.029; d ,  = 1.6069; 
(nl), = 1.3798. The corresponding Kerr constant (QD 
was experimentally determined as 0.91 (-&O.Ol) x lo-’ 
relatively to benzene for which (BJD = 0-410 x lo-‘. The 
specific Kerr constant for hexafluorobenzene follows as 
0.112 x from the equation ,K1 = ~ATz~B~/(Tz~’ + 2)2- 
(q + 2)2d, where A is the wavelength of the light used to 
measure B, (589.3 nm). The term ao(mK2) refers to the 
molar Kerr constant of the solute a t  infinite dilution. 

DISCUSSION 

The AT values of column 4 in Table 1 are algebraically 
negative excepting those for the BH, protons in tri- 
methylamine-borane and for the three halogenofoms 

TABLE 1 

Cliemical shifts (7)  and dipole moments of solutes 
c 

r-.____ 7 

Hexa- 
fluoro- AT 

Solute Dioxan * benzene ( T C , ~ . - T C , H ~ ~ ~ )  p/D * 
(CH,) 3 y  

(CH,) ,CCl 8.42 8.37 - 0.05 2.14 
(C. H,) ,CBr 8.24 8.1 7 - 0.07 2-19 
(CH,),CI 8-09 8.00 - 0.09 2-14 
(CH,),NBH, 7-43 7-28 -0.15 4.62 
(CH,),NBH, 8.33 8.80 0.47 4.62 
(CH,),NBCl, 7.07 6.78 -0.29 6-33 
(CH,),NBBr, 6-90 6.60 - 0.30 6.61 

8.34 7 8.21 -0.13 4.87 
(CH,),AsS 8.33 8-18 - 0.15 6-35 
(CH,),PS 

CH,X 
CI-I,Br 7.36 7.31 - 0.06 1.70 
CH,I 7-85 7-77 - 0.08 1-48 
CH,NO, 5-72 5-53 -0.19 3-14 
CH,CN 8-07 7.86 -0.21 3.38 

HCX, 
HCC1, 2.31 2-67 0.36 1-10 
HCBr, 2.78 3.12 0.34 1.02 
HCI ,  4.84 5.00 0-16 0.86 

NNN’N’-Tetramethylethylenediaminezinc(rr) chloride 
CH, 7-36 7.00 - 0.36 8.7 
CH, 7.48 7.27 -0.21 

* Ref. 6. I- J(31P-lH) 13.1 Hz. 

examined. Dioxan was chosen as a general reference 
solvent rather than carbon tetrachloride or cyclohexane 
since many of the solutes studied are insoluble in the 
latter solvents. It has been shown, moreover, that 
where comparisons could be made, the T values in dioxan 
are very close to those in carbon tetrachloride for all 
solutes in column I except the halogenoforms which, 
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3rd edn., 1953. 

C. G. Le FGvre and R. J.  W. Le Fhvre, in Physical Methods 
o f  Organic Chemistry,’ ed. A. Weissberger, Interscience, New 
York, 3rd edil., v01. 1, ch. XXXVI, p. 2459. 

because of hydrogen bond formation with the oxygen 
atoms of dioxan, experience a pronounced downfield 
shift in dioxan. If for the HCX, compounds the hexa- 
fluorobenzene induced solvent shifts are calculated 
relatively to a carbon tetrachloride environment then 
negative values also result, i.e. T~ ,F ,  - Tcc1, is -0.07, 
-0.03, and -0.09 for X = C1, Br, and I respectively. 
Comparison of the AT estimates of Table 1 with those of 
ref. 6 shows that aromatic solvent shifts produced by 
hexafluorobenzene are much smaller than those experi- 
enced in benzene. Correlations between the AT values 
and the magnitude of the solute dipole moments (11.) 
were explored by plotting AT against 11. and also against 
p2 (since the dipole-induced dipole interaction is a func- 
tion of p2) ; the latter graphs are represented in Figure 1. 

-0+ 

FIGURE 1 Plot of AT against p2 for various solutcs: G,  HCX,; 
0 ,  CH,X ; x , (CH,) ,Y ; A, T C ~ F ~  - ~ C C I ~  for 13CXJ 

The uncertainty in A T  is 50-03 so that points generally 
relating to low polarity solutes which have small A T  
values, are not particularly meaningful. Nonetheless 
there is an approximate dependence of A: on the 
magnitude of the solute dipole moment for structurally 
related molecules within each group of substances 
CH,X, HCX,, and (CH,),Y. The ‘ corrected ’ AT values 
for the halogenoforms, shown as triangles, are small and 
no regular gradation is apparent. In the case of tri- 
methylamine-borane the BH, protons experience an 
upfield shift in hexafluorobenzene. We thus confirm and 
extend the findings of Bertrand et aL4 that hexafluoro- 
benzene produces aromatic solvent shifts opposite in 
sense to those of benzene, i.e. it causes downfield shifts 
of protons near the positive end of the solute dipole 
and uffzeld shifts of protons near the negative end. It 
may be inferred also, from the rough correlations be- 
tween p2 (solute) and AT, that as for the case of benzene 
soIvation,6 one important factor in the solvation process 
in hexafluorobenzene is that due to dipole-induced dipole 
interactions and, in addition, the different slopes of the 
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lines in Figure 1 underline the influence of the steric 
factors operating for each particular type of solute. 

The magnetic anisotropy of hexafluorobenzene 
(103OAx = 59 e.m.u.) l4 determined from measurements 
of the molar Kerr and molar Cotton-Mouton constants, 
is qualitatively similar to that of benzene so that the 
regions of magnetic shielding and deshielding are similarly 
disposed with reference to the aromatic planes. It 

cules. All orientations of c6F6 are possible and do 
occur but specific approaches are favoured in terms of 
the geometry of the solute and of the solvent, dipole- 
induced dipole effects, and electrostatic attractions and 
repulsions between the various nucleophilic and electro- 
philic centres in both the solute and the solvent molecules. 

In order to obtain independent experimental evidence 
for solvation effects in hexafluorobenzene, dielectric 

TABLE 2 
Polarisations, refractions, dipole moments, and molar Kerr constants of solutes (from observations on solutions 

in hexafluorobenzene at 25 "C) 
Concentration 

Solute range ( 106w,) C L B ~  8 & a  P,/cni3 RDlcrn3 b IL/D lo'*, ( I d l a )  
Trimethylanline-borane 120-392 51.0 0 440 25.6 4. 6 - 200 
N N N'N'-Tetr ameth yle thylene- 46-146 47.6 200 1420 53.0 8.2 5000 

diaminezinc(I1) chloride 
@ The quantities Q E ~  and 6 are defined in turn as ZAc/Zw2 and C107AB/B1Cw, where Ac and AB are the differences found between 

the dielectric constants and Kerr constants, respectively, of solutions containing weight fractions w2 of solute, and of the solvent ; 
analogous coefficients (3 and y, derived from incremental changes in density and refractive index, respectively, were ignored in 
calculating p and mK since, in each case, they were negligibly small in relation to the other terms acl and 6 .  b Ref. 15; ref. 16. 

Calculated assuming DP I 1-06 RD. 

follows then that the negative shielding of sensor protons 
at the electrophilic end of the solute dipole by hexa- 
fluorobenzene is best attributed to preferred edge-on 
approaches of c6F6 solvent molecules such that the 
peripheral fluorines are in proximity to Ha+ atoms of the 
solute (in Figure 2, A and B represent examples of 

U 

FIGURE 2 Hexafluorobenzene-(CH,),NBH, interactions 

orientations of this nature). It should be stressed that 
the occurrence of such dispositions does not preclude 
solute-solvent interactions of different geometry. For 
example it seems reasonable to suggest that the low AT 
values found for the halogenoforms may be due to the 
incidence of both H F (deshielding) and H - - x- 

electron (shielding) associations with the former type 
predominating. On the other hand the positive AT 
found for the BH, protons of trimethylamine-borane 
indicates that edge-on approaches B-H F are less 
important than those in which the hydrogens are in the 
C,F, shielding region, e.g. C in Figure 2 in which HS- is 
close to  Ca+. In common with Verkade et aL4 we favour 
a solvent cluster model in which the solute is enclosed 
in a cage of slightly organised hexafluorobenzene mole- 

x4 C. L. Cheng, D. s. N. Murthy, and G. L. D. Ritchie, MoZ. 
Phys., 1971, 22, 1137. 

polarisation and electric birefringence measurements 
were made on solutions (in &F6) of the highly polar 
solutes trimethylamine-borane and NNN'N'-tetra- 
methylethylenediaminezinc(n) chloride. The dipole 
moments so obtained, 4.5 and &2D, respectively, are 
in reasonable accord with values previously extracted 
from measurements in dioxan and in benzene.15J6 The 
apparent solute molar Kerr constants (at infinite dilu- 
tion) are, however, markedly solvent dependent ; AmK 
[i .c. &(C6F6) - ,K (' inert ' solvent) 15J6] is -223 x 
10-l2 for trimethylamine-borane and +5000 x for 
NNN'N'-t et ramet h ylet h ylenediaminezinc (11) chloride. 
For each solute the mK is sensitively affected by solute- 
aromatic solvent interactions ; the corresponding A,K 
values in benzene 16,16 are respectively -240 x and 
-2200 x 10-l2. With trimethylamine-borane the ob- 
served molar Kerr constant in hexafluorobenzene can 
reasonably be explained in terms of the time-averaged 
solvent cage model, with favoured solute-solvent 
encounters, proposed from the n.m.r. evidence. The 
integrated effect of edge-on approaches A, B, etc. (in 
Figure 2) for all the carbon-bonded hydrogen atoms 
could result in a negative AmK increment of the magni- 
tude observed. Angular dispositions such as C do not 
greatly affect the mK value ; D is unlikely to be favoured 
on electrostatic grounds. In the case of """-tetra- 
methylethylenediaminezinc(I1) chloride, solvation by 
hexafluorobenzene must result in an overall large effective 
increase in polarisability in the direction of the solute 
dipole vector more so than in directions perpendicular 
to that axis, i .e.  approaches in which the c6F6 aromatic 
ring planes are parallel or nearly parallel to p should be 
relatively favoured. Since p is very large, dipole- 
induced dipole interactions may become very important 

'5 M. J. Aroney, R. J. W. Le Fbvre, and H. J. Vaughan, 

16 R. S. Armstrong, R. J. W. Le Fkvre, G. J. Peacock, and 
J .  Chew. SOC. ( A ) ,  1970, 2224. 

K. R. Skamp, J .C .S .  Dalton, 1973, 1132. 
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and could lead to a predominance of encounters E in 
Figure 3. This would, at least in part, account for the 
appreciable downfield shifts of the methylene protons as 
well as the somewhat smaller deshielding of the methyl 

FIGURE 3 Hexafluorobenzene-NNN’N’-tetramethylethylene- 
diaminezinc(r1) chloride inkractions 

hydrogen atoms. Approaches F also would deshield the 
methylene protons but would not contribute greatly 
towards A&; if the angular disposition of these be- 
comes near perpendicular to p then from the Langevin- 

Born equations,’ they lead to a negative A& value. 
Parallel orientations such as G increase AmK but also 
lead to upfield shifts so they are probably not important. 
Clear evidence for the inadequacy of the 1 : 1 complex 
model is provided by the fact that the greatest (most 
positive) possible molar Kerr constant calculable for 
such a complex is 2100 x 10-l2, far short of that ob- 
served. We propose that within the solvating cluster of 
C6F6 molecules about this solute, orientations E and 
probably F are more favoured than other approaches. 
The C1 atoms near the negative end of the solute dipole 
also interact with other c6F, molecules through C1 - F 
and C1 x electron repulsions and possibly also through 
weak C1 C8+ attractions; these effects must lead to 
time-averaged ordering of solvent molecules such that the 
aromatic planes are parallel more so than perpendicular 
to p(solute) in order to contribute towards the large 
positive A,K. 
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