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A&stract-Aromatrc hydrocarbons react with the strong acid HP-BF, to form an aromatrc cation 
plus the fluoroborate Ion. The proton adds IO a dcfinitc ring carbon atom and completely transfers 
1t.s charge. The charge IS distributed by resonance to positions orrho and para to the added proton. 
Alkyl groups on these positions stabiliac rhe ion and distribute the charge further by h pcrconjugatron 
or induction. Thus. the mcsrtylenc cation is more stable than the ~olucnc cation by a actor of 280.000 ty 
and more stabk than the other trirncthylbcnzcnes by a factor of 70. Competition experiments among 
various I. 3. S-trialkylbcnrenc show no change in basicity as the alkyl groups vary from methyl to 
ethyl to iso ropyl to rrrr.-butyl. In this scrrcs. therefore. the loss in carbon-hydrogen hypcrconjugation 
is bala rices by an increase in the induction ctTecr and in carbon, carbon hypcrconjugation. 

AROMATIC hydrocarbons, as is well known, form loose molecular complexes with many 
reagents, such as silver ion,r iodine’ and hydrogen chloride.s The acceptor molcculc 
combines loosely with the n-electron cloud of the aromatic ring. We have found’ 
that alkylbenzenes also form mole-for-mole complexes with HF-BF,. But, with this 
strong acid, the complexes are of an altogether different type. A proton adds to a 
definite ring carbon atom, completely transfers its charge to the aromatic hydrocarbon 
and thus brings into play inductive and hyperconjugativc effects that do not show up 
in the n complexes. 

Relative stability of complexes 
Evidence for the existence of these complexes was obtained by measuring the 

vapor pressure of various mixtures of HF-BF, and aromatic hydrocarbons. One mole 
of the aromatic was stirred with 10 moles of liquid anhydrous HF in a closed system: 
because the aromatic and HF are immiscible two separate phases co-existed. Small 
amounts of BF, were added at intervals, and the pressure was measured after each 
addition. 

The measurements are plotted in Fig. I. The straight-line curve for BF, in HF 
alone shows that BF, in HF obeys Henry’s law. Ir;o detectable amounts of HBF, are 
formed. The curves for hcxamethylbenzene and mesitylenc break sharply at the point 
where the mol ratio of BF, to aromatic equals one. As BFS is added, it reacts mole- 
for-mole with the aromatic until the aromatic is used up, Also, as the BF, is added, 
the hydrocarbon gradually dissolves in the HF layer and the mixture becomes homo- 
gencous. Then the pressure rises abruptly and follows a line roughly parallel to that 
for HF-BF, alone. 

The complex formed by mcsitylcne is less stable than that by hcxamcthylbenlcne; 

’ I.. J. Andrcws and K. M. Kc&r. /. Amer. Chrm. Ser. 71. 3644 (1949). 
* Ii. A. Hen& and J. H. Hildcbrand, /. .Imcr. Chcvn. SW. 71. 2703 (1949). 
’ H. c‘. Brown and J. Brady. /. .4mrr. Chmt. Sm. 71. 3573 (1949). 
’ D. A. McCaulay and A. P. Lien. /. Amer. Chem. SM. 73. 2013 (I951 ). 
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FKL I. Vapor prc~.~urcs of mixtures of HF-RF, and aromatic hydrocarbons. 

it exerts a slightly higher BFS pressure in the one-to-one region. The m-xylene com- 
plex is still less stable and approaches 100 per cent association only at relatively high 
BF, pressures. The complexes with o-xylene, pxylene and toluene are progressively 
less stable. 

The spread between the curve for the three xylene complexes permitted calculation 
of their relative stabilities. But, to get quantitative information for the other methyl- 
benzenes required a series of batch extraction experiments in which the aromatics 
competed with each other for a limited amount of acid. In these experiments, two 
aromatics were dissolved in an inert paraffinic solvent, n-heptane, and were then shaken 
up with HF plus BFS. The aromatic hydrocarbon that showed the greater tendency 
towards complex formation reacted preferentially and dissolved as a complex in the 
HF layer. A typical extraction run with mesitylene and m-xylene showed, in mol per 
cent: 

Fad Raffinatc Extract 
_._--____-_.-- .._- ----. - - - --. 

n-Heptane 50.0 I 75.0 ’ 0 
-_ _ -. ._- .-.- --. -.. ..- ..- 

Mesitykne j 16.5 0.1 ! 49 
-. -. -. _-- __ ..-- ~__. ._ 

m-Xykne 33.5 24.9 51 

Mesitylene was preferentially taken into the acid layer. 
To measure this selectivity, single-stage separation factors, called z’s, were calcu- 

lated. They were defined as the mol ratios of the two components in the acid phase 
divided by the same mol ratio in the hydrocarbon phase. As a first approximation, 
we assumed that the ratio of the two aromatics in the hydrocarbon phase was equal to 
the ratio of free, uncomplexed aromatics in the acid layer. Then, the r value can be 
looked upon as the equilibrium constant for the reaction: 
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TABLE I. hXA’IIVE RASICITIES OF THF. YETHYLBENZESLS 

pXylene 1 

Mcthylbenzcnc 
-- .--. -- 

Tolucne 
p_Xylcnc 
o-Xylene 
m-Xylenc 
Pscudwumenc (I, 2. 6) 
Hemimellitcne (I, 2, 3-) 
Durew (I, 2. 4. S-) 
Prehnitene (I, 2. 3. 4-) 
Mesitylene (I, 3. S-) 
isoDurene (I. 2, 3. S-) 
Pcntamethylbenzenc 
Hcxamerhylbenzcne 

a 

0.01 
I 
2 

20 
40 

(40) 
I20 
170 

2.800 
5,600 
x.700 

89.ooo 

in which the two aromatics compete for a proton. For this reason. it is called the 
relative basicity of the two aromatics. 

Experiments were carried out for all of the mcthylbenzcncs, and the z values 
obtained were arranged in Table I. Basicity increases with the addition of each methyl 
group. The xylencs are more basic than toluenc; the trimethylbenLencs more basic 
than the xylene. But mera orientation contributes most to basic character. Thus, m- 

xylene is by far the most basic of the xylencs. Likewise, mcsitylene with three mem- 
oriented groups, is far more basic than its isomers. In fact, it is more basic than two 
of the tetramethylbcnzenes, which have only two mera-oricnted groups. 

TAHLI: 2. hSI(‘tTIES TOWARD VARIOUS REAGENTS 

Methylbenzene Ag.* HCI l I r: HF-BF, 5 
-.- - .-- -- . .- -- ---.. -- ---_--_ _ 

Toluene I .02 0.92 tIY7 I 04Il 

pXylenc I.00 IM) 1~00 I 

o-Xylene I.10 I.13 I.01 2 
m-Xylcne I.15 I .26 20 
Mcsitylenc 0.69 I.SY I 06 2800 

l Volubility of arcnc in aqueous Ag’ .’ 
t Wubihty of HCI in arcnc.* 
: Light abwrplion.’ 
§ Competitive extraction.’ 

The relative basicity values obtained by use of this strong acid are compared in 
Table 2 with those obtained by others using weak clectrophilic reagents. With the 
weak acids the spread from toluenc through metitylene is small, in no case being greater 
than twofold. In contrast, the spread as measured by the strong acid, HF-BF,, is 
about 280,000-fold. The strong acid completely transfers its charge to the aromatic 
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ring so that hypcrconjugative and inductive effects are more important than they are 

in n complexes formed by the weaker acids. 

Nature of the complexes 
The best interpretation of the reaction of complex formation is: 

A. HF’_.A.H’-+F 
F : BF,‘_ . BF,- 

A .- HP .--BF; ._-, A . H *’ T BF,- 

When the aromatic is added to HF alone, the equilibrium for the top reaction lies far 
to the left, as shown by the fact that aromatics are only slightly soluble in HF. How- 
ever, when BF, is present, the reaction goes to completion because the stable fluoro- 
borate ion is formed. For this reason I mole of BF, interacts with I mole of aromatic, 

as was observed in the vapor-pressure and batch-extraction experiments. 

FIG. 2. Vapor-prcsurc lowering of HF by added KF or mesitylcne-BF,. 
KF H): _.-+K’ Hf..* 

Mcsitylcnc . IN:, i, HF ---+ Ma~tylcnc H’ . BIT,- 

TABLE 3. C<H(PARISON OF co~~~~cnv~r~r.s AND RELAI-IV~ BASIC~ES 
_ 

Methylbenrene Relative conductivity Native b&city 
in HFL in HF-BF,’ 

_ .-- --.I_ ____ _ _ _ 

pXylenc I 1 
O-Xylcne I.1 2 
nt-Xyknc 26 20 
Pseudocumenc (I, 2, 4-J , 63 40 
Hcmimcllitcnc (I, 2. 3-) 6Y 40 
Durenc (I. 2. 4. 5-J 140 120 
Prchnitenc (I. 2. 3. 4-J 400 170 
Mnitylcnc (I. 3, 5-) I3,ooo 2800 
isonurcne (I. 2. 3, 5-J 16.000 6500 
Pcntamcthylbenzrne 29,000 8700 
Hexamcrhylbcn~me Y7,ooo 89,CMXI 

’ hf. Kilpatrick and I:. E. Lubonky. /. Amer. (‘hem. SW. 75. 577 (1953). 
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More evidence supporting the theory that one molecule of aromatic and one of BF, 
gives two ions instead of an ion pair or a single addition complex is shown in Fig. 2. 
Incremental amounts of a solute, either KF or an equimolat mesityienc_BF, mixture, 
were added to HF at OC, and the vapor pressure was measured. The points for both 
KF and for mesityien~-BF* fail along the same straight line, showing that they both 
give the same moiai vapor-pressure lowering, If KF forms two particles in solution, 
then mesitylcne-BF, must also do the same. 

Conclusive evidence that these particles are charged was obtained from measure- 
ments of the conductivities of small amounts of the methylbenrenes dissolved in 
HF.b From these measurements were calculated values proportional to the equiii- 
brium constants for the acid-base reaction, These values are shown in the first column 
of Table 3; our values, in the second column. The two sets of figures are in good agree- 
ment, considering that in our work we used concentrations of aromatic in HF that 
were about fifty-fold greater than in the conductivity studies. 

The probable structure of the aromatic cation is: 

H x H r( W. H 
” ,-’ * ,’ . W ,:- P H 

I r( c 7 .y * ,- c 
-. I P 

UT b’ ‘H “A A” r(’ 
-;* 

+v ‘.>G w 

A H I: 

Presumably the proton adds directly to a ring carbon atom and the positive change is 
distributed to the orrho and pora positions by resonance, If one of these positions has 
an alkyi substituent, the positive charge can be further distributed and stabilized by 
hyperconjugation or induction, as shown for the toiuene cation: 

r( ti H I 
k-C H H $ bit n-&w 

+t, ,H 

4 

1 , * ,---w 
HLyvh 

4 

%.__,-“,,..H 
4, --c I : 

H H H 
H H H 

H;x; H 

The arrows represent displacement of the bonding pair, under the influence of the 
positive charge, from their normal position in the neutral molecule. Also, if the aro- 
matic has another alkyi group in the rnera positon, as does m-xyiene, the charge can be 
further distributed, by induction and hyperconjugation, to both aikyi gOUpS: 

-3 
H t 

,/’ . .;. n 
.+ c 
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Vesitylene, with three meta-oriented groups, can stabilize and distribute the positive 
charge to all three alkyl groups. 

Ef7cr of chunge of alkyl group on baricity 
Some idea of the relative contributions of the inductive and hyperconjugative 

effect in stabilizing the cation could be obtained by comparing methyl substituents 
with ethyl, isopropyl and lerr.-butyl groups. But a direct comparison has not previously 
been possible because alkyl groups larger than methyl migrate rapidly from one 
ring to another in the presence of HF-BE’,. We have recently found, however, that 
the 1.3,5-trialkylbenzenes are exceptionally stable in HF-BF, and that they maintain 

their configuration long enough for an extraction experiment to be made. 
Therefore, a series of competitive extraction experiments was run with 1,3,5- 

trialkylbenzenes containing methyl, ethyl, isopropyl and rear.-butyl groups. Two 
1,3,5-trialkyl~nzenes dissolved in n-heptane were shaken up with HF plus enough 
BF, to complex with about one-half of the total aromatic present. The hydrocarbon 
phase and the acid layer were then separated and were analyzed by gas chromato- 
graphy. A single-stage separation factor, I, was calculated for each pair. 

TABLE 4. APPARENT B*sicr-rv OF THE 1, 3. S-TRIALKYLBEF~ZENES 

1, 3, 5-Trialkylbenzene 
.- _,.-. ., _--- - __ ___ _ 
I, 3. S-Tri-rerr.-butylben;tene 
I-Methyl-3, S-di-rerr.-butylbenzeenc 
I, 3, 5-Triisopropylbenzrn 
1 -Methyl-3, S~ii~propyi~n~ne 
I, 3, S-Triethylhenzene 
I. 3-Dimethyl-S-serf.-butylbcnzcM 
I, 3-Diethyl-5-methylbenzenc 
I, 3-Dimethyl-5-isopropylbenzene 
1, 3-Dimethyl-S+thylbenzcne 
f , 3, S-Trirnethylbenxnc 

a 

-_- _ 
I .o 
2.8 
4.8 
6.0 
8.4 

IS.5 
16.8 
20.2 
307 
54.4 

The z values obtained were arranged in order in Table 4. The basicity apparently 
increases with decreasing branching in the side-chain, As the methyl segments of the 
tertiary butyl groups are replaced by hydrogen atoms, the z values become larger, 
The effect on apparent basicity is in the order: methyl > ethyl > isopropyl > rerf.- 
butyl. Car~n-hydro~n hy~rconjugation, therefore, appears to contribute more 
than induction or carbon-carbon hyperconjugation. But before this conclusion can 
be accepted a correction must be made, The equilibrium constant for the acid- 
base reaction in the HF layer is: 

But the single-phase separation factor, r. is: 
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The ratio between the uncomplcxed hydrocarbons, [A, 1 and [A,], in the acid phase can 
bc estimated from the solubilities of the fret uncomplexed hydrocarbons in HF: 

[A ,]w = (A, ]rrcr,tiane \, Solubility of A, in HF -- - 
(Azlw ~~~~~~~~~~~~ .x SolubilityofA, in HF 

and, therefore: 

K: IX 
Solubility of A, in HF 

So<ubilky of A, inHF 

Direct measurement of the physical solubility of these highly basic aromatics in HF 
is not possible because most of the aromatic that goes into the HF layer is in the 
protonated form : 

A (liquid) z f [A ] II F + [A - H * ] 

Recently, however, Mackor er al.’ showed that a good estimate of the concentration 
of free uncomplcxed aromatic in HF, IA 1 IIF, could be obtained from an extrapola- 
tion of the solubilities of less basic aromatics in HF. The logarithms of the solubilities 
of benzene, toluene and xylene in HF at 0” differ by a constant, 0.20, as shown by 

the following values: 

Aromatic 

Log (A) 

Bcnxne Toluenc pXylenc ’ m-Xykne 
I 

I.35 I.55 I I.76 1.72 

Solubilities of the heavier alkylbcnzenes were estimated by assuming that the value 
of log 1 A] decreases by O-2 for each additional methyl group on the ring. The values 
of @4, 06 and 0.8 were used for the corresponding ethyl, isopropyl and rerr.-butyl 
groups. 

TABLE 5. CORRECTED nn~flv~ BASI~XTIF.~ 

I, 3, S-Trialkylbenzm 0 - t-011 (A) 

_. -_ -.--- -.- - -.- -_- - --. 
I, 3, S-Tr i-rerf.-butylberuene 1.0 
I-Methyl-3. 5-Grerr.-butylbenzenc 2.8 
I, 3, S-Triiropropylbcnren 4.8 
I -Methyl-3. S-diisopropylhcnzrnc 6.0 
I, 3, 5-Triethylbenzcne 8.4 
1, 3 .Dimethyl-5-rerr.-butylhenxnc IS.5 
I, 3-Diethyl-S-methylbenzene 16.X 
1, 3-Dimethyl-S-isopropylhcnzenc 20.2 

1. 3-Dimethyl-5cthylhen;rcne 307 
I, 3, S-Trimcthylbenzene 54.4 

I 

--. 
3.75 
3.15 
3.15 
2.75 
2.55 
2.55 
2.35 
2.35 
2.15 
I.95 

Corrected 
relative 

basicity, K 
--.-_ 

I.0 
0.8 
I.4 
I.2 
0.6 
I.1 
0.7 
0.9 
0.9 
I.0 

a F. L. Mackor. A. ilofsrra and J. H. Van Der Wads, 7rw.s. Furodu,v Sot. 54. 186 (1958). 
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Solubilities for all the 1,3,5-trialkylbenzcnes in HF were calculated by this means 
and are shown in Table 5. These values were substituted in the equation relating z 

to K, the corrected relative basicity. The K values so calculated are shown in the last 
column. No trend is observed as the alkyl group changes. In going from methyl to 
ethyl to isopropyl to rerr.-butyl, the loss in carbon-hydrogen hypcrconjugation 
apparently is balanced by an increase in the inductive effect and in carbonxarbon 
hypcrconjugation. 

Carbon-hydrogen hyperconjugation, thercforc, must be an important mode of 
clcctron release in the methyl-substituted cations. If only the inductive effect were 
involved, an increase in basicity would bc expected with an increase in size and 
branching of the alkyl substituent. 


