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205. Aromatic Reactivity. Part X V.l Biphenyl and Naphthalene 
in Detritiation. 

By C. EABORN and R. TAYLOR. 

We have measured the rates of detritiation of [2-, 3-, and 4-3HJbiphenyl 
and of [a- and P-3H,]naphthalene in trifluoroacetic acid containing aqueous 
sulphuric acid or aqueous perchloric acid. The 2- and the 4-position of biphenyl 
are about equally reactive in this hydrogen-exchange, and markedly more 
reactive than a single position in benzene, while the 3-position is somewhat 
less reactive than a single position in benzene. The a-position of naphthalene 
is more reactive than the P-position, which is about as reactive as the 4- 
position of biphenyl. The partial rate factors for the 4-position of biphenyl 
and the 2-position of naphthalene are compared with those in other electro- 
philic aromatic substitutions ; it is shown that activation of these positions 
relative to activation of the para-position of toluene depends greatly on the 
electron-demand, but it is argued that there is nothing qualitatively ab- 
normal about activation in biphenyl and naphthalene. 

WE have measured the rates of detritiation at  25.0" of monotritiated biphenyls and 
naphthalenes in media of the composition CF3*C02H (95-31)-H20 (2*21)-H2SO, (2.48) 
and CF,-CO,H (92-04)-H20 (5.45)-HC104 (2.51) (the figures denote mole-percentages) in 
which we previously studied detritiation of alkylbenzenes.2 The values of the first- 
order rate constants, kex., for the detritiation, are given in Table 1, along with the rates, f, 
relative to that for detritiation of rH,]benzene, figures for [@-3H1] toluene being included 
for comparison. With the medium containing sulphuric acid, it was necessary to measure 
the rate of sulphonation, ksnlph., of biphenyl and naphthalene, since sulphonation , whether 
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at  a tritiated position or not, results in a loss of tritium, and ksulph. must be subtracted 
from the apparent exchange rate, kobs., to give the value of kex. (see refs. 2 and 3). Sulphon- 
ation accounts for about 9% of the apparent exchange rate with [2- and 4-3HJbipheny1, 

TABLE 1. Detritiation at 25-0"." 
CF3*CO2H-H20-H2SO4 b 

(95.31 : 2.21 : 2.48) 
CF3*CO2H-H,O-HC104 

(92.04 : 5.45 : 2.51) 
r 
107kOb,. 107kbdPh. 1 0 7 ~ .  f' 

[3Hl]Ben~eneh ............ 3.74 <0.15 3.6 1 

[3-3Hl]Biphenyl ............ 
[p-3HJToluene ............ 2552 26 2526 702 
[2-3Hl]Biphenyl ............ 525 48 477 133 

[4-3Hl]BiphenyI ............ 563 48 515 143 
[a-3HJNaphthalene ...... 3990 104 3886 1079 
[/3-3Hl]Naphthalene ...... 560 104 456 127 

- - - - 

a Rate constants in sec.-l. See ref. 2. 
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and for about 3% with [~t-~H,]naphthalene, but for about 19% with [p-3Hl]naphthalene. 
[3-3Hl]Biphenyl was not studied in this medium, but in a medium somewhat stronger in 
sulphuric acid [CF,*CO,H (85.08)-H20 (6.42)-H2S04 (8-SO)] the value of kulph. (341 x 10-7 
sec.-l) represented 97% of kobs. (353 x 10-7 sec.-l), and the resulting figure for kex. (12 x 10-7 

Plot  of (A) log f in CF3.C02H-H20-H,S0, against (B) 
A 

- I  log f in CF3C0,H-H20-HC104. Q 

sec.-l) may be used only to conclude that exchange is slower than with rH,]benzene (for 
which ke,. = 30 x sec.-l), the value off (0.4) possibly being in error by as much as 
&loo%. The exchanges in CF3C02H-H,0-HC104 
were apparently free from interfering side-reactions. 

The results constitute the first reports of accurate partial rate factors for hydrogen- 
exchange at  the several positions in biphenyl and naphthalene. The reactivities 
of the positions relative to one another have been measured for deuteration in 
CF,*C02D-CC1,-D,S04,4 and the results are consistent with ours. (Rates relative to 
a single position in benzene can only be obtained from the deuteration results4 by 
unsatisfactory extrapolations based on assumed dependences of rate on acidity function, 
and may be considerably in error.) The main features of our results are as follows: 

(i) The spread of rates depends markedly on the medium, as with alkylben~enes.~*~*~ 
There is an approximate linear free-energy relation between the results in the two media 
(see Figure). (The line is drawn to pass between all the points. A good straight line 

(In this medium fpMe = ca. 540.) 
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may be drawn to pass through the origin and the points for the alkylbenzenes, and the 
points for the naphthalene and biphenyl systems then fall to the left. This is what would 
be expected if the naphthalene and biphenyl systems respond more effectively to the 
increased electron-demand in CF3*C02H-H,O-H,SO, which is indicated by the greater 
spread of rates in the medium. 

Since primary steric 
effects are unimportant in detritiation,6 this result is probably a true reflection of the 
relative electronic activation at the positions, and is in agreement with Dewar's simple 
estimates of localization energies,798 but not with more complicated calculations of 
localization energie~,~-ll with calculations by the self-consistent-field method of the 
energies required to convert the hydrocarbon ArH into the ion A T H ~ + , ~  or with free-valence 
 number^,^ all of which assign a distinctly higher reactivity to the 2-position. The small 
deactivation of the 3-position disagrees with some  calculation^,^^ l2 but agrees with others,9 
and also with experimental results in prot~desilylation,~~ mer~uridesilylation,~~ bromo- 
desilylation,13 and ionic br0minati0n.l~ 

(iii) The a-position of naphthalene is considerably more activated than the p-position, 
in agreement with  calculation^.^^ '-lo The p-position is roughly as reactive as the 4-position 
of biphenyl, being slightly more or less reactive depending on the medium. Calculations 
indicate that the P-position should be less reactive than the 4-position of biphenyl,4p88-10 
and this is the case in protode~ilylation,~~ merc~ridesilylation,~~ and protodegermylation l6 

(all reactions which seem to make relatively small demands on electromeric effects of 
substituents), but in bromodesilylation the positions are equally reactive ; l5 in nitration 
the p-position of naphthalene may be more reactive than the 4-position of biphenyl,8 
though there is conflicting experimental information on the partial rate factors for biphenyl 
in this reacti0n.l' 

(iv) The values of (log fpB1e)/(log fpPh) are in line with the observation that this ratio 
shows a general tendency to fall from reaction to reaction as f p M e  rises,13 probably as the 
electron-demand rises and calls forth increasingly the +E effect of the p-Ph group.13J4 

Discussion below is relevant to this point.) 
(ii) The 2- and the 4-position of biphenyl are equally reactive. 

TABLE 2. 
Reaction f p M e  log f,M'e/log p Reaction f,"" log f,M'"/log f p P h  

Protodestannylation ... 5.6 3.0 Ionic bromination l4 ...... 59 1.48 
Protodegermylation lo ... 14 2-66 Detritiation .................. 3 13 1.45 
Protodesilylation l3 ...... 18 2-82 Detritiation .................. 702 1-32 
Mercuridesilylation l5 ... 17.5 2.40 Molec. chlorination 18# l9 ... 820 1.05 
Nitration 8.14 ............... 5 s  1.70 

Table 2 illustrates this. The results confirm the observation l3 that no single substituent 
constant can satisfactorily represent the effect of a +-Ph group in electrophilic aromatic 
substitution. * 

(v) The values of the ratio (logfpMe)/(logf3,,"~4) are lower than for the other reactions 
* The absolute deviation of the p-Ph group from a (logf)-of p!ot may be no greater than for many 

other substituents, but the deviation relative to the value of u+, which is important in a detailed analysis 
of the effect of a group, is abnormally large, as discussed below. 
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for which it is known, with the exception of nitratioq8 the data for which appear 
anomalous.? Apart from this, the value of the ratio tends generally to fall asfpMe rises 

TABLE 3. 
Reaction Axe 1% fpMe/1og f3, aCaH4 Reaction f p M e  log fPMe/log f3,qC4=4 

Protodegermylation l6 14 4.54 Detritiation ............ 3 13 1.39 
Protodesilylation l5 ... 21 3-96 Detritiation ............ 702 1.32 
Mercuridesilylation 15.. . 17-5 2.69 Nitration * ............... 58 1.02 

(Table 3), indicating that electron-release by the activating ring is called forth more 
strongly as the general electron-demand rises. The way in which this ratio varies suggests 
that there is no qualitative difference between the type of response of biphenyl and of 
naphthalene systems to electron-demand ; a difference would not have been surprising in 
view of the fact that the two rings are coplanar in naphthalene but not in biphenyl. 

The results confirm the observation15 that no single substituent constant can satis- 
factorily represent the effect of the 3,4-C4H4 system in electrophilic aromatic substitution. 

(vi) The ratio (log fil30'"4)/1ogf3,,CaH~) has values of 1-44 and 1.43 in the detritiations. 
These are lower than the values in desilylations,l5 in which steric effects occur. 

(vii) " Reactivity numbers," 8 Hiickel localization energies,1° and energies calculated 
for formation of the ions ArH,+ from the hydrocarbons ArH,4 are all quantitatively 
inconsistent with the observed reactivities, in that plots of log f for the single positions of 
benzene, biphenyl, and naphthalene against the various sets of energies are far from linear. 

Activation in Biphenyl and Naphthalene.-We conclude with a brief general comment 
on the nature of the activating influences of the p-Ph group and the 3,4-C4H4 system in 
electrophilic aromatic substitution. We have shown that the effects of these substituents 
relative to that of a @-Me group, vary markedly with the electron-demand, but we wish 
to stress that there is nothing abnormal about the substituents. Any apparent abnormality 
i s  largely a consequence of calculating partial rate factors relative to a single position in 
benzene, which is logical (since, by definition, polar effects are absent a t  such a position) 
but not essential; if, for example, we calculated rate factors, f', relative to the meta- 
position in chlorobenzene, there would be fairly small variation in (log f'pMe)/(log fpPh) 

ratios. 
It is instructive to use Yukawa and Tsuno's approach20 to analysis of substituent 

effects in electrophilic substitutions.$ These authors point out that the quantity on, 
which is equal to (0' - o), is a measure of the potential ability of a substituent to stabilize, 
by resonance effects, a centre of excess positive charge with which it is conjugated. (The 
values of o+ are those derived from solvolysis of aa-dimethylbenzyl chlorides in 90% 
aqueous acetone,23 and values of o are those derived from ionization of benzoic acids in 
water a t  25".=) They further point out that the extent to which resonance effects operate 
varies from reaction to reaction, and show that for a number of electrophilic reactions 
the relation log f = p(o + yoR) is more satisfactory than either of the relations log f = po 
and logf = The value of Y ,  which is a measure of the extent to which electromeric 
and possibly inductomeric effects of substituents are brought into play, has, by definition, 
a value of 1 for solvolysis of aa-dimethylbenzyl chlorides and of 0 for ionization of benzoic 
acids in water, and can have a range of values above zero in electrophilic reactions; for 

t The factorsf,,,CA and fe,scP~ refer. respectively to the 2- and the l-position of naphthalene. 
$ An equivalent approach will be found in ref. 21. A related procedure, but applicable to reactions 

in which loss of resonance occurs on going from initial state to  transition state, has been outlined by 
Dickinson and Eaborn.22 

2o Yukawa and Tsuno, Bull. Chem. SOC. Japan, 1959, 52, 971. 
41 Bekhum, Verkade, and Wepster, Rec. Trav. chim., 1959, 78, 815. 
22 Dickinson and Eaborn, J. ,  1959, 3036. 
2 3  H. C. Brown and Okamoto, J .  Amer. Chenz. Soc.. 1958, 80, 4979. 
24 McDaniel and H. C. Brown, J .  Org. Chem., 1958, 23, 420. 



1016 Aromatic Reactivity. Part X V.  
example, 2.29 in brominolysis of benzeneboronic acids,20 1.66 in molecular chlorination 
in acetic acid,20 0.90 for nitration in nitromethane or acetic acid,20 0-7 in protodesilylation,l 
and 0-4 in protodestanny1ation.l 

The values of cR for the 9-Ph group (-0.17) and the 3,4-C4H4 system (-0.177) are not 
particularly large (cf. -0.141 for $-Me and -0.510 for 9-OMe), but because B is so small 
in both cases the value of the sum (o + yoR) rises steeply with Y as the following Table 
shows : 

r ........................... 0 0.2 0.4 0.6 0.8 1.0 1.5 
u + ruE forp-Ph ...... -0.01 -0.04 -0.078 -0.11 -0.15 -0.179 -0.26 
u + YUR for 3,4-C4H4.. . + 0.042 + 0.007 -0.029 - 0.064 -0.100 - 0.135 -0.223 
u + YUR fOrp-Me ...... -0.170 -0.198 -0.226 -0.255 -0.283 -0.311 -0.381 

If the Yukawa-Tsuno equation applied exactly, then as Y varied from 0.2, to 0.6, to 1, to 2, 
the value of the ratio (log fpMe)/(log fpPh) would fall from 5, to 2.3, to 1.7, to 1-3. [If we 
reckoned rate factors relative to the meta-position of chlorobenzene, this would be equiv- 
alent to adding ca. -0.38 to each value of the sum (o + yoR), and the new sum would then 
appear less variable with 1.1 The effect of the 3,4-C4H4 system falls into the same pattern; 
the value of oR is rather similar to that for p-Ph, and if it is slightly greater, as it may be, 
then the sum (B + yoR) for 3,4-C4H4 can overtake that for p-Ph at  high values of r.  We 
do not suggest, of course, that the Yukawa-Tsuno approach to substituent effects has 
fundamental significance in its present state of refinement, or that wholly quantitative 
analysis of effects on individual groups is possible by its use, but it serves to interpret 
semi-quantitatively the variability of effects of p-Ph and 3,4-C4H4 substituents noted in 
Tables 2 and 3, and to illustrate that the response of these substituents to electron-demand 
is not, in absolute terms, abnormal. 

EXPERIMENTAL 
MateriaZs.-Monotritiated biphenyls and naphthalenes were made by the usual method 

from 2-iodo-, 3-bromo, or 4-bromo-biphenyl or from a-bromo- or p-chloro-naphthalene; 2 v 3  the 
Grignard reagent from the last compound was prepared in tetrahydrofuran. Maximum 
activities (theoretical use of the tritiated water being assumed; see ref. 3) were 2 and 3 mc./g. 
for [a- and p-3Hl]naphthalene, respectively, 5 mc./g. for the [3H,]biphenyls. (Actual activities 
might have been only one-quarter of these values.) 

Exchange Measurements.-The media and general method for rate measurements were as 
previously d e s ~ r i b e d , ~ ~ ~  except that for the naphthalene compounds only 5 ml. of toluene were 
used in the extraction in order to give a more active extract. About 0.02-0.03 g. of the 
tritiated aromatic compound was used in about 7.5 g. of the reaction medium, the solution 
obtained being sufficient for 5 samples in sealed tubes.2 In calculating “ equilibrium ” 
deflections, i t  was assumed that four positions were available for tritiation with [a-3Hl]- 
naphthalene, 8 with the p-isomer, 6 with [2- and 4-SH,]biphenyl, and 10 with the 3-isomer 
(cf. ref. 2). (In all cases the “ equilibrium ” deflection would correspond to less than 3% of the 
tritium’s remaining in the aromatic compound.) 

SuZ$honation.-The rates of sulphonation of biphenyl and naphthalene in 
CF3*C02H-H20-H2S0, were measured by partition of the hydrocarbon and its sulphonic acid 
between hexane and water, followed by spectrophotometric determination of the concentration 
of the hydrocarbon in the hexane.2 Wavelengths of 247, 255, 265, and 280 mp were used 
for biphenyl, and of 266, 276, 290, and 295 mp for naphthalene. The first-order rate con- 
stants for sulphonation fell slightly as reaction proceeded (as sulphuric acid was removed and 
water formed; cf. ref. 2), and initial rates are given in Table 1.  The rates determined at  the 
several wavelengths agreed to within -& 4%. 
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