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The acid i ty  funct ion He* defines the selectivity of pro ton  transfer t o  carbon bases. Previously established for 
aqueous sulfuric acid media, it has now been extended to  aqueous perchloric acid. T h e  inf luence of substituents, 
temperature, ipso substi tut ion, and base type o n  the  scale are considered, and  fur ther  general remarks on the reac- 
tivity- selectir i ty principle are made. 

In the previous paper in this series we showed that selec- 
tivity of the hydrated proton toward aromatic, alkene, and 
alkyne bases in aqueous sulfuric acid was independent of re- 
activity. It was suggested that in consequence the rates could 
be correlated with a kinetic acidity function H,* to a degree 
of accuracy similar to that involved in definition of extra- 

thermodynamic acidity functions; -d log k/dH,* for reactions 
involving rate-limiting carbon protonation appeared generally 
to be about unity irrespective of base structure and reactivity 
for a total free energy change of about 68 k J  mol-' (a rate 
change of 10l2). This result is now extended to aqueous per- 
chloric acid. The available data are less Drofuse than for sul- 

* I'niversity of  Rast Anal in .  
furic acid, but are entirely adequate, covering a range of dif- 
ferent bases, evaluated using a variety of kinetic techniques, 
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Figure 1. Constant selectivity displayed by H30+ for aromatic, 
pseudo-aromatic, and olefinic substrates: 0, benzenes, X, azulenes, 
0, olefins. Limiting slopes are defined and calculated in ref 17. 

from a number of different laboratories. The only carbon bases 
for which results are not available are acetylenes; on the other 
hand, the results extend to  pseudo-aromatic molecules, the 
azulenes, a class not previously discussed. The data, presented 
in Table I, bear out remarkably well the conclusions reached 
previously.' 

The Kinetic Acidity Function He*. The slopes of plots 
of log k vs. the extra-thermodynamic acidity function HCs for 
compounds in Table I (excluding those measured a t  temper- 
atures other than 25 "C, or bearing hydroxy or charged sub- 
stituents, or whose rate profiles were defined by less than five 
rate determinations) were averaged, yielding a value of 0.661. 
This is well within experimental error of 0.648, the slope of 
Hc* against H ,  in sulfuric acid, and confirms and extends the 
approximate linear interdependence of extra-thermodynamic 
acidity functions in aqueous mineral acids noted by Y a t e ~ . ~  
Hc* is therefore defined for perchloric acid by 0.661HC, and 
carbon bases may be said to obey the scale if their rates of 
protonation are such that -d log k/dH,* values are unity; Le., 
plots of log k vs. percent HC104 are parallel. The reactivity 
range covered by the bases in Table I is 1010; their close ad- 
herence to Hc* as measured by the excellent linearity of the 
plots of logarithmic rate constant against H, together with the 
close parallelism as measured by -d log kldH, speaks con- 
vincingly for an apparently constant transition state structure, 
and selectivity invariant with reactivity (see Figure 1). 

Substituent Effects. The constancy of -d log k/dH,* 
values necessarily demands acid independent p values for base 
series to  which the Hammett equation applies. This can be 
tested using the rates for the five substituted styrenes K-0  
at 25 "C. We find p = -3.71 f 0.17 (correlation coefficient 
0.9967), -3.81 f 0.17 (0.9971), and -3.91 f 0.16 (0.9973) a t  
H, values of 0, -5, and -10, respectively, using a+ values. The 
close correspondence of these values (which to a degree must 
be fortuitous, since enormously long extrapolations are in- 
volved for the reactive compounds a t  the high acidity, and the 
unreactive compounds a t  the low acidity) emphasises the in- 
terdependence of p values and -d log k/dHc* values. This may 
be expressed by a new variety of Cordes cross-relation- 
shiploa,h 

(1) 

C is formally about 50 from the figures given above, but in 
principle infinitely large, Le., if the rate profiles are precisely 
parallel. 

As in sulfuric acid media, the presence of hydroxy substit- 
uents lowers the slope parameter;l,*Jl values of -d log kldH, 
for 1,3,5-trihydroxybenzene-2-t and 1,3-dihydroxy-2-meth- 
ylbenzene-4-t are 0.441 f 0.007 (0.9986,1.40 "C) and 0.469 f 

da+/a(-d log kldH,*) = dH,/dp = C 

7+ logk 

6 I- Id Ib 

Figure 2. Rate profiles for ipso substitution in molecules reacting via 
the A1 mechanism (1 b-f) and the A S E ~  mechanism (la) in aqueous 
perchloric acid: la, slope 0.47 f 0.075 (0.97741, l b  0.840 f 0.033 
(0.9977), IC, 0.876 f 0.061 (0.9905), Id, 0.825 f 0.069 (0.9896), le, 
0.940 rt 0.020 (0.9996), If, 1.139 f 0.115 (0,9900); for this molecule, 
media is aqueous sulfuric acid. 

0.024 (0.9950,23.9 "C), respectively, the corresponding slopes 
against Hc* being 0.67 and 0.71. 

Influence of Temperature. Results D, G, 0, and U suggest 
that slope decrease created by temperature increase is low, 
probably lower than in sulfuric acid media. This is in keeping 
with observations on the H A  extra-thermodynamic scale in 
perchloric acid,l2 where temperature variation is also only 
slight. If this conclusion is correct, a corollary to it is that re- 
sults, P, Q, and R show that Hc*+ is the same as or parallel to 
H,* in perchloric as in sulfuric acid.I3 

Ipso Substitution, p-Triphenylmethylphenol suffers ipso 
substitution14 in perchloric acid to  form an intermediate of 
form la.lS However, the value of -d log kldH, for this mole- 

z 

X X 

l a ,  X = OH;  Y = H ;  Z = CPh, 
b, X = O H ;  Y = H ;  Z = t-BU 
C,  X = H; Y = O H ;  Z = t-BU 
d, X =  O C H , ; Y  = H ; Z  = t - € 3 ~  
e ,  X = H ;  Y = OCH,; Z = t-Bu 
f ,  X = Y = H; Z = t-BU 

cule is very close to those for other hydroxy-substituted 
molecules reacting via the A S E ~  mechanism (0.487 cf. 0.441 
and 0.469; see above and Figure 2 ) .  This is in contrast to other 
aromatic molecules lb-e considered to react via the A1 
mechanism,15 whose rates show a much steeper dependency 
on H ,  (see Figure 2), perhaps not unexpected for a mechanism 
involving a preequilibrium carbon protonation, and matched 
by a similar steep dependency for the A1 reaction If of tert-  
butylbenzene in sulfuric acidI6 (see also Figure 2). 

Conclusion. The Reactivity-Selectivity Principle 
Revisited 

The results reported here point indisputably to the failure 
of the reactivity-selectivity principle once again. I t  is note- 
worthy that since our general report'7 on the breakdown of 
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Table I. Definition and Applicability o f  the Hc* Kinetic Acidity Function to Rate-Limiting Carbon Protonations in 
Aqueous Perchloric Acid 

% acidity range 
registry covered -d log k/dH," -d log k l  

compd, temp ("C) no. (no. of points) (corr coeff) dH,*b*c 7 + log k d , e  ref 

I. Aromatic and Pseudo-Aromatic Bases (Excluding Those with Hydroxy Substituents/) 
1.3,5-t rimethoxybenzene- 

1,3,5-triethouybenzene-2-t 

1,3-dimethoxybenzene-2-t, 

1.3-dia~thoxvheniene-4-  t, 

2- t ,  26.1 

25.1 

24.69 

15 01 
21.69p 

3'5 03 

4 i .01 

1,3-dimethoxy-2-methyl- 

methoxybenzene-4-t, 24.69 

azuler e. 'i :3 

benzene 4- t ,  25.1(! 

1-nitroazulene. 25 

1-cyanoazulene, 25 

1 -forrr,ylazulme. 2.5 

p-methuxystyrene. 25 

p-methylstyrene, 25 

styren?, 2.5 

p-chlorostyrene. 25 

p -  nitrostyrene, 12SR 

.50c ( '  

rn-dimetl~ylamino-c~-amino- 

rn-aminostprene, 80 

rn-dimethvlai~inosty-  

2,3-dimethy1 7-butene, 25 

s t y m e .  80 

rene 80 

2-phenvlj)ro~)erie. 25 

1 ,3-cycloht.xadiene. 40 

cis-iI-phenylviny1 methyl 
ether. 25 

t r a n s .  i- phenylvinyl 
methyl ether. 26 

cis- ,I- (,3- nitropheny1)vinyl 
methyl ether, 25 

t rans- /  ;- (pni t ropheny1)-  
vinyl methyl ether, 25 

cis-lj- cyanovin,yl ethyl 
ether, 25 

traris-r ' .  cyanovinyl ethyl 
ether, 25 

34649-94-0 8-24 (8) 0.620h f 0.005 

34649-95-1 6-23 (8) 0.607h f 0.036 

34649-96-2 19-46 (6) 0.571h f 0.012 

4713-58-0 10-40 ( 7 )  0,634 f 0.012 

(0.9998) 

(0.9894) 

(0.9991) 

(0.9991) 

(0.9997) 

(0.9997) 

(0.9997) 

(0.9978) 

(0.9983) 

(0.9970) 

(0.9956) 

(0.9972) 

(0.9991) 

10-40 (6) 0.617h + 0.007 
10-37 (5) 0.615 f 0.009 

10-31 (6) 0.614 f 0.007 

34649-99-5 5-50 (11) 0.641h & 0.014 

34650-00-5 44-61 ( 5 )  0.682h f 0.022 

275-51-4 14-33 (20) 0.705 f 0.012 

7206-56-6 11-41 (9) 0.628 f 0.022 

53271-95-7 6-31 (8) 0.736 f 0.022 

7206-61-3 6-19 (4) 0.680 f 0.020 

2. Alkenes and an  alkadiene' 
637-69-4 

622-97-9 

100-42-5 

1073-67-2 

100-13-0 

68344-85-4 

1541 1-43-5 

5339-1 1-7 

563-79- 1 

98-83-9 

592-57-4 

14371-19-8 

4110-75-2 

66821-15-6 

66821-16-7 

60036-64-8 

58243-08-6 

12-30 (6) 0.712 f 0.009 

30-42 (6) 0.688 f 0.015 

36-52 (6) 0.698 f 0.006 

30-52 (5) 0.692 f 0.016 

59-69 (fi) 0.676 & 0.041 

50-61 (6) 0.743 f 0.017 

31-39 (3) 0.697 f 0.016 

(0.9997) 

(0.9990) 

(0.999) 

(0.9992) 

(0.9927) 

(0.9990) 

9-49 (7) 

9-51 (8) 

10-23 13) 

10-33 (4) 

10-33 (4) 

9-22 (6) 

14-30 (6) 

16-30 (5) 

27-40 (5) 

43-50 (5) 

47-55 ( 5 )  

(0.9997) 
0.584 f 0.015 
(0.9984) 

0.596 f 0.009 
(0.9994) 

0.797 f 0.018 
(0.9985) 

0.768 f 0.019 
(0.9994) 

0.760 f 0.017 
(0.9995) 

0.644 f 0.008 
(0.9997) 

0.641 f 0.009 
(0.9996) 

0.653 f 0.014 
(0.9993) 

0.578 f 0.016 
(0.9989) 

0.536 f 0.015 
(0.9989) 

0.605 f 0.021 
(0.9977) 

0.94 

0.92 

0.86 

0.96 

0.93 

0.93 

0.93 

0.97 

1.03 

1.08 

0.95 

1.11 

1.02 

1.08 

1.04 

1.06 

1.05 

1.02 

1.12 

1.05 

0.88 

0.90 

1.21 

1.16 

1.15 

0.97 

0.97 

0.99 

0.87 

0.81 

0.92 

4.80 k 0.01 

4.98 f 0.04 

1.50 f 0.04 

1.53 k 0.03 

2.07 f 0.02 

2.59 f 0.02 

3.05 f 0.01 

2.06 f 0.05 

-1.95 f 0.1.6 

7.16 f 0.02 

1.60 f 0.06 

2.67 f 0.04 

2.89 rt 0.02 

2.77 f 0.02 

1.39 & 0.06 

0.22 f 0.03 

-0.23 f 0.09 

-3.01 f 0.43 

-2.4:3 f 0.1:i 

3.47 k 0.02 

1.16 f 0.05 

0.79 f 0.04 

3.56 k 0.02 

2.9' i c1.04 

2.:3:! i 0.(.)3 

4.48 f (1.08 

3.92 & 0.02 

:j.xt f n 03 

:?.Ic-! rt 0.05 

1.96 f 0.08 

0.8% k 0.14 

2 

2 

2 

2 

2 

2 

2 

2 

2 

4 

5 

5 

5 

6 

6 

6 

6 

6 

6 

6 

6 

6 

0 1 

7 

?. 

1 

3 

4 

:1 

3 

3 

3 

'l Values of H ,  taken from ref 8. Should be unity for complete adherence to  Hc* scale. For definition of Hc* see text. Intercept 
c in eq ( 7  + log k )  = - m H ,  + c. where m = d log kldH,. c is therefore obtained by extrapolation, a very lengthy one for unreactive 
compounds measured at high acidities. e Kresge2 points out  tha t  H, may be incorrectly "joined" t o  -log [H+], but, this produces no  
relative error in the  values given in this column. f See text  for discussion. R Data used for establishing H,* in aqueous perchloric acid, 
see text. Values are very close to  those calculated in ref 2; small differences arise from variations in construction of the curved plot 
of H ,  vs. percent HC104. Involving reversible hydration; for calculation of the rate  constants for the forward reaction (rate-limiting 
carbonium ion fo~~nat io i i ! .  see ref 6 and 7. j Data involved an  extrapolation of t,he H,, percent HC104 graph for the higher acidities. 
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this principle, several reports have appeared demonstrating 
its inadequacy in the area of free-radical chemistry,l8 where 
it was previously considered to be of particular validity, these 
reactive species epitomising the concept of the “unselective, 
rapid reagent”,lg and in reactions of esters with nucleophiles, 
where the total lack of any evidence for the operation of the 
reactivity-selectivity principle leads to a particularly simple 
picture.20 The incorporation of all types of nucleophiles in this 
correlation is analogous to the validity of the H,* function in 
describing the selectivity of the hydrated proton toward all 
types of carbon base. 

The results impinge directly on two areas of major mecha- 
nistic interest: aromatic electrophilic substitution and proton 
transfer reactions. In so far as they represent an example of 
aromatic electrophilic substitution, the failure of the reac- 
tivity-selectivity principle is certainly not unprecedented. The 
principle breaks down unequivocally in diazo c o ~ p l i n g l ~ , ~ ~  and 
bromination2* reactions. A recent valuable paper on nitra- 
tion11b,23 also clearly reveals its inapplicability; selectivity as 
measured by the ratio of the logarithmic rate of nitration of 
the aromatic iri  aqueous sulfuric acid compared to the loga- 
rithmic rate for benzene may be influenced by factors such as 
minority species reaction or the influence of hydrogen-bonded 
substituents as discussed above for the hydroxy group, oth- 
erwise it is found to ble close to unity over a wide free-energy 
range. Such results make it difficult to accept as proven or 
even likely the assertion that selectivity changes with reac- 
tivity in aromatic eltxtrophilic substitution commensurate 
with “early” or “late” transition state variation.24 

In so far as the results reported here and in the preceding 
paper’ form an example of proton transfer reactions, however, 
the situation is less clear-cut; the overall picture is confused. 
The results dewribed here cannot possibly be accommodated 
within the Marcus i heory.’ This lack of correlation with 
Marcus theorb. is supported by numerous recent reports of 
linear Br$nsted plots for other examples of proton trans- 
f e r ~ . ’ g J ~ - ~ ~  often together with parallelism of plots within a 
family of such correlations (multiple structure-reactivity 
relations hips):'"'^.^^ these are to be contrasted with reports 
of pronounced curvatme for such correlations, generally2a,’Y 
but not always ascribed to the operation of Marcus theory, 
or nonparallelisrn of a family of such plots:ii.”2 (i.e., nonzero 
Hammond or Cordes coefficients’””). 

Since curvature may come about through a combination of 
straight line correlations for different acid or base catalyses 
with different slopes,2g the investigation of Brdnsted corre- 
lations using 2, stancard set of bases in which reactivity is 
varied systematically would be of great value; such an inves- 
tigation is stated to tie in hand.:i3 

We are also tempted to propose that the results reported 
in this paper and its predecessor fall into a particularly sig- 
nificant category; plots of log h for a particular hydrogen- 
exchange process vs. H,* are examples of plots of one loga- 
rithmic rate series against another rather than against the 
corresponding logarithmic equilibrium process, thus consti- 
tuting an example of Pfluger analysis.19 This has been 
stressedlg as of use in removing the influence of effects in the 
transition state not rriirrored on either side of the equilibrium 
process, which might otherwise produce scatter or anomolous 
slopes. 

A comprehensive view of the whole situation in proton 
transfer reactions is clearly required, and not just emphasis 
on one or two results to the exclusion of all others; equally 
clearly the explanation of why the Marcus theory, or the 
Polanyi-Bell-Leffler--Hammond-Thornton-MarcuslOb 
(-Evans-Cordes-Jencks-Ogg?) theory, might appear visible 
in some cases often only covering short free-energy changes, 
and not in others clo!jely analogous but covering much wider 
free-energy  change^,^^,:^^,^^ cannot be easily formulated. 
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Appendix 
In the reviews of this and the preceding paper, a number of 

criticisms were raised. At  the request of the editor, we reply 
to the more forceful of these as an appendix. (The reviewer’s 
comments are in italics.) 

T h e  exchange of 4-nitro-N,N-dimethylaniline m a y  not  
proceed on  t h e  free base over t h e  whole ac id i ty  range. 

The minority species reaction is established by the change 
in the NMR pattern of the aromatic protons as reaction pro- 
ceeds, which indicates that 2,6-substitution is occurring (see 
Experimental Section in part 1). The manner in which this 
pattern changes is invariant with acidity. If there was a 
changeover to conjugate acid reaction at high acidities, the 3,5 
protons would suffer exchange. Further, the shape of the 
rate-acidity profile which shows decreasing rate with in- 
creasing acidity without any sharp breaks can only be logically 
interpreted as minority species reaction throughout. 

Inaccuracies arise f rom the  necessity to correct t h e  amine  
rate  data to  f ree  base reactivity using t h e  HO’l’acidity f unc -  
t ion,  and  th i s  produces a n  artificial constancy of -d log k l  
dH,. 

(1) Remeasurement of several of the HO”’ indicators con- 
vinces us that Arnett’s data for this scale are highly accurate. 
Replotting the log ionization constants for the individual in- 
dicators against the final scale gives accurate straight lines of 
slope close to unity, a realistic test that parallelism between 
adjacent indicators was adequate. 

( 2 )  It would be surprising if systematic curvature in the log 
hfb -H, plot were exactly compensated by inaccuracies in the 
HO”’ scale. 

(3) The data for the amine are indeed used as a foundation 
for assessment for the other exchange results; however, once 
a large number of such results have been shown to conform 
to the established pattern, the significance of this first set of 
results is only chronological. 

Failure to  detect curvature does not negate Marcus theory, 
because th i s  predicts  onlj’ a small  change i n  CY for a react ion 
wi th  a high intrinsic free energy . . . cur iu ture  is related to  
reactivity i n  a very s imple u a y  gicen bi ,  t h e  Marcus equa-  
t ion.  

In part 1 it is indeed shown that Marcus theory may pos- 
tulate only a small change in a values, if the preexchange term 
is set a t  zero. We show th’at even under these optimum con- 
ditions for least curvature, a would still change sufficiently 
to be detected within the rate range encompassed. But it is 
thus not true that curvature is related to Marcus theory in a 
simple way, because in fact a whole range of curvature can be 
accounted for depending on the relative values given to Wr 
and l G * ,  a fact clearly illustrated by a recent paper (ref 53 of 
part 1 and ref 30 of part 2). By this token, Marcus theory loses 
much predictive capacity, since its proponents have no means 
of assessing before the event the relative contributions of the 
two terms on the right-hand side of eq 18 in part 1. 

Pfluger analysis  does remove deviat ions f rom Rr#nsted 
p lo ts ,  but  it also removes curvature for which these  papers  
purpor t  t o  be searching. 

Equation 19 of part 1 shows that Marcus theory does predict 
curvature for a log-log plot, since AGO will vary from one 
system to another; nevertheless, it is true that nonzero 
Hammond coefficients are best discerned (or shown to be 
absent) using log rate data against pK, values for a set of 
“coherent” acids or bases in which acidity is changed by a set 
of consistent structural modifications. Cordes coefficients, on 
the other hand, can certainly be det,ermined by log-log rep- 
resentations of the available data, and detection of these (or 
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demonstration that they are zero) has been of equal concern 
to us. 

T h e  inference is drawn f r o m  zero H a m m o n d  or Cordes 
coefficients t h a t  transi t ion s ta te  s tructure for a given reac- 
t i on  does not  change as react ion rate  is changed.  

This inference is a facile one that indeed might be drawn 
from this work or any demonstration of the absence of a re- 
activity-selectivity effect. We believe however that in such 
cases all that can really be said is that experimental parame- 
ters commonly associated with transition state structure are 
invariant. As a reaction goes faster, how else could the de- 
creasing energy of activation be made manifest than by some 
structural modification of the activated complex, involving 
effects either parallel (Hammond) or perpendicular to (anti- 
Hammond or Thornton) the reaction coordinate? The ques- 
tion a t  issue is our ability to define such effects experimen- 
tally. 

R e g i s t r y  No.--Perchloric acid. 7601-90-3. 
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