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Chart I. 
Ylide-Derived Products from the Reaction of Thiophene 

and Ethyl Azidoformate 

COZEt 
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When ethyl azidoformate was thermolyzed in meth- 
ylene chloride solution containing acenaphthylene and 
a variety of thiophenes, fluoranthenes or their di- 
hydro-derivatives (51) were indeed isolated in yields 
from 3-26%. Thus thiophene, 2,5-dimethyl-, 2,5-di- 
chloro-, 2,5-dimethoxy-, tetrabromo-, 2,5-dichloro-3,4- 
dibromothiophene all yielded ylide-derived fluoran- 
thenes, the halo derivatives giving the dihydro com- 
pounds (51). Furthermore a more careful investigation 
of the original literature reactionz5 of thiophene with 
ethyl azidoformate without any trap revealed several 
fascinating (and unreported) products, clearly derived 

by cycloadditions of an intermediate ylide (Chart I).33 
We leave the reader to enjoy solving the mechanistic 
perambulations involved. 

We are of the opinion that hard electrophiles in 
general attack thiophenes a t  sulfur commonly. This 
contentious issue needs investigating. 

Future Prospects 
Oxycarbonylnitrenes clearly have a Herculean po- 

tential, almost untapped, in synthesis. This prospect 
is especially attractive and in need of exploitation in 
cyclizations. The biochemical applications referred to 
of photoaffinity labeling are especially exciting. Fur- 
thermore, by use of their remarkable energy, new, in- 
teresting, and useful intermediates typified by acyl- and 
sulfonylthionitroso compounds are rendered readily 
accessible. This almost virgin field awaits the entre- 
preneurial nitrene chemist. 

I a m  deeply indebted to  all m y  eo-workers indicated in the  
references in this review, as well as to  the  Science Research 
Council, Great Britain, who funded much of t he  earlier work. 
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Large numbers of organic reactions take place in 
aqueous sulfuric and other strong acid media. A not 
particularly exhaustive list would include: hydrolyses, 
dehydrations, hydrations, isomerizations, electrophilic 
substitutions, aromatic rearrangements, carbonyl re- 
actions, and a number of other reactions. Not sur- 
prisingly, much attention has been given to the eluci- 
dation of reaction mechanisms in acidic solutions. 

3 
B + H+ - BH+ 

pKBH+ = log I + pH (2) 
(3) 

For almost all of these reactions, protonation of the 
substrate is of critical importance. This can either be 
the rate-determining step (A-SE2 mechanism), or a fast 
preequilibrium process, and the protonated substrate 
can then give product directly (A-1), or react with a 
nucleophile or base in the slow step (A-2). Taking as 
a model the protonation of a weak base B, reaction 1, 
in the dilute acid region' the acid dissociation constant 
of BH+ can be defined in terms of molar concentration 
C as KBH+ = CBCH+/CBH+, which, on taking logarithms 
and substituting the ionization ratio I for CBH+/CB, 
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pKBH+ = log I - log (aH+fB/fBH+) = log I + Ho 
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becomes eq 2. In nonideal strong acids activities a 
and/or activity coefficients f must be used; KBH+ = 
uBuH+/uBH+ = (CB/CBH+)aH+(fB/fBH+) and eq 2 becomes 
eq 3. An acidity function ho can be defined, following 
Hammett,* by ho = aH+fB/fBH+, provided that B is a 
primary aromatic amine;3i4 Ho (= -log ho) in eq 3 is 
defined in the same way as pH in eq 2.3 
H o  and Reaction Rates 

The A-1 mechanism is represented by reactions 4 and 
5; fast preequilibrium protonation of the substrate S 
followed by rate-determining reaction of SH+, either to 
some intermediate A+ which subsequently reacts 
quickly, or to product directly. Reactions in sulfuric 

3 S + H+ - SH+ 
fast (4) 

(1) The standard state is a hypothetical acid solution of unit activity, 
as for pH measurements, and the reference state (unit  activity coeffi- 
cients) is inf ini te dilution in water. 

(2) Hammett, L. P.; Deyrup, A. J. J .  Am. Chem. Soc. 1932,54, 2721. 
(3) See the  extensive discussion and listing of acidity functions in Cox, 

(4) Jorgenson, M. J.; Hartter, D. R. J .  Am. Chem. Soc. 1963,85,878. 
R. A,; Yates, K. Can. J .  Chem. 1983, 61, 2225. 
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acid are pseudo-first-order, usually, with an observed 
rate constant k,; the reaction rate is k,(Cs + CsH+), with 
the substrate concentration written as a sum because 
the state of protonation, as well as the observed rate, 
varies with acidity. Reaction rate theory requires the 
equality in eq 6. There are now two possible cases. 
Either the substrate can be essentially unprotonated, 
becoming partially protonated as the acidity increases, 
or it can be (partially to) fully protonated in the reaction 
medium. In the first case, from the definition of KSH+ 
it follows that CSH+ = ( c , / K s ~ + ) ~ ~ + ( f s / f s ~ + ) ,  and aH+ 
can be substituted by h o f B H + / f B  from the definition of 
ho. Making these substitutions, gathering terms and 
taking logarithms produces eq 7. In the second case, 
eq 8 is easily obtained from eq 6 directly. 

Reactions 4 and 9 describe the A-2 mechanism, 
rate-determining reaction of the protonated substrate 
with some other species. Reasoning analogous to that 

(9) 
k2 

SH+ + Nu- (or B:) - A+ - P 
S l O W ~  fast 

log k ,  - log (cS/(cS + cSH+)) = 
1% (k2/KSH+) - HO + log a N u  + log ( f B H + f S / f B f I )  

(10) 

already given leads to eq 10 for predominantly un- 
protonated substrates; this is eq 7 with the addition of 
a nucleophile (or base) activity term. A similar addition 
to eq 8 gives the rate equation for predominantly pro- 
tonated substrates. 

The A-SE2 mechanism involves rate-determining 
substrate protonation, reaction 11; the corresponding 

(11) S + H+ - SH+ - P 

log k ,  = log ko - Ho + log ( f ~ ~ + f ~ / f ~ f * )  (12) 

readily derivable5 rate equation is eq 12, very similar 
to eq 7 for the A-1 reaction. 

Early Mechanistic Criteria 
Provided that the activity coefficient terms are neg- 

ligible, eq 7 and 12 will give linear plots of log k ,  Fainst 
-Ho, the protonation correction term in eq 7 being un- 
important for most substrates. Equation 10 will give 
a curve, due to the presence of the extra nucleophile 
activity term. 

This, essentially, is the Zucker-Hammett mechanistic 
~ r i t e r i o n . ~ ~ ~  Originally it was found that, for A-2 re- 
actions, plots of log k ,  tended to  be linear in log CH+ 
rather than in -Ho,6 but this is now known to be coin- 
cidental more than anything else. For A-1 and A-SE2 
reactions the slopes of the linear plots against -Ho are 
seldom unity as predicted. The reason for this is that 
the activity coefficient terms in eq 7, 10, and 12  are 
seldom negligible; most substrates do not “follow” Ho; 
i.e., fB and fs, and fBH+ and f t ,  seldom cancel out exactly. 
More realistic behavior can be expected if Ho is replaced 
by a more appropriate acidity function, HA for amides,* 
HT for thio  compound^,^ and so on, and this has been 

k0 

slow fast 

(5) Cox, R. A. J .  Am. Chem. SOC. 1974, 96, 1059. 
(6) Zucker, L.; Hammett, L. P. J .  Am. Chem. SOC. 1939, 61, 2791. 
(7) Rochester, C. H Acidity Functions; Academic Press: New York, 

(8) Yates, K.; Stevens, J. B.; Katritzky, A. R. Can. J. Chem. 1964, 42, 

(9) Edward, J. T.; Lantos, I.; Derdall, G. D.; Wong, S. C. Can. J .  Chem. 

1970. 

1957. 

1977, 55, 812. 

found to be true in practice.lOJ1 
Another mechanistic criterion was proposed by 

Bunnett.12 The major nucleophile or base in sulfuric 
acid should be water,j and a slight rearrangement of eq 
10 for A-2 reactions shows that log k ,  + Ho should be 
a linear function of the water activity, provided that the 
activity coefficient and protonation correction terms are 
negligible as before. In fact Bunnett found this to be 
true for almost all reactions, A-1 and A-SE2 as well as 
A-2, and he proposed mechanistic criteria based on the 
observed slopes, w: w I 0, water not involved in the 
reaction; 1.2 < w < 3.3, water acting as a nucleophile; 
w > 3.3, water acting as a proton-transfer agent.I2 The 
slope is a combination of the number of water molecules 
kinetically involved in the reaction and the number 
involved in solvation changes of the various reactants 
and products.12 

Subsequently this was modified by Yates, who used 
the most appropriate acidity function for the substrate, 
Hs,  rather than Ho, in the e~pressi0n. l~ The slope of 
plots against water activity, now called r ,  should reflect 
the actual number of water molecules kinetically in- 
volved, solvation changes being factored out by a correct 
choice of acidity fun~ t ion . ’~  

In general, however, problems remain. There is little 
generality, since individual acidity functions must be 
used for specific substrates; Ho does not apply to them 
all, or even to most of them. Distinguishing between 
A-1 and A-SE2 mechanisms is difficult. Additionally, 
no account is taken of the fact that species in the me- 
dium other than water and solvated protons may react 
with the substrate. These may include sulfate ions, 
bisulfate ions, and undissociated and protonated sul- 
furic acid molecules, as well as water and solvated 
protons, depending on the acid c~ncentrat ion.~ For 
instance, as part of a study of the rearrangement of 
azoxybenzenes to hydroxyazobenzenes in sulfuric acid, 
it was found that the rate-determining step was gene- 
ral-acid-catalyzed, involving H2S04 and H3S04+, but not 
H30+, as proton donors, the latter not being a strong 
enough acid species to catalyze this r e a ~ t i o n . ~ J ~ J ~  In 
some cases reaction involving bisulfate ion was postu- 
lated.14J5 Unmodified acidity function techniques are 
only capable of detecting reaction with “H+” or H,O. 

The Excess Acidity Method 
In view of the limitations of the acidity function 

method, it was decided to use a different approach, 
based on ones originally developed by Bunnett and 
Olsen16 and by Marziano et al.17 The assumption used 
up to now, that activity coefficients such as f B  and f s  
cancel out (we have called this the zeroth-order ap- 
proximation3), which is evidently inadequate, is re- 
placed by a less stringent one. 

(10) Yates, K.; Stevens, J. B. Can. J.  Chem. 1965, 43, 529. 
(11) Congdon, W. I.; Edward, J. T. J .  Am. Chem. SOC. 1972,94,6099. 
(12) Bunnett, J. F. J .  Am. Chem. SOC. 1961, 83, 4956, and following 

(13) (a) Yates, K.; McClelland, R. A. J .  Am. Chem. SOC. 1967,89,2686. 

(14) (a) Cox, R. A.; Buncel, E. J .  Am. Chem. SOC. 1975, 97, 1871. (b) 

(15) Cox, R. A,; Dolenko, A. J.; Buncel, E. J .  Chem. SOC., Perkin 

papers. 

(b) Yates, K. Acc. Chem. Res. 1971, 4, 136. 

Buncel, E. Ace. Chem. Res. 1975, 8, 132. 

Trans. 2 1975, 471. 
(16) Bunnett, J. F.; Olsen, F. P. Can. J .  Chem. 1966, 44, 1899. 
(17) (a) Marziano, N. C.; Cimino, G. M.; Passerini, R. C. J .  Chem. SOC., 

Perkin Trans. 2 1973, 1915. (b) Marziano, N. C.; Traverso, P. G.; To- 
masin. A,: Passerini, R. C. Ibid. 1977, 309. (c) Marziano, N. C.; Tomasin, 
A,; Traverso, P. G. Ibid. 1981, 1070 
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log I - log CH+ = PKBH+ + log ( ~ B ~ H + / ~ B H + )  
log (fBfH+/fBH+) = m* 1% (fB*fH+/fB*H+) = m*X 

(13) 

(14) 
log I - log CH+ = m*X + pKBH+ (15) 

Making the additional separation of uH+ into CH+ and 
fH+, KBH+ in eq 1 can be redefined as (CBCH+/ 
cBH+)(fBfH+/fBH+), the familiar K,  = KcKf, which, on 
taking logarithms and rearranging, gives eq 13 (compare 
eqs 2 and 3). The new assumption is that activity 
coefficient ratios like that in eq 13 are linear functions 
of one another (the first-order approximation3). For 
simplicity it is convenient to define the activity coef- 
ficient ratio for a standard base B* as X, and slopes 
against X as m*, see eq 14. (In Marziano’s terminology 
X is called Mc or M&) and m* are the various nij.17) 
Values of pKBH+ and m* for specific bases can readily 
be obtained using eq 15, once values of log CH+ and X 
are available for a particular acid system. Calculation 
of X is a reasonably straightforward if tedious process; 
details will not be given here but may be found in the 
appropriate references.18J9 Values are available for 
aqueous H2S04,18 HC104,18 HCl,19 HBr,19 and DC1OtO 
media; values of log CH+ for use with these are simply 
the log acid molarities for the fully dissociated acids, 
all of the above except HzS04, for which values taking 
into account the partial dissociation of HS04- have been 
calculated.18 

Taking the definition of Ho given earlier, eq 3, it is 
apparent that -(Ho + log CH+) = log (fAmfH+/fAmH+), 
where the subscript Am refers to the primary aromatic 
amines used in determining H0.3p4 It is apparent that 
this definition is almost identical with that of X in eq 
14, particularly if B* = Am. This has been shown to 
be true in practice;21 the use of Ho + log CH+ in this 
context is the Bunnett-Olsen method.16 The only 
problem is one of definition; to obtain Ho the zeroth- 
order approximation must be used, and then the 
first-order one is used in equations like eq 15. The 
excess acidity method only involves the latter.18 In 
practice, however, Ho + log CH+ -X,21 which is par- 
ticularly useful for those many acid systems which have 
a measured Ho scale but no values of X.3 

The assumption of eq 14 has been extensively tested 
by Marziano’s group,zz by ourselves in both acidic18J9 
and basicz3 media, and by Bunnett and Olsen16 and the 
many different groups who have subsequently used 
their method. The author is aware of no exceptions to 
linearity that are not readily explicable by special cir- 
cumstances; this assumption currently has the status 
of an “empirical fact”.z4 

The assumption of linearity amongst activity coef- 
ficient ratios is a linear free energy relationship, as 
originally observed by Bunnett and Olsen.16 Recasting 
eq 15 in terms of K, and Kc, the expression log (Kc/K,) 
= -m*X is obtained, where the similarity to equations 

(18) Cox, R. A.; Yates, K. J. Am. Chem. SOC. 1978,100, 3861. 
(19) Cox, R. A.; Yates, K. Can. J. Chem. 1981,59, 2116. 
(20) Cox, R. A.; Lam, S.-0.; McClelland, R. A.; Tidwell, T. T. J. Chem. 

SOC., Perkin Trans. 2 1979, 272. 
(21) Lucchini, V.; Modena, G.; Scorrano, G.; Cox, R. A.; Yates, K. J. 

Am. Chem. SOC. 1982,104, 1958. 
(22) (a) Passerini, R.; Marziano, N. C.; Traverso, P. Garr. Chim. Ital. 

1975,105,901. (b) Marziano, N. C.; Traverso, P. G.; Passerini, R. C. J. 
Chem. SOC., Perkin Trans. 2 1977, 306. 

(23) (a) Cox, R. A.; Stewart, R. J. Am. Chem. SOC. 1976,98, 488. (b) 
Cox, R. A.; Stewart, R.; Cook, M. J.; Katritzky, A. R.; Tack, R. D. Can. 
J. Chem. 1976, 54, 900. 

(24) Bunnett, J. F., personal communication, cited in ref 3. 
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like Hammett’s log (K/Ko) = pa25 is readily apparent.z6 
Thus the plentiful experience gained with other types 
of LFER may help with the interpretation of m* val- 
ues.z6 Also, since X is equivalent to a free energy of 
transfer from the ideal state to a given acid medium, 
it becomes very easy to convert X (defined at  25 “C) 
to different temperatures by multiplying by the abso- 
lute temperature ratio, if the transfer ASo is defined as 
being zero:27 XT = 298.15X/(273.15 + 2‘). Thus for 
instance X has been used in this way to determine the 
enthalpies and entropies of protonation of 55 different 
compounds in sulfuric acid, from ionization ratios as a 
function of acid composition and t e m p e r a t ~ r e . ~ ~  

Rather than simply estimating pKBH+, as the Ho 
method does, the excess acidity method determines m* 
as well; X becomes a “universal” acidity function and 
m* measures the variability of individual substrates 
previously expressed as the different acidity functions 
which they follow. The best interpretation of m* values 
is probably in terms of solvation changes; this aspect 
is the subject of a recent reviewz6 and will not be cov- 
ered here. Equation 15 is now widely used for the es- 
timation of pKBH+ values;17-19~z8 an extension to enable 
extraction of pKBH+ values from spectra with extensive 
medium effects has been described29 and used.30 
Application to Kinetics 

The excess acidity method can readily be applied to 
reaction kinetics.31 For the A-1 reaction of un- 
protonated substrates, substituting aH+ in eq 6 in terms 
of CH+ and fH+, rather than using ho, produces eq 16. 

The best assumption that can be made regarding the 
activity coefficient term in eq 16 is that it is a linear 
function of the term describing the equilibrium pro- 
tonation of the same substrate s, as in eq 17. This is 
an extension of the Kresge a-coefficient a ~ s u m p t i o n . ~ ~  
Since the second term in eq 17 has already been shown 
to be linear in X (eq 14), the slope parameter is written 

(25) Johnson, C. D. The Hammett Equation; Cambridge University: 
Cambridge, 1973. 

(26) Bagno, A.; Scorrano, G.; More O’Ferrall, R. A. Reu. React. In- 
termed., in press. 

(27) Cox, R. A.; Yates, K. Can. J. Chem. 1984, 62, 2155. 
(28) (a) Edward, J. T.; Wong, S. C. Can. J. Chem. 1979,57, 1980. (b) 

Dorion, F.; Gaboriaud, R. J. Chim. Phys. Phys.-Chim. Bid. 1980, 77, 1057. 
(c) Alberghina, G.; Amato, M. E.; Fisichella, S.; Occhipinti, S. J. Chem. 
SOC., Perkin Trans. 2 1980,1721. (d) Battye, P. J.; Cassidy, J. F.; Modie,  
R. B. J. Chem. SOC., Chem. Commun. 1981, 68. (e) Geribaldi, S.; Grec- 
Luciano, A.; Maria, P.-C.; Azzaro, M. J. Chim. Phys. Phys.-Chim. Bid .  
1982, 79, 103. 

(29) Cox, R. A,; Yates, K. Can. J. Chem. 1981, 59, 1560. 
(30) Cox, R. A.; Druet, L. M.; Klausner, A. E.; Modro, T. A.; Wan, P.; 

Yates, K. Can. J. Chem. 1981,59, 1568. 
(31) Cox, R. A.; Yates, K. Can. J. Chem. 1979, 57, 2944. 
(32) (a) Kresge, A. J.; More O’Ferrall, R. A.; Hakka, L. E.; Vitullo, V. 

P. J. Chem. Soc., Chem. Commun. 1965,46. (b) Kresge, A. J.; Mylonakis, 
S. G.; Sato, Y.; Vitullo, V. P. J. Am. Chem. SOC. 1971, 93, 6181. 



30 cox Accounts of Chemical Research 

'A YSO, W/W (25") 
20 40 50 60 70 80 90 98 

1 ' 1  ' I I I I I 

-61 0 1  1 2 3 4 5 6 7 8 9 1 O l ' l  1 I 1 I I 1 I I I 

X 

Figure 1. Excess acidity plot for the decomposition of N -  
nitromethylamine in sulfuric acid, assuming an A-1 or A-SE2 
reaction. 

as the product, m*m*, and eq 16 becomes eq 18. (The 
Bunnett-Olsen treatment of reaction kinetics,33 in 
contrast, uses an additive combination of slope param- 
eters.) For protonated substrates, addition of log fSH+ 
to each side of eq 17 gives eq 19; substitution of this into 
the logarithmic form of eq 6 gives eq 20. The A-2 
mechanism produces equations with an additional nu- 
cleophile activity term, in parentheses in eq 18 and 20. 
The A-SE2 mechanism gives eq 21, similar to eq 18 but 
without the protonation correction term; here m' is 
identical with aA as defined by Kre~ge ,~*  and varies in 
value between zero and one, depending on whether the 
transition state is reactant-like or product-like: f t  = 
(fsfH+)'-"(fsH+)*. For A-1 reactions, m' has been found 
to be greater than one; for A-2, values of about one seem 
to be usual.31 

These equations, and others like them, are easy to use 
in practice. Firstly, the protonation equilibrium of the 
substrate should be studied, if this is possible. This 
provides values of pKSH+ and m* via eq 15, and enables 
calculation of protonation correction terms such as log 
(Cs/(Cs + CsH+)) = log (1/(1 + I)) for use in eq 18 or 
20. If measurement is not possible, due to fast reaction 
or for other reasons, a reasonable estimate34 is usually 
~ u f f i c i e n t . ~ ~  Often the substrate is essentially un- 
protonated in the acid range under investigation, and 
sometimes essentially fully protonated, and protonation 
correction terms are not needed. 

Secondly, log k, - log CH+ (log k, for protonated 
substrates), modified for partial protonation if neces- 
sary, is plotted against X. An example of this is shown 
in Figure 1, which is an excess acidity plot for the de- 
composition of CH3NHN02 into CH30H and N20.% It 
is apparent from Figure 1 that this reaction is acid- 
catalyzed, since the rate increases with acidity, and that 
the reaction mechanism is A-2, since the plot is curved. 
If it were A-1, the plots would be straight with a steep 
slope (m' > l), and if A-SE2, straight with a shallow 
slope (m' < 1). This is already a conclusion which the 
original authors could not reach, since they only had 

(33) (a) Bunnett, J. F.; Olsen, F. P. Can. J. Chem. 1966,44, 1917. (b) 
Lucchini, V.; Modena, G.; Scorrano, G.; Tonellato, U. J.  A m .  Chem. Soc. 
1977, 99, 3387. 

(34) (a) Stewart, R. The Proton: Applications to Organic Chemistry; 
Academic Press: Toronto, 1985. (b) Perrin, D. D.; Dempsey, B.; Serjeant, 
E. P. pK, Prediction for  Organic Acids and Bases; Chapman and Hall: 
London, 1981. 

(35) Cox, R. A.; Yates, K. J .  Org. Chem. 1986, 51, 3619. 
(36) (a) Astrat'ev, A. A.; Vorob'eva, E. N.; Kuznetsov, L. L.; Gidaspov, 

B. V. Zh. Org. Khim.  1979,15,1136. J .  Org. Chem. USSR, 1979,15,1015. 
(b) Vorob'eva, E. N.; Kuznetsov, L. L.; Gidaspov, B. V. Zh. Org. Kh im.  
1983, 19, 698; J .  Org. Chem. USSR, 1983, 19, 615. 
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Figure 2. Excess acidity plot for the decomposition of N -  
nitromethylamine in sulfuric acid, assuming an A-2 reaction with 
one water molecule (left axis, temperature-labeled lines) or with 
one bisulfate ion (right axis, two rightmost lines). 

-Ho correlations a ~ a i l a b l e . ~ ~  
From curved excess acidity plots it is possible to 

decide exactly what is reacting with the substrate in the 
slow step, which is the unique feature of the excess 
acidity method, by using eq 18. This is most easily done 
by subtracting the log water activity3' from log h, - log 
CH+ and plotting the result against X ,  as is done in 
Figure 2, left-hand axis. A straight line immediately 
shows that one water molecule is reacting with the 
protonated substrate in the slow step. Points above 
about 85% H2S04 in acidity fall above the line, and 
these points are replotted, after subtracting the bi- 
sulfate ion concentration, on the right of Figure 2; lin- 
earity shows that the nucleophile is one bisulfate ion 
in this region. This is exactly what one would expect; 
the substrate reacts with water as long as it is available 
in the medium, which is up to about 85% H2S04,5 and 
then with bisulfate ion, which is plentiful above this 
point.5 Bisulfate is some 1000 times worse as a nu- 
cleophile than is water, as is shown by the vertical 
separation of three log units between the lines due to 
the different species in Figure 2. The reaction mech- 
anism probably involves preliminary tautomerization 
to the aci-nitro form as well: 

n +GhH2 tNu- + - Nu-CH~ -I- NEN-0- t H,O f CH3-N=N \o- SN2 

Reactions Studied up to Now 
Most of the reactions in sulfuric acid that have been 

examined with the excess acidity method to date have 
been hydrolyses. The compounds studied include 
a~e ta l s ,~ '  acylals and t h i ~ a c y l a l s , ~ ~  p-methoxybenzyl 
acetate,38 sterically crowded benzoates,39 thiol- and 
thionbenzoate esters and thiobenzoic acids,40 benz- 

(37) Giauque, W. F.; Hornung, E. W.; Kunzler, J. E.; Rubin, T. R. J. 

(38) Al-Shalchi, W.; Selwood, T.; Tillett, J. G. J .  Chem. Res. Synop.  

(39) Cox, R. A,; Goldman, M. F.; Yates, K. Can. J.  Chem. 1979, 57, 

A m .  Chem. SOC. 1960, 82, 62. 

1985, 10. 

2960. 
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amides, methylbenzimidatium ions, and lac tam^,^^ 
substituted acetamides;, acyl- and benzoyl hydrazine^;^ 
episulf0xides,4~ aryloxatr ia~oles ,~~ and 3- and 4 - ( p  
methoxyphenylazo)pyridines.46 Space considerations 
preclude extensive discussion, but some relevant points 
can be made. Many compounds start with an A-2 hy- 
drolysis a t  low acidity, and then switch to an A-1 one 
at  higher acidity, as most carboxylic esters do;13 the A-1 
process is typified by high mS values31~38~39 and positive 
entropies of a c t i ~ a t i o n . ~ ~  The A-2 hydrolysis typically 
involves more than one water molecule, subtraction of 
two or three times the water activity being required to 
achieve linearity against X.@ Ester hydrolysis uses two, 
and it is surmised that one acts as a base towards the 
second, which is the nucleophile, allowing a neutral 
tetrahedral intermediate to be formed directly.39 In 
dilute acid, amides use three water molecules, probably 
in a cyclic transition state that has one transferring a 
proton to nitrogen, the second acting as an acidlbase, 
and the third being the n ~ c l e o p h i l e . ~ ~  In more con- 
centrated acid, where the water activity is lower, a 
one-water-molecule process takes over.41 In strong acid, 
bisulfate ion is the n ~ c l e o p h i l e . ~ ~ * ~ ~  

In contrast to the several water molecules needed for 
most hydrolyses, for most SN2 substitutions only one 
appears in the transition state,41 as in the CH3NHN02 
decomposition described above. This probably means 
minimal charge buildup on the incoming water, and 
thus possibly an early transition state, in substitution, 
in comparison to the carbonyl addition involved in 
hydrolysis processes.41 

Several other reactions have also been studied. 
Marziano's group is engaged in a continuing study of 
aromatic nitration processes.47 Enolization has been 
investigated,@,49 as has the acidic aldol condensation of 
a~etaldehyde.4~ The latter reaction is interesting insofar 
as it involves the extension of the equations given here 
to include a pseudo-second-order reaction.49 It also led 
to the discovery that a water molecule is involved in the 
rate-determining step here too, probably as a base:49 

H 
H,C-CH-CH,-C' + H,O+ 

I % 
hi 

In the same study it was shown that the reversible 
dehydration of aldol to crotonaldehyde involved water 
loss or water attack in the rate-determining step, not 

(40) Cox, R. A.; Yates, K. Can. J .  Chem. 1982, 60, 3061. 
(41) Cox, R. A.; Yates, K. Can. J.  Chem. 1981, 59, 2853. 
(42) Druet, L. M.; Yates, K. Can. J. Chem. 1984, 62, 2401. 
(43) Cox, R. A.; Yates, K. Can. J.  Chem. 1984,62, 1613. 
(44) Saleh, A.; Tillett, J. G .  J. Chem. SOC., Perkin Tram. 2 1981, 132. 
(45) Said, Z.; Tillett, J. G. J. Chem. Soc., Perkin Trans. 2 1982, 701. 
(46) Buncel, E.; Onyido, I. Can. J. Chem., in press. 
(47) (a) Marziano, N. C.; Traverso, P. G.; Cimino, G. G .  J .  Chem. SOC., 

Perkin Trans. 2, 1980,574. (b) Marziano, N. C.; Sampoli, M.; Pinna, F.; 
Passerini, A. Ibid. 1984, 1163. 

(48) Cox, R. A.; Smith, C. R.; Yates, K. Can. J.  Chem. 1979,57, 2952. 
(49) Baigrie, L. M.; Cox, R. A.; Slebocka-Tilk, H.; Tencer, M.; Tidwell, 

T. T.  J. Am. Chem. SOC. 1985,107,3640. 

proton transfer a t  carbon.49 The same may be true in 
P-hydroxypropionic acidlcinnamic acid chemistry.50 

Styrene and phenylacetylene hydrations do involve 
rate-determining carbon protonation; the resulting log 
ko values lead to Hammett p ' s  which are independent 
of acidity, in contrast to the situation found for acylal 
and thioacylal hydrolyses, which give p values which 
increase with acidity.35 Cases in which rate-determining 
proton transfer occurs from H2S04 molecules rather 
than from H30+ can be studied using a modified form 
of eq 21;40 a case is found in the hydrolyses of thiol- 
esters.40 

Solvent isotope effects can be determined in the usual 
way, using D2S04. Although no X scale in D2S04 has 
been measured, the H2S04 one can readily be modified 
by using Noyce's assumption that the medium acidities 
are equal at equal mole fractions of acid.51 The results 
are unsurprising, values of 2-4 being obtained." Isotope 
effects on the breakup of the Wheland intermediate in 
aromatic proton exchange have been found by com- 
bining the results of deuterium and tritium exchange 
experiments; the resulting values were in the range 
2.4-9.8.52 The m' (or values for this reaction were 
between 0.70 and 0.86, indicating a transition state with 
the proton about three-quarters transferred, with higher 
values being associated with higher activation energies, 
as might be expected.52 

The ko, kl, and k, values obtained by the excess 
acidity extrapolation are standard-state values,l com- 
parable to ones obtained in aqueous buffers. However, 
the comparison between extrapolated values them- 
selves, as used in the determination of p,  AHS, AS*, etc., 
can be somewhat more reliable than the comparison 
between them and aqueous solution values. For in- 
stance, the acid-catalyzed acetophenone enolization rate 
constant obtained under dilute acid conditions53 is 35% 
smaller than the one extrapolated from sulfuric acid 
solutions,@ a result which can be attributed to catalysis 
by sulfate ion in the latter case,53 difficult to detect 
otherwise. 

The above necessarily brief survey should convey at  
least a flavor of the large amount of work that has been 
done in this area in the last 7 years. The excess acidity 
method can now be classified as a proven, reliable 
technique for the investigation of reaction mechanisms 
in sulfuric acid and other media, and its usage for this 
purpose is likely to increase. 
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