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The rate of aminolysis of p-nitrophenyl hexanoate by benzylamine in 95.3 mol % dioxane-water was compared 
to the rate of this reaction when the n-pentyl group in the ester was replaced by a (CH3)3+NCHzCHzCH2 group, 
and the benzyl group in the amine by a -O3SCH2CH2 group. The second-order rate constant of the first reaction 
was 4.21 X loT3 L mol-' s-', whereas the first-order rate constant for the reacting ion pair was 1.88 X s-l, 
yielding an "effective molarity" of 4.47 mol L-' as the measure of the rate acceleration caused by this preassembly 
of the reactants by electrostatic attraction. Further evidence for the intermediacy of an ion pair in the reaction 
between the oppositely charged reactants was the observation of a special salt effect, the addition of an inert 
salt causing a decrease in the aminolysis rate. 

Catalysis by enzymes is generally believed to proceed 
through the formation of an enzyme-substrate complex, 
which then reacts further to form products, either directly 
or by way of one or more intermediates.2 In this complex 
the substrate is held in juxtaposition with key functional 
groups comprising the enzyme. Proximity and orientation 
of these groups is believed to make a major contribution 
to the efficiency of the enzyme.w The importance of this 
juxtaposition has been examined by studies designed to 
mimic enzymatic catalysis by means of intramolecular 
catalysis.' Enlightening though many of these studies are, 
they nevertheless suffer from the difficulty that a t  best 
they mimic covalent enzyme-substrate complexes. In 
general, however, enzyme-substrate complexes are not 
covalent but involve forces of electrostatic attraction or 
apolar complexes such as ?r complexes and inclusion com- 
plexes. There are a number of studies of catalysis via 
apolar complexes.8 Electrostatic catalysis has been ob- 
served in cases of substrate binding to polymeric cata- 
ly~ts+ '~ and to micelles and similar charged aggregates.13-15 

(1) Part 7: Habefield, P.; Cincotta, J. J. J. Org. Chem. 1987,52,4627. 
(2) E.g.: Fife, T. H. In Bioorganic Chemistry; Van Tamelen, E. E., 

(3) Bender, M. L. Chem. Rev. 1960, 60, 53. 
(4) Koshland, D. E. J. Cell. Comp. Physiol. Suppl. 1, 1966, 47, 217. 
(5) Koshland, D. E. J. Theor. Biol. 1962,2, 75. 
(6) Lumry, R. In The Enzymes, 2nd ed.; Bayer, P. D., Lardy, H., 

Myrback, K., EMS.; Academic Press, Inc.: New York, 1959; Vol. I, Chapter 
4. 

(7) Bender, M. L.; Bergeron, R. J.; Komiyama, M. The Bioorganic 
Chemistry of Enzymatic Catalysis; John Wiley & Sons: New York, 1984; 
no 216-244 

Ed.; Academic Press: New York, 1978; Vol. I, pp 93-116. 

r r  --- 
(8) Reference 7, pp 279-294. 
(9) Letainger, R. L.; Klaus, I. J. Am. Chem. SOC. 1964, 86, 3884. 
(10) Overberger, C. G.; Yuen, P. S. J. Am. Chem. SOC. 1970,92,1667. 
(11) Pecht, I.; Levitazki, A.; Anbar, M. J.  Am. Chem. SOC. 1967,89, 

1587. 

Scheme I 

- A 4  f + c d  K -A--8 + ;̂ i""i products 
c complex C-D 

Scheme I1 
k) (amine) 
___) K 

ester + amine tetrahedral intermediate products 

In a medium of sufficiently low polarity it should be 
possible to look for the electrostatic assembly of two 
molecules in solution by the charges proximate to their 
reaction centers. Thus if A and C are (oppositely) charged 
inert groups on two molecules, and B and D are reactive 
sites proximate to A and C, respectively, then the reaction 
might take the course shown in Scheme I. The work 
described below endeavors to evaluate the extent to which 
complex formation via electrostatic attraction (ion pair 
formation) between reactant molecules in solution will 
facilitate a subsequent reaction between them. 

Results and Discussion 
Rates. The reaction selected for study was the ami- 

nolysis of an ester in a the nonpolar solvent 95.3 mol % 
dioxane-water (dielectric constant = 2.53lS). The active 

(12) Ise, N.; Okubo, T.; Kitano, H.; Kunugi, S. J. Am. Chem. SOC. 1976, 
97, 2882. 

(13) Fendler, J. H.; Fendler, E. J. Catalysis in Micellar & Macromo- 
lecular Systems; Academic Press: New York, 1975. 

(14) Kunitake, T.; Shinkai, S. Catalysis by Membranes, Micelles & 
Other Aggregates. In Advances in Physical Organic Chemistry; Aca- 
demic Press: New York, 1680; Vol. 17, p 435. 

(15) Moss, R. A.; Swarup, S. J. Am. Chem. SOC. 1986,108, 5341. 
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Table I. Rate Constants for the Aminolysis of Ester 1 with 
Amines 3 and 4 and Ester 2 with Amine 3 in 95.3 mol % 

Dioxane-Water at 25 OC 

ester 
k,’ M-l 

amine S-1 

.. . 
H, BU,N+; 4 

p-N0zC6H40zC(CH2)3NtMeSBF,-, 2 CsH6NH2, 3 0.242d 

a Calculated using equation, rate = k(ester)(amine). *Standard 
deviation *0.00024, amine concentration 0.050-0.0050 M. 
e Standard deviation 10.024, amine concentration 0.014-0.00153. 

Standard deviation 10.008, amine concentration 0.030-0.00252. 

Scheme I11 
K - K ‘  

2 + 4 == RIP + B&N+ B F ~  = 
k ’  (amine) - 

tetrahedral intermediate Ir product 

RIP = the reacting ion pair, p -nitrophenyl 
y -(trimethylammonio)butyrale taurinate 

sites of hydrolytic enzymes have been found to contain 
hydrophobic regions,l’ and hence a nonpolar, water-con- 
taining solvent may be a reasonable model for the apolar 
catalytic site of enzyme-catalyzed nucleophilic reactions 
of carboxylic acid derivatives.18 The esters selected for 
study were p-nitrophenyl hexanoate, 1, and its charged 
analogue p-nitrophenyl y(trimethy1ammonio)butyrate 
fluoroborate, 2. The amines used were benzylamine, 3, 
CH3CH2CH2CHzCH2COOC6H4NOz-p 

1 
BF4- (CH&N+CH CHzCHzCOOC6H4NO2-p 

?2 
and its charged analogue tetra-n-butylammonium tauri- 
nate, 4. The choice in the latter case was dictated in part 

CeHsCH2NH2 B U ~ N + - O ~ S C H ~ C H ~ N H ~  
3 4 

by the fact that these two amines have comparable aqueous 
basicities, the pK, of benzylamine being 4.6519 and that 
of taurinate 4.94.20 

The aminolysis of esters in aprotic solvents has been 
shown by Menger and co-workersZ1 to proceed via the 
mechanism shown in Scheme I1 and to obey a two-term 
rate law, eq 1. The third-order term in eq 1 represents 

rate = kz(ester)(amine) + I~~(ester)(amine)~ (1) 

a second molecule of amine which assists in proton transfer 
in the tetrahedral intermediate. This third-order term 
should vanish in a protic medium; indeed, in 95.3 mol ?& 
dioxane-water, a t  amine concentrations at  least 10 times 
less than the ambient water concentration, the reaction 
of 3 with 1 or 2 and the reaction of 1 with 4 followed clean 
second-order kinetics. The rate constants for these three 
model reactions, listed in Table I, were determined by 

(16) Fuosa, R. M.; Kraus, C. A. J. Am. Chem. SOC. 1933, 55, 21. 
(17) Bender, M. L. In Bioorganic Chemiatry; Van Tamelen, E. E., Ed.; 

Academic Preaa: New York, 1978; Vol. I, pp 19-57. Verheij, H. M.; 
Volwerk, J. J.; Jansen, E. H. J.; Puyk, W. C.; Dijkstra, B. S.; Drenth, J.; 
deHaae, G. J. Biochemistry 1980,19, 743. 
(18) Koshland, D. E.; Neet, K. E. Annu. Rev. Biochem. 1968,37,359. 
(19) Robineon, R. A.; Kiang, A. K. Trans. Faraday SOC. 1956,52,327. 
(20) King, E. J. J. Am. Chem. SOC. 1953, 75, 2204. 
(21) Menger, F. M.; Smith, J. H. J. Am. Chem. Soc. 1972,94,3824 and 

(22) Shioiri, T.; Yokoyama, Y.; Kasai, Y.; Yamada, S. Tetrahedron 
references quoted therein. 

1976,32, 2211. 

Table 11. First- and Second-Order Rate Constants for the 
Reaction of 2 with 4 at Low and High Amine 

Concentrationsa 
[Z], M X lo6 [4], M X loa kl! s-’ k2: M-’ s-l 

1.15 0.0115 0.0190 0.00358 
1.62 0.0213 0.0193 0.00170 
4.92 2.77 0.131 45.4 
4.92 5.53 0.244 44.6 

OIn 95.3 mol % dioxane-water at 25 OC. bFirst-order rate con- 
stant calculated using eq 4. ‘ Second-order rate constant calculated 
using eq 5. 

I 
O 1 2 3 4 5 6 

l M i n e l  x 10’ 

Figure 1. Initial rate/[RIP] = k2[amine] + kl (eq 6) for the 
reaction of 2 with 4. 

conventional methods by observing the appearance of 
p-nitrophenoxide ion. The aminolysis of the charged ester, 
2, by the charged amine, 4, was found to be too fast to be 
measured by conventional methods, and here the rate of 
appearance of p-nitrophenoxide was followed by the 
stopped-flow technique. 

The reaction pathway shown in Scheme 111, in which 
breakdown of the tetrahedral intermediate is rate-deter- 
mining, yields the rate law: 

rate = IzKTRIP] + k’KTRIP][amine] (2) 
rate = kl[RIP] + k2[RIP][amine] (3) 

The concentration of the reacting ion pair, [RIP], is 
governed by the relation: 

[RIPI2 
(C2 - [RIP])(C4 - [RIP]) K =  

where C2 and C4 are the stoichiometric concentrations of 
2 and 4, respectively. At  low amine concentrations eq 3 
should simplify to 

whereas at high amine concentrations eq 3 should become 

That this is so is shown in Table I1 where first- and sec- 
ond-order rate constants are calculated using eqs 4 and 5, 
with K = 1.4 to calculate [RIP] (for a justification of the 
K value, see below). By use of the kl and kz values thus 
obtained at  low and high amine concentrations, respec- 
tively, initial rates at intermediate amine concentrations 
were calculated using various values for the equilibrium 
constant K. These calculated rates were compared with 
experimentally determined rates at these concentrations. 
It was found that the least discrepancy between calculated 
and observed rates was found at a value of K = 1.4. A plot 
of 

init rate/[RIP] = k,[free amine] + kl (6) 
over the whole concentration range, shown in Figure 1, 

rate = kl[RIP] (4) 

rate = k2[RIP][amine] (5 )  
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Table 111. Variations in Rate Constants kl and k2 as a 
Conseauence of Using Different Values for K” 

Scheme IV 

2 + 4 == Bu4N BF4 + RIP * product 
+ -  

K kl ,  s-l kz ,  M-ls-l 
0.01 3.91 40.8 
1.4 1.88 41.2 

10.0 1.59 41.5 

kl  and kz  calculated using the equation: initial rate = kl[RIP] 
+ kz[RIP][free amine]. 

Table IV. Estimate of the Degree of Facilitation of 
Aminolysis by the Electrostatic Attraction of Reactants 

bimolecular effective 
analogue molarit? rate enhancementb 

1 + 3  4.5 105-106 
2 + 3  0.078 103-104 
1 + 4  0.028 5 x 102 to 5 x 103 

“Effective molarity = kl/k,  the k being the second-order rate 
constant for the model reaction (Table I) and the k l  being the 
first-order rate constant for the reacting ion pair, RIP, k ,  = 1.88 X 

s-lSb Rate enhancement = effective molarity/[RIP], the [RIP] 
values in our experiments ranging from 6 X lo+ to 5 X M. 

yielded the following values for the first- and second-order 
rate constants: 

kl = (1.88 f 0.20) X s-l 

kz = 41.2 f 0.75 M-’ s-l 

The value obtained for the ion pair exchange equilibrium 
constant, K ,  is reasonable when compared to available 
literature data. In order for this constant to have a value 
far removed from unity, the ion pair dissociation constants 
for tetrabutylammonium fluroborate and for p-nitrophenyl 
y-(trimethy1ammonio)butyrate taurinate (RIP) would have 
to be substantially different. Data for these salts in the 
present solvent are unavailable, but examination of a large 
number of ion pair dissociation constants in solvents of 
low p ~ l a r i t y ~ ~ - ~ l  suggest that dissociation constants vary 
only slightly with similar changes in the structure of the 
anion and cation. 

To evaluate the effect which a wrong K value would have 
on the above kl and k2 values, we recalculated these rate 
constants using some quite extreme K values. As can be 
seen from the data in Table 111 the effect on k2 is negligible, 
and the effect on k,, through larger, is too small to affect 
the conclusions presented below. 

Examination of our kl and k2 values reveals that a t  
equimolar initial concentrations of ester and amine the 
aminolysis proceeds essentially as a first-order reaction of 
the RIP. Only at  a 10-fold excess of amine does about half 
of the reaction proceed via the second-order pathway. We 
shall limit our discussion to the process described by the 
k, term. 

To assess the effectiveness of ion pair formation in fa- 
cilitating this reaction one can apply the method of 
“effective molarity”.32 The EM is obtained by dividing 
the first-order rate constant of an intramolecular reaction 

(23) Powell, A. L.; Martell, A. E. J. Am. Chem. SOC. 1967, 79, 2118. 
(24) Mead, D. J.; Ramsey, J. B.; Rothrock, D. A.; Kraus, C. A. J. Am. 

(25) Mead, D. J.; Fuoas, R. M.; Kraus, C. A. Trans. Faraday SOC. 1936, 

(26) Tucker, L. M.; Kraus, C. A. J.  Am. Chem. SOC. 1947, 69, 454. 
(27) Curry, H. L.; Gilkerson, W. R. J. Am. Chem. SOC. 1967,79,4021. 
(28) McDowell, M. J.; Kraus, C. A. J. Am. Chem. SOC. 1951, 73,3293. 
(29) Reynolds, M. B.; Kraus, C. A. J. Am. Chem. SOC. 1948, 70,1709. 
(30) Taylor, E. G.; Kraus, C. A. J. Am. Chem. SOC. 1947, 69, 1731. 
(31) French, C. M.; Tomlinson, R. C. B. J. Am. Chem. SOC. 1961,83, 

311. 
(32) For a discussion and data on EM, see: Kirby, A. J. Effective 

Molarities for Intramolecular Reactions. In Advances in Physical Or- 
ganic Chemistry; Academic Press: New York, 1980; Vol. 17, p 183. 

Chem. SOC. 1947, 69, 528. 

32, 594. 

2 + UNRlP 

UNRlP = unreacting ion pair, Kbenzyl-y(trimethylammonio)- 
butyramide taurinate 

by the second-order rate constant of an analogous bimo- 
lecular reaction. This yields the concentration of the 
reactants in the model bimolecular reaction which would 
cause it to proceed at  the same rate as the intramolecular 
reaction. This approach would view the reaction within 
the ion pair as an “intramolecular reaction”. Although this 
is clearly not the case, it is instructive to consider these 
effective molarities (Table IV). I t  can be seen that al- 
though the numbers obtained differ somewhat depending 
on the nature of the model reaction (the neutral-neutral 
model reaction gives a higher EM than the two neutral-ion 
reactions), the effective molarity is clearly quite large. 
Dividing this EM by the concentration of the RIP in our 
reactions then leads to values for the rate enhancement 
of lo3 to lo6 (Table IV). This begins to approach the rate 
enhancements observed in true intramolecular reactions.32 
Considering the loose association present in the ion pair 
and therefore the absence of actual proximity of the nu- 
cleophile to the electrophilic site, the observed effect is 
remarkably large. 

Special Salt Effect. The special salt effect was first 
observed by Winstein and his students in solvolysis reac- 
tions where a solvent-separated ion pair was found to 
undergo an ion pair exchange reaction with LiC1OkU This 
produced a new ion pair which could not return to reac- 
tants, thus causing a steep rate increase. If the reacting 
ion pair in eq 1 were to undergo an ion pair exchange 
reaction with an added inert salt, then the concentration 
of the reacting ion pair would be decreased and this would 
manifest itself by a rate decrease. 

Addition of a 3.5-fold excess of N-benzyl-y-(trimethyl- 
ammonio)butyramide fluroborate, 5,  to a 2.0 X M 

BF4- (CH3)3N+CHZCH2CHzCONHCH2CeH5 
5 

solution of 2 and 4 yielded an initial rate that was 36% 
of the rate observed a t  this concentration in the absence 
of the added salt. We interpret this dramatic rate decrease 
as the manifestation of a new kind of special salt effect, 
one which causes a rate decrease by diminishing the con- 
centration of the reacting ion pair (Scheme IV). 

Product Analysis. The products of the four-ester 
aminolysis reactions reported in this paper are N -  
benzylhexanamide, 6, tetrabutylammonium N42-  
sulfonatoethyl)hexanamide, 7, N-benzyl-y-(trimethyl- 
ammonio)butyramide fluoroborate, 5 ,  and N 4 2 -  
sulfonatoethy1)-y-(trimethylammonio)butyramide, 8. 

C H ~ ( C H Z ) ~ C O N H C H Z C ~ H ~  6 

CH3(CH2)4CONHCHzCHZSO3- B u ~ N ’  7 
(CH3)3NCH2CH2CH2CONHCH&H6 BFL 5 

(CH3)3NCH2CH2CHzCONHCH2CH2SO3- 8 

Analysis of representative kinetic runs found quantitative 
yields of these four expected products. 

(33) Fainberg, A. H.; Winstein, S. J .  Am. Chem. SOC. 1956, 78, 2780. 
Winstein, S.; Klinedinst, P. E.; Clippinger, E. J. Am. Chem. SOC. 1961, 
83, 4986. 
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Conclusions 
Ester aminolysis in a nonpolar medium was found to be 

substantially accelerated when a nunreacting cationic and 
anionic moiety was located four bonds away from the re- 
active site on the  ester and the  amine, respectively. T h e  
effect of this assembly of the reactants by electrostatic 
attraction was estimated to  cause a rate increase of lo3- 
10s-fold compared to model ester aminolyses in which the 
reactants are not brought together by ion pair formation. 
A special salt effect was observed when ion pair exchange, 
caused by addition of an inert salt, decreased the  con- 
centration of the reacting ion pair and thus decreased the 
rate. 

Experimental Section 
Materials. 1,4-Dioxane (ACS grade) was passed through a 

column of activated alumina and stored under nitrogen, nmD 
1.4229 (lit.% nmD 1.4224). The 95.3 mol % dioxane-water solvent 
was then prepared by weight from the above and deionized water. 
The aqueous dioxane was dearated with COrfree nitrogen, stored 
in the dark, and used within 3 days. Benzylamine was dried over 
KOH and distilled under nitrogen, nmD 1.5441 (lit.% nmD 1.5438). 

p-Nitrophenyl Hexanoate (1). This ester was prepared from 
hexanoyl chloride and p-nitrophenol, bp 142 "C at 2.4 mm (lit.% 
bp 123 "C at  1 mm), nmD 1.5185. Spectrophotometric assay of 
the p-nitrophenoxide ion (at 400 nm) produced by hydrolysis with 
aqueous NaOH gave an equivalent weight of 237.1 (calcd 237.3). 

p -Nitrophenyl y-(Trimethy1ammonio)butyrate Fluoro- 
borate (2). To a solution of 70 mL (0.92 mol) of y-butyrolactone 
in 150 mL of ethanol was added, dropwise, 90 mL (1.125 mol) 
of thionyl chloride. After the mixture was heated at reflux for 
16 h, distilation yielded 110 g (80% yield) of ethyl y-chloro- 
butyrate, bp 185 "C (lit.3' bp 186 "C). This chloro ester, 50 mL 
(0.357 mol), aqueous trimethylamine (750 mL of a 3.83 M solution, 
2.47 mol), and enough acetone to produce a single phase were 
allowed to stand for 3 days. Removal of the solvent followed by 
hydrolysis with 1 N HC1 yielded 45.4 g (70% yield) of the chloride 
salt of y-(trimethylammonio)butyric acid (actinine hydrochloride): 
mp 208-212 "C (lit.88 mp 207-210 "C); IR (KBr) 1721 (C=O); 
'H NMR (DzO) 6 2.4 (2 H, m, CH,), 2.8 (2 H, t, CH,), 3.4 (9 H, 
s, CH3), 3.6 (2 H, t, CH,). The above carboxylic acid, 6.7 g (0.037 
mol), was dissolved in 0.6 mL (0.082 mol) of thionyl chloride. Af'ter 
the mixture was stirred at room temperature for 16 h, the excess 
thionyl chloride was removed by distillation and the residue was 
heated with 6.2 g (0.044 mol) of nitrophenol and 2 mL of nitro- 
benzene at 80 "C for 3.5 h. The nitrobenzene was removed by 
distillation, and the residue was triturated with ether and then 
recrystallized from acetone to yield p-nitrophenyl y-(tri- 
methy1ammonio)butyrate chloride: mp 205-207 "C dec; UV 
(water) A- (e) 270 nm (8569); 'H NMR (DzO) 6 1.9 (2 H, m, CHJ, 

d, arom), 7.8 (2 H, d, arom). Potentiometric chloride titration 
gave an equivalent weight of 303.0 (calcd 302.8). 

The above chloride was converted to the fluoroborate by 
treating an 8-g sample, dissolved in 130 mL of ethanol, with 9 
mL of 48% aqueous fluoboric acid. The resulting precipitate was 
recrystallized from acetone and then from acetoneether to yield 
4.2 g (45% yield) of p-nitrophenyl y-(trimethy1ammonio)butyrate 
fluoroborate, 2, mp 132-133 "C; UV (water) A, (e) 270 nm (8.5 
X lo4). Spectrophotometric assay of the p-nitrophenoxide ion 
(at 400 nm) produced by hydrolysis with aqueous NaOH gave an 
equivalent weight of 352 (calcd 354). Anal. Calcd for 
CI3HlsN2O4BF4: C, 44.10; H, 5.41; N, 7.91. Found: C, 44.35; H, 
5.49; N, 7.65. 

Tetra-n-butylammonium Taurinate (4). To 95 mL of a 
0.2024 M aqueous solution of tetra-n-butylammonium hydroxide 
(0.01923 mol) was added 2.456 g of taurine. Evaporation of the 
water yielded a brown solid, which was dissolved in methylene 

2.5 (2 H, t, CH2), 2.87 (9 H, 8, CHB), 3.17 (2 H, t, CHZ), 6.9 (2 H, 
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chloride and decolorized with charcoal to yield a colorless oil. 
Trituration of this oil with hexane yielded 5.5 g (78% yield) of 
a white, very hygroscopic solid, mp 116-118 O C .  Titration of this 
salt with HC1 to a bromothymol blue endpoint gave an equivalent 
weight of 377.0 (calcd 366.6). 

N-Benzyl-y-(trimet hy1ammonio)butyramide Fluoroborate 
(5). Actinine hydrochloride (see above for preparation), 14 g (0.077 
mol), 0.9 g of p-toluenesulfonic acid, 100 mL of benzene, and 150 
mL of ethanol were heated at reflux for 2.5 h in a flask fitted with 
a Dean-Stark trap. Evaporation of the solvent followed by 
trituration of the residue with ether and then with acetone yielded 
14 g (87% yield) of ethyl y-(trimethy1ammonio)butyrate chloride: 
mp 135-137 "C; IR (KBr) 1738 (C=O); 'H NMR (DzO) 6 1.4 (3 
H, t, CH3CH2), 2.3 (2 H, m, CH,), 2.7 (2 H, t, CH,), 3.4 (9 H, s, 

This ethyl ester, 11.0 g (0.052 mol), 0.176 g (0.00123 mol) of 
benzylamine hydrochloride, and 30 mL (0.275 mol) of benzylamine 
were heated at reflux for 3 h. The excess benzylamine was re- 
moved by distillation, and the residue, dissolved in 80 mL of ice 
cold ethanol, was treated with 20 mL of 48% fluoboric acid. The 
resulting precipitate, 8 g (48% yield), was collected. Recrys- 
tallization from acetone-ether and then from methanol yielded 
3.0 g of white crystals: mp 185-186 "C; IR (KBr) 3250 (N-H), 

7.4 (5 H, s, arom), 8.5 (1 H, broad, NH). Anal. Calcd for 
C14H230NzBF,: C, 52.20; H, 7.20; N, 8.69. Found: C, 52.48; H, 
7.35; N, 8.46. 

N-Benzylhexanamide (6). This amide was prepared in the 
usual way from n-hexanoyl chloride and benzylamine. Recrys- 
tallization from methanol-water yielded white crystals: mp 54-55 
"C (lit?, mp 52-52.5 "C); IR (KBr) 3300 (N-H), 1632 (C-0); 
'H NMR (CDC13) 6 0.8-1.9 (9 H, m, CH3(CH2),), 2.2 (2 H, t, CH,) 
4.4 (2 H, d, CH,NH), 6.5 (1 H, s, NH), 7.4 (5 H, s, arom). 

Sodium N-(2-Sulfonatoethyl)hexanamide (Na Salt of 7). 
This amide was prepared from n-hexanoyl chloride and sodium 
taurinate (Na+ -O3SCH2CHZNHJ: mp 249 OC dec; IR (KBr) 3310 
(N-H), 1642 ( C 4 ;  'H NMR (DzO) 6 1.1 (3 H, t, CHJ, 1.3-2.0 
(6 H, m, CH,), 2.5 (2 H, t, CH2CO), 3.3 (2 H, t, CH,), 3.8 (2 H, 
t, CH2). 
N-(2-Sulfonatoethyl)-~-(trimethylammonio) butyramide 

(8). Actinine hydrochloride (see above), 3.4 g (0.019 mol), was 
stirred overnight with 3 mL (0.04 mol) of thionyl chloride. The 
excess SOClz was removed by distillation, and the residue was 
stirred with 3.0 g (0.02 mol) of sodium taurinate in 5 mL of 
nitrobenzene at 90 "C for 1 h. The product was triturated with 
ether and then with acetone and then recrystallized first from 
methanol and then three times from aqueous methanol. The yield 
of white crystals was 1.5 g (32% yield): mp 285-287 OC; IR (KBr) 
3340 (N-H), 1670 (C=O); 'H NMR (DzO) 6 2.0-2.8 (4 H, m, 
CH2), 3.35 (9 H, s, CH,), 4.0-3.4 (6 H, m, CH2). Anal. Calcd for 
CsH2004N2S: C, 42.84; H, 7.99; N, 11.10. Found: C, 41.80; H, 
8.05; N, 11.00. 

Kinetic Measurements. The rates of the reactions of esters 
1 and 2 with amine 3, and of ester 1 with amine 4 were measured 
as follows. A thermostated solution of the ester (about lo4 M) 
was mixed with a thermostated solution of the amine (about 
to lo-, M) and placed in a thermostated cell. The spectropho- 
tometer recorder was then switched on, and a continuous trace 
of absorbance at 310 nm (p-nitrophenol) versus time was recorded. 
All rates were measured at 25 "C. In converting the absorbance 
into product concentration, allowance was made for the absorbance 
of the ester a t  310 nm (€310 = 1142 M for 1, €310 = 1391 M for 2, 
and €310 = 10695 M for nitrophenol in 95.3 mol % dioxane-water). 
Rates were calculated using a PL/C computer program using the 
standard second-order rate equations, k t  = in ( A / A  - x )  and k t  
= (l/(B - A ) )  In (A(B  - x ) / B ( A  - x)). Rates were run at  two 
different amine concentrations, at least 12 points between 20% 
and 80% reaction being used. Calculated infininity absorbances 
were found to be in good agreement with those observed. 

The rates of the reaction of ester 2 with amine 4 were found 
to be too fast to be measured by the above method and were 
measured by the stopped-flow technique. (Several runs of ester 
1 with amine 4 were also measured by this method.) A solution 
of ester, about 5 x M, and a solution of the amine, 5 X lo-, 
M to 5 X lod M, were injected into the thermostated value block 

CH3), 3.6 (2 H, t, CHJ, 4.4 (2 H, q, CHZCH,). 

1640 (C=O); 'H NMR (DMSO-&) 6 1.8-2.2 (2 H, CH,), 2.2 (2 
H, t, CH,), 3.15 (9 H, 9, CH3), 3.4 (2 H, t, CHZ), 4.4 (2 H, d, CHZ), 

(34) Hess, K.; Frahm, H. Ber. Dtsch. Chem. Ges. B 1938, 71B, 2632. 
(35) Vogel, A. I. J. Chem. SOC. 1948, 1825. 
(36) Blyth, C. A.; Knowles, J. P. J. Am. Chem. SOC. 1971, 93, 3020. 
(37) Conant, J. B.; Kirner, W. R. J. Am. Chem. SOC. 1924, 46, 244. 
(38) Kutscher, F.; Ackerman, D., Z .  Physiol. Chem. 1933, 221. 
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Table V. HPLC Analysis of the Four Amide Products 
internal standard 

5 50 vol % CH30H-H20, 0.1 269 2-chloro-5-hydroxy- 
amide liquid phase tR, 8 (tR, 5) 

M "AN09 toluene (798) 
6 66 vol %'CHiOH-H20, 0.1 402 none used 

M ",NO, 
7 20 vol %-CHiOH-H20, 0.1 685 p-ClCsH4S0< Na+ 

8 H20,O.l M ",NOS 319 butyramide (621) 
M ",NO3 (536) 

of a Morrow stopped-flow apparatus equiped with a Beckman 
Model DU quartz spectrometer and a Type 549 storage oscillo- 
scope. The spectrometer was set to read at 400 nm @-nitro- 
phenoxide ion). A recording of the transmittance vs time trace 
of the oscilloscope screen was photographed, and the initial rate 
(d(product)/dt) was determined from the initial slope of the 
p-nitrophenoxide concentration vs time. No correction had to 
be made for the absorbance of the ester or the amine at 400 nm, 
both reactanta being transparent at this wavelength. A correction 
had to be made for the p-nitrophenoxide-p-nitrophenol equi- 
librium in the presence of the taurinate zwitterion in 95.3 mol 
% dioxane-water (see ref 1). 

Product Analysis Runs. About 50 mg of the ester and an 
appropriate amount of the amine (same ratios of amine to ester 

as used in representative kinetic rune) in 50 mL of 95.3 mol % 
dioxane-water were allowed to stand (with stirring when neces- 
sary) at 25 "C for a length of time calculated to allow >99% 
reaction. The solvent was removed by vacuum distillation at room 
temperature, and the residue was analyzed by HPLC. Analyses 
were performed on a Waters Model 6OOOA chromatograph equiped 
with a reversed-phase Waters Microbondapak CIS column (30 cm 
X 3.9 cm i.d.). The flow rate was 1 mL/min at  a pressure of 
approximately lo00 psi. The relevant parameters are listed in 
Table V. The yields ranged from 97% to 100%. 
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A series of 2-phenylethyl and 3-phenylpropyl carbinols have been reacted with HS03F at  -78 "C, the solutions 
quenched, and the products isolated to give good yields of cyclization products. The 2-phenylethyl carbinols 
generally undergo rearrangement prior to cyclization, whereas the bphenylpropyl carbinols undergo direct cyclization 
of the initially formed carbocation, to give tetralins. The mechanisms and synthetic applications of these reactions 
are discussed. 

Introduction 
Carbocations are involved as reactive intermediates in 

numerous substitution, elimination, addition, and rear- 
rangement reactions of synthetic, industrial, and biological 
importance.' Superacids? such as fluorosulfuric acid, have 
been extensively employed for the generation and spec- 
troscopic study of long-lived carbocations since the pio- 
neering work in this area by Olah et al. Under these stable 
ion conditions carbocations can undergo complex rear- 
rangements not accessible under less strongly acidic con- 
ditions. Such rearrangements are often highly sensitive 
to subtle changes in the structure of the precursors. For 
example we have long been interested in the study of 
aryl-norbornyl carbocations3 whereas the parent 2- 
phenylnorbornanol 1 reacts with HS03F to produce the 
stable cation 2,4 the 3,3-dimethyl analogue 3 undergoes 
rearrangement and cyclization to the tetracyclic product 
4 (Scheme I).5 

(1) Olah, G. A.; Schleyer, P. von R. Carbonium Zona; John Wiley & 

(2) Olah, G. A.: Prakash. G. K. S.: Sommer. J. Suoeracirk John Wdev 
Sons: New York, 1968-1976; Vols 1-5. 

. .  
& Sons: New York, 1985.' 

erences therein. 

SOC., Chem. Commun. 1978, 111. 

(3) Coxon, J. M.; Steel, P. J. Aust. J .  Chem. 1980, 33, 2455 and ref- 

(4) Coxon, J. M.; Steel, P. J. J. Chem. Soc., Chem. Commun. 1984,344. 
(5) Coxon, J. M.; Pojer, P. M.; Robinson, W. T.; Steel, P. J. J. Chem. 
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Scheme I 

OH 

(1) R = H  
(3) R = Me 

( 4 )  

Such rearrangements can have useful applications in 
organic synthesis, and as a consequence superacids are 
being increasingly employed as reagents in organic syn- 
thesis.6 In continuation of our studies' into the use of 
fluorosulfuric acid, we recently described8 the reactions of 

(6) For recent examples, see: (a) Olah, G. A.; Wu, A.; Farooq, 0. J. 
Org. Chem. 1989,54,1452. (b) O M ,  G. A,; Emst, T. D. J .  Org. Chem. 
1989,54,1203. (c) Can, G.; Dean, C.; Whittaker, D. J. Chem. SOC., Perkin 
Trans. 2 1988, 351. 

(7) Coxon, J. M.; Hydes, G. J.; Steel, P. J. Tetrahedron 1985,41,5213. 
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