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104-110 0C (0.02 mm); NMR (CCl4) 5 1.79 (m, 2 H), 1.85 (s, 3 H), 
2.50 (m, 2 H), 2.76 (d of d, 2 H), 5.01 (m, 1 H), 7.05 (s, 5 H), 7.10 (s, 
5H). 

l,4-Bis(4-nitrophenyl)-2-butanol. l,4-Diphenyl-2-butyl acetate* 
(15.39 g, 0.057 mmol) was treated with a nitrating mixture of 17.5 
mL of fuming HNO3 and 56.5 mL of Ac20.10 After 4 h at -45 0C, 
the mixture was poured into H2O and the organics were extracted into 
ether. The organic phase was neutralized with Na2CO3 and dried over 
MgSO4. Removal of the solvent left about 15 mL of yellow oil, which 
was dissolved in the minimum amount of hot CH3OH and treated with 
15% NaOH solution. After acidification with concentrated HCl and 
concentration of the solution, crystals of the desired alcohol were 
obtained. Recrystallization from CH2Cl2 gave 0.90 g (6.5%) of the 
desired alcohol: mp 151-154 0C; NMR (CDCl3) <5 1.80 (m, 3 H), 2.86 
(m, 4 H), 3.80 (m, 1 H), 7.75 (AB q, 8 H). Anal. Calcd for 
C16Hi6N2O5: C, 60.75; H, 5.10; N, 8.86. Found: C, 60.60; H, 4.97; 
N, 8.79. 

l,4-Bis(4-nitrophenyl)-2-butyl Tosylate (4T). A solution of 0.8975 
g (2.84 mmol) of l,4-bis(4-nitrophenyl)-2-butanol was treated with 
0.78 g (4.1 mmol) of tosyl chloride in the manner described above. 
Recrystallization of the resulting crude tosylate gave 0.913 g (68%) 
of pure tosylate: mp 149-152 0C; NMR (CDCl3) 5 2.05 (m, 2 H), 2.42 
(s, 3 H), 2.80 (m, 2 H), 3.06 (d, 2 H), 4.82 (t, 1 H), 7.62 (m, 12H). 
Anal. Calcd for C23H22N1O7S: C, 58.71; H, 4.71; N, 5.96. Found: 
C, 58.81; H, 4.69; N, 5.96. 

eryfAro-l,4-Diphenyl-3-aceroxy-2-butyl Tosylate. A solution of 
0.75 g (3.1 mmol) of ffi«o-l,4-diphenyl-2,3-butanediol in pyridine 
was treated with 0.65 g (3.4 mmol) of tosyl chloride according to the 
usual procedure. After workup the residue was treated with an excess 
of Ac2O, to which 1 drop of concentrated H2SO4 had been added.14 

This solution was stirred overnight, and the excess anhydride was 
hydrolyzed with water. The organics were extracted into ether, washed 
with saturated NaHCO3, and dried over MgSO4. Removal of the 
solvent left a viscous oil, which crystallized upon cooling. Three re-
crystallizations from ether/hexane gave 0.646 g (46%) of the desired 

In recent years, a wide variety of reactions have been stud
ied in aqueous micellar systems, in connection with the enzyme 
reaction mechanism.2 Particularly interesting is the large rate 

erythro acetoxy tosylate: mp 86.5-88 0C; NMR (CDCl3) S 1.86 (s, 
3 H), 2.36 (s, 3 H), 2.90 (m, 4 H), 5.00 (m, 2 H), 7.12 (m, 14 H). 
Anal. Calcd for C26H26O5S: C, 68.46; H, 5.98. Found: C, 68.84; H, 
6.07. 
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enhancement observed for the reaction of anionic nucleophiles 
with phenyl esters in the presence of cationic micelles. These 
nucleophiles include hydroxamate,3,4 oximate,5 thiolate,6 and 
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Abstract: Trioctylmethylammonium chloride (TMAC), a typical phase transfer catalyst, forms aggregates in aqueous solu
tions at very low concentrations (10~4-10~5 M). The aggregate was inferred to be much smaller than the conventional globu
lar micelles from the data of surface tension and specific conductance. The dissociation of 2,6-dichlorophenolindophenol, 
which is commonly used for detection of the critical micelle concentration of the cationic micelle, was enhanced in proportion 
to the TMAC concentration at 10 - 4-10 - 5 M. This lack of the critical phenomenon suggests the progressive formation of the 
tight ion pair between the phenolate anion and the cationic TMAC aggregate. The reactivity of lauryl-substituted hydroxa
mate and imidazole nucleophiles toward p-nitrophenyl acetate was remarkably enhanced in the presence of 7 X 1O-5 M 
TMAC in water at 30 0C, pH 9. The rate enhancements amounted to 500 to 104 times, and were much larger than those pro
duced by the conventional hexadecyltrimethylammonium bromide (CTAB) micelle. Less hydrophobic hydroxamate and imid
azole nucleophiles were not activated by addition of TMAC. The dissociation of the hydrophobic nucleophiles was promoted 
in the presence of the TMAC aggregate and, for example, p#a,2 of the lauryl-substituted imidazole was lowered by 2.5 pK 
units relative to that of the hydrophilic counterpart. Therefore, the large rate enhancement observed is produced by adsorption 
of hydrophobic nucleophile onto TMAC aggregates by which highly nucleophilic ion pairs are formed. Finally, the acetylim-
idazole intermediate is hydrolyzed very rapidly, and the imadazole-TMAC system is an extremely efficient catalyst for the 
hydrolysis of phenyl esters. 
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imidazole anions.7-10 We have studied some of these reactions 
in aqueous nonionic micelles11 and in organic media,12 and 
concluded that the activation of nucleophiles in cationic mi-
cellar systems can be attributed to the formation of the hy
drophobic ion pair.13 The peculiar nature of the cationic mi
celle such as the high charge density of the micellar surface is 
apparently not required for the rate enhancement. Thus it is 
expected that any aqueous system which can produce hydro
phobic ion pairs from anionic nucleophiles would give rise to 
rate enhancements. 

We found that aqueous trioctylmethylammonium chloride 
(TMAC, 1) forms aggregates which are in many respects 
different from the conventional globular micelle. This aggre
gate accelerates the reaction of hydrophobic imidazole and 
hydroxamate nucleophiles with p-nitrophenyl acetate. How
ever, the reaction was not appreciably accelerated with less 
hydrophobic nucleophiles. We will discuss in this paper the 
nature of the TMAC aggregate and the mechanism of its ca
talysis in some nucleophilic acyl transfer reactions. In the 
following are shown the structures of the surfactants and nu
cleophiles employed. 
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Experimental Section 

iV-Lauryl(imidazole-4-carboxamide) (LImAm, 3). Imidazole-4-
carbonyl chloride (2 g, 0.014 mol)14 and 1.3 g (0.007 mol) of laur-
ylamine were refluxed in chloroform solvent for 6 h in the presence 
of 4 g (0.04 mol) of triethylamine. The solvent was removed, and the 
oily residue was extracted by hot acetonitrile and recrystallized from 
acetonitrile, mp 128-130 0C, pale yellow powders. Anal. 
(Ci6H3ON3OCl)1C, H, N. 

Other Materials. p-Nitrophenyl acetate (PNPA) was prepared from 
p-nitrophenol and acetic anhydride, mp 78 0C. Commercial CTAB 
(2) was twice recrystallized from water, and TMAC (1) (Dojin 
Chemicals, Japan) and tetrabutylammonium bromide were used 
without further purification. Benzimidazole (BzIm, 5) was recrys
tallized from alcohol, mp 170 0C. The following compounds were 
prepared as described before: 7V,iV-dimethyl(imidazole-4-carbox-
amide) (DMImAm, 4),15 mp 196-198 0C; A-laurylbenzohydroxamic 
acid (LBHA, 6),4 mp 75-76 0C; jV-benzylbenzohydroxamic acid 
(BBHA, 7), 16mp 108-109 0C. 

Rate Measurement. The reaction of PNPA with nucleophiles was 
performed in 3 v/v % EtOH-H2O, n = 0.01 (KCl), 0.01 M borate 
buffer (pH 7-11) at 30 ± 0.1 °C, and followed by using the absorption 
of thep-nitrophenolate anion at 401 nm with a Hitachi 200 UV-visible 

spectrophotometer. The pH of the medium was constant within ±0.05 
before and after the reaction (Toa Electronics, HMlOB digital pH 
meter). 

Results 

Kinetics. The reaction of PNPA with nucleophiles (Nu:) 
such as imidazole and hydroxamate proceeds according to eq 
1 and 2. 

Nu: •rv + CH3COf WO 2 

Nu—OCH3 + H2O 

Nu—CCH3 + >rv -Of WO2 

O (1) 

Nu: + CH3COOH (2) 

O 
The reaction was always carried out with excess substrate 

([PNPA] = (1.02-2.04) X 10~5 M; [nucleophile] = (1.64-
9.86) X 1O-6 M). The total rate constant fctotalwas corrected 
for the spontaneous hydrolysis as follows. 

ftobsd = ^total — ^spont (*) 

In the case of the hydroxamate reaction, the &0bsd value was 
obtained from the initial rate of reaction (conversion <10%) 
and divided by the total hydroxamic acid concentration to give 
the apparent second-order rate constant of the acyl transfer, 
^a.obsd' 

The reaction with the imidazole nucleophiles proceeded 
according to the pseudo-first-order kinetics up to more than 
90% conversion of the substrate. This indicates that the acyl-
imidazole intermediate is not detectably accumulated, and the 
rate constant of acylation becomes equal to that of turnover. 
The apparent rate constant, &im,0bsd,was obtained by dividing 
^obsd by the imidazole concentration. 

Hydrolysis of PNPA. The hydrolysis of PNPA by hydrox
amate and imidazole nucleophiles was performed in the pres
ence of (2.07-20.3) X 10-5 M of aqueous TMAC (1). The 
apparent second-order rate constants &a,obsd and &im,0bsd thus 
obtained were plotted against the TMAC concentration in 
Figure 1. The rate constants for hydrophobic LImAm (3) and 
LBHA (6) increased in proportion to the TMAC concentra
tion. 

Rate increases were considerable; for instance, A:imi0bsd = 

1900 M" 1 s-1 for LImAm (3) and kaohsd = 9200 M"1 s"1 for 
LBHA (6) at [TMAC] = 1.04 X 10"'4 M. On the other hand, 
there were no rate accelerations when less hydrophobic nu
cleophiles (DMImAm (4), BzIm (5), and BBHA (7)) were 
employed. 

The maximal solubility of TMAC in water at 30 0 C was in 
the range of 1O - 2 -10 - 3 M and the solution became turbid at 
higher TMAC concentrations. Therefore, the reaction was 
carried out at [TMAC] <5 X 10~4 M. 

The reaction rate was dependent on the relative concen
tration of nucleophiles and TMAC. When, for instance, the 
concentration of LImAm (3) was increased from 1.64 X 1O-6 

M to 2.30 X 1O -5 M at a fixed TMAC concentration of 1.03 
X 1 0 - 4 M, the reactivity of LImAm (3) decreased to ca. 50% 
of the initial value (see Figure 1). That is, the maximum re
activity of LImAm (3) was obtained when its concentration 
was 10% or lower than that of TMAC. The subsequent ex
periments were therefore carried out at [LImAm (3)] = 
(1.64-6.57) X 10"6 M and [TMAC] = 7.27 X 10"5 M. 

The spontaneous hydrolysis of PNPA was affected very little 
by the addition of TMAC. 

The reactivity of LBHA (6) and LImAm (3) was not ap
preciably enhanced when CTAB (2) and tetrabutylammonium 
bromide were used instead of TMAC in the same concentra
tion range (2 X 1O -4 to 2 X 1O-5 M). However, the micellar 
CTAB (1.02 X 10 - 3 M) increased the rate constants for 
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Table I. Reaction of Hydroxamate and Imidazole Nucleophiles with PNPA in the Presence of Ammonium Salts" 

Nucleophile 

LImAm (3) 
DMImAm (4) 
Benzimidazole (5) 
LBHA (6) 
BBHA (7) 

X 106M 

1.64 
9.52 
5.36 
4.82 
9.52 

None 

0.09 
0.07 
0.09 

15 
14 

TMAC (1) 

1200 
0.08 
0.08 

6700 
18 

^a,obsd Of *Im,obsd 

Bu4N+Br-

0.10 
0.06 
0.08 

18 
15 

4 M - 1 S " 1 

CTAB (2) 

3.2 
0.05 
0.08 

35 
18 

Micellar 
CTAB (2)c 

105 
0.09 
5.8 

1900 
870 

" Conditions: 30 0C, pH 9.0 ± 0.1, 3 v/v % EtOH-H2O, ^ = 0.01 (KCl), 0.01 M borate buffer, 7.27 XlO-5M ammonium salts. * £a,obsd 

for hydroxamates and &im,0bsd for imidazoles. c 1.02 X 10-3 M CTAB. 

[ L I m A P n l / [TMACl 
0 0.1 0.2 0.3 0.4 0.5 

4000 

£ 3000 

2000r 

1000 

10000 

[TMAC] x !0 J M 
Figure 1. Dependence of the apparent rate constant (&a,obsd and £ im,0bsd) 
on the TMAC concentration. Conditions: 30 0 CpH 9.0 ± 0.1, 3 v/v % 
EtOH-H2O1M = 0.01 (KCl),0.01 M borate buffer; substrate, 1.02X 10~5 

M PNPA. Nucleophiles: • , 4.82 X 10~6 M LBHA (6); D, 9.52 X 10~6 

M BBHA (7); • , 1.64 X 10"6 M LImAm (3); C, 9.52 X 10~6 M DM-
ImAm (4); O, 5.36 X 10~6 M BzIm (5); A, (1.64-23.0) X 10~6 M 
LImAm (3) and 1.03 X 10~4 M TMAC. 

LBHA (6) and LImAm (3) by factors of 102 and 103, re
spectively. It was also effective for less hydrophobic BBHA (7) 
and BzIm (5), but not for DMImAm (4). These results are 
summarized in Table I. 

Influence of Ionic Strength. The reactivity of anionic nu
cleophiles in cationic micelles decreases with increasing ionic 
strength.4-9 Similar results were obtained in the TMAC system. 
The £im,obsd value for LImAm (3) (1.64 X 1O-6 M) in the 
presence of 7.27 X 10~5 M TMAC at pH 9.0 was 1200 M"1 

s"1 at ix = 0.01 and 70 M"1 s~> at M = 0.5. 
Influence of Nonionic Micelle. The influence of the hydro

phobic microenvironment produced by the nonionic micelle 
of polyoxyethylene (n = 10) oleyl alcohol (POOA) was in
vestigated in the LImAm (3)-TMAC system. The results are 
shown in Figure 2. The critical micelle concentration of POOA 
was estimated to be 1O-6 M.17 &im,0bsd decreased appreciably 
by addition of a minute amount of POOA and the rate constant 
in the presence of 1.09 X 10~4 M POOA was only '/38 of that 
in the absence of POOA. 

In order to find out the cause of this rate decrease, the dis
sociation behavior of LImAm (3) was investigated in the 
presence of TMAC and POOA. The electronic spectrum of 
LImAm (3) in the presence of TMAC (7.02 X 10 -5 M) gives 
Xmax at 258 nm due to the imidazole anion in 1 N aqueous 
NaOH and at 233 nm due to the neutral imidazole species at 
pH 6.7. Thus, the extinction coefficient at 270 nm was em-

1000 

500 

0 5 

[POOA] x 105M 
Figure 2. Influence of a nonionic surfactant (POOA) on the reaction rate 
and the dissociation of the imidazole group. Conditions: 30 0C; pH 9.0; 
3 v/v % EtOH-H2O; n = 0.01 (KCi); 0.01 M borate buffer. O: 1.64 X 
10-6 M LImAm (3): 7.27 X 10"5 M TMAC; 1.02 X 10"5 M PNPA. • : 
3.28 X 10"6 M LImAm (3); 7.27 X 10"5 M TMAC. a,m- is the mole 
fraction of the anionic species of LImAm (3); see eq 4. 

ployed for determining the mole fraction of the anionic species, 
«im-

aim 
«1 — «M 

(4) 

where ei and eM are extinction coefficients at 270 nm of the 
imidazole anion (obtained in 1 N aqueous NaOH) and the 
neutral species (obtained at pH 6.7, phosphate buffer). 

At pH 9.0, the fraction of the anionic species is 0.35 in the 
absence of POOA, but it decreased remarkably with increasing 
POOA concentrations (Figure 2). A parallel trend is clearly 
noticed between the variations of &im,obsd and aim-. 

pH-Rate Profile. The pH dependence of kim,0bsd in the 
LImAm (3)-TMAC system was compared with those in the 
LImAm (3)-CTAB (micellar) system and in the DMImAm 
(4) (without hydrophobic aggregates) system. 

The dissociation behavior of imidazolecarboxamides is given 
by eq 5. 

R'' 
;N- ^ N H ^ R -

HN' U 

o 

N ^ 

airr-

*..« R 
(5.) 

«!„• 
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PH 
Figure 3. pH-rate profile of the reaction of imidazole nucleophiles with 
PNPA. Conditions: 30 0C; 3 v/v % EtOH-H2O; M = 0.01 (KCl); 0.01 M 
borate buffer. • : (1.64-4.93) X 10"6M LImAm (3); 7.27 X 10"5M 
TMAC; 1.02 X 10~5 M PNPA. O: 4.41 X 10-5MLImAm(3); 1.03 X 
10"3 M CTAB; 8.83 XlO-5M PNPA. The data for DMImAm (4) are 
taken from ref 15; 30 0C; 28.9 vol/vol % EtOH-H2O; p. = 0.1 (KCl). 

The cationic species must be virtually absent under the hy
drolysis conditions, since pA:a i of DMImAm (4) (R = R' = 
CH3) is 4.30 in 28.9 v/v % EtOH, 30 0C, » = 0.1 (KCl).15 

Then, the apparent rate constant is given by 

*Im,obsd — (*a /Cn .l)aIm~ + ^neutral (6) 

where kinion and /cneutrai are the true second-order rate con
stants of catalysis by anionic and neutral species, respectively. 
The solid lines in Figure 3 were obtained by assuming appro
priate p#a,2 values and rate constants which would give best 
fits with experiments. They are summarized in Table II. 

The pKa<2 value for the LImAm (3)-CTAB system deter
mined from kinetics as mentioned above agrees with that de
termined by the photometric titration at 270 nm. It is to be 
noted that the pK32 value was lowered in the order DMImAm 
(4) > LImAm (3)-CTAB > LImAm (3)-TMAC. On the 
other hand, the Amnion value increased in the order DMAmIm 
(4) « LImAm (3)-CTAB < LImAm (3)-TMAC. These 
results are contrary to that expected from the Bronsted rela
tion. 

Dye Absorption by Hydrophobic Aggregates. The spectral 
changes of methyl orange and 2,6-dichlorophenolindophenol 
were studied in the presence of hydrophobic ammonium salts 
under conditions similar to those of the hydrolysis. 

The absorption maximum of methyl orange shifts to shorter 
wavelengths with decreasing polarity of the medium (464 nm 
in H2O and 420-430 nm in organic solvents). Therefore, the 
Xmax value is sometimes used as an index of the hydrophobicity 
of the microenvironment surrounding the dye molecule. For 
instance, the absorption maximum is observed at 420-430 nm 
when methyl orange is absorbed to aqueous bovine serum al
bumin and lauroylpolyethylenimine.18 

The Xmax value (methyl orange, 5.34 X 10~6 M, 30 0C, 3 v/v 
% EtOH-H2O, M = 0.01 (KCl)) shifted abruptly from 466 to 
430 nm when the TMAC concentration was made larger than 
2 X 10~5 M. Thus, TMAC can provide hydrophobic mi-
croenvironments at the concentration employed in the hy
drolysis: [TMAC] = (2-16) X 10~5 M. 

2,6-Dichlorophenolindophenol is often used for the mea
surement of the cmc of cationic micelles.'9 This compound is 

5 10 20 40 60 80 100 120140 
5 

[Ammonium Salts] xlO M 

Figure 4. Influence of hydrophobic ammonium salts on the dissociation 
of 2,6-dichlorophenolindophenol. Conditions: 30 0C, 3 vol/vol % EtOH-
H2O; M = 0.01 (KCl); 1.00 X 10"4 M 2,6-dichlorophenolindophenol (as 
sodium salt); 3.00 X 10~4 M hydrochloric acid. 

Table II. Acidity and Rate Constants for Imidazole Nucleophiles" 

Catalytic system P*a,2A M- 1 S- ' M-

LImAm (3)-TMAC 9.30 
LImAm (3)-micellar 10.25 (10.25) 

CTAB'' 
DMImAm (4)/ ca. 12 

5200 
1620 

13 

2-3 

10-2 

a Conditions: 30 0C, 3 v/v % EtOH-H2O, M = 0.01 (KCl). * For 
the second dissociation of the imidazole group. See eq 5. Determined 
from pH-rate profiles. The data in parentheses were obtained by the 
phototitration of the imidazole anion at 270 nm.c See eq 6. d 7.27 X 
10" 5 MTMAC/ 1.03 X IO"3 M CTAB./Conditions: 30 0C, 28.9 
v/v % EtOH-H2O, n = 0.1 (KCl). See ref 15. 

red (neutral species, X012x 500-520 nm) in dilute hydrochloric 
acid, but turns blue (anionic species, Xmax 600-650 nm) by 
addition of cationic micelles. 

Figure 4 shows the absorbance change of the indophenol at 
650 nm in the presence of hydrophobic ammonium salts. As 
expected, the absorbance increased abruptly at ca. 5 X 1O-4 

M CTAB. Therefore, this must be the cmc for CTAB in the 
medium employed: 30 0C, 3 v/v % EtOH-H2O, ^ = 0.01 
(KCl). The cmc determined by a similar method at 30 0C in 
pure water was 8XlO - 4 M. The presence of ethanol and KCl 
seems to have lowered the cmc.20 

On the other hand, the absorbance at 650 nm increased 
linearly with the TMAC concentration. CTAB did not produce 
an absorbance increase at the same concentration range. Thus, 
aqueous TMAC apparently provides hydrophobic microen-
vironments which strongly bind the anionic indophenol. 

Surface Tension. The surface tension of aqueous ammonium 
salts was measured in 0.5 v/v% EtOH-H2O at 18 0C by the 
Wilhelmy method (Kyowa Kagaku Co., Digi-O-Matic ESB-
IV). The surface tension without ammonium salts was 71.0 ± 
0.5 dyn/cm, which is in agreement with that of pure water. The 
dependence of surface tension on the concentration of am
monium salts is summarized in Figure 5. The surface tension 
of 0.5 v/v % EtOH-H2O was affected very little by the addi
tion of tetrabutylammonium bromide, which indicates the lack 
of the surface-activating capacity for this less hydrophobic salt. 
The cmc of aqueous CTAB was determined from Figure 5 to 
be 8 X 10 -4 M, in agreement with the published data. In the 
case of TMAC, the general trend is similar to that of aqueous 
CTAB; however, the critical concentration is less clear and 
much lower than that of CTAB. 

Specific Conductance. The specific conductance of aqueous 
ammonium salts was measured in 0.5 v/v % EtOH-H2O at 18 
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Figure 5. Surface tension of aqueous ammonium salts. Conditions: 18 0C; 
0.5 vol/vol % EtOH-H2O. 

0C. The results are given in Figure 6. There is a break point 
for the CTAB curve at 8 X 1O-4 M, whereas the specific con
ductance for B^N + Br - and TMAC increased in proportion 
to their concentrations up to 2 X 1O-4 M. 

Discussion 

Nature of TMAC Aggregates. The solubility of trioctyl-
methylammonium chloride in water is 1CT2-10-3 M. Organic 
droplets separate at larger concentrations. Clear solutions are 
obtained at TMAC concentrations of less than 1O-3M; how
ever, the TMAC molecule is apparently not molecularly dis
persed. The physicochemical measurements carried out in this 
study indicate the formation of aggregated TMAC molecules. 
The surface tension data show that TMAC forms some kind 
of aggregates at concentrations much lower than the cmc of 
CTAB. The decreased increment in the specific conductance 
is observed for conventional micelles at cmc and is attributed 
to the formation of multicharged micelles (macroions) which 
suppress the ion mobility. However, the specific conductance 
of the TMAC solution increased linearly in the same concen
tration range, thus excluding the critical formation of ma
croions. Based on these two kinds of physicochemical data, 
TMAC is presumed to form fairly small aggregates at very low 
concentrations (0-20 X 1O-5 M). The ion mobility may not 
be suppressed when the aggregation number is small. 

The formation of TMAC aggregates is consistent with the 
data of Figure 4. The dissociation of 2,6-dichlorophenolindo-
phenol is promoted by its adsorption to positively charged 
micelles, as shown by the CTAB curve. Since the absorbance 
increases linearly, there appears to be no critical concentration 
for the aggregation. Seemingly, the number and/or size of 
aggregates increase gradually with the increase in the TMAC 
concentration without a critical change. It is worthy to em
phasize that TMAC are much more efficient than CTAB for 
adsorption of this dye, and this fact is related to the enormous 
rate enhancement for anionic nucleophiles observed in the 
TMAC system. 

Activation of Anionic Nucleophiles. As mentioned in the 
introduction, various anionic nucleophiles are remarkably 
activated in the presence of cationic micelles. The data sum
marized in Table I indicate that TMAC activates hydrophobic 
nucleophiles (LBHA (6) and LimHA (3)) much better than 
the CTAB micelle. The rate difference becomes even greater 
if the effect of the hydrophobic ammonium salts (TMAC and 
CTAB) is compared at the same concentration (7.27 X 1O-5 

M). These kinetic results are in accord with the physico-
chemical data obtained for aqueous TMAC, in that TMAC 
forms aggregates (hydrophobic microenvironments) at con
centrations much lower than the cmc of the CTAB micelle. 

However, the activation by the TMAC aggregate seems 
possible only for very hydrophobic nucleophiles such as 

[Ammonium Sal ts ] x10 M 
Figure 6. Specific conductance of aqueous ammonium salts. Conditions: 
30 0C; 0.5 vol/vol % EtOH-H2O. 

LImAm (3) and LBHA (6). Moderately hydrophobic BzIm 
(5) and BBHA (7) were not at all activated. Interestingly, the 
CTAB micelle produced considerable rate enhancements for 
these nucleophiles, although nonmicellar CTAB was not ef
fective. It appears that moderately hydrophobic nucleophiles 
bind with micellar CTAB better than with TMAC aggre
gates. 

The nature of the TMAC aggregate can also be inferred 
from the detailed kinetic study of the LImAm (3)-TMAC 
system. The rate constant for the nucleophilic reaction was 
proportional to the TMAC concentration (Figure 1). This 
indicates that the nucleophiles are activated increasingly as 
the number and/or size of the TMAC aggregate increase. The 
reactivity of a given LImAm (3) molecule appears to be fairly 
constant, once it is adsorbed onto the TMAC aggregate, since 
the anionic species of LImAm (3) increased linearly with the 
increase in the TMAC concentration. The latter trend is sim
ilar to the dissociation behavior of 2,6-dichlorophenolindo-
phenol, shown in Figure 4. 

The maximum activation was attained at small molar ratios 
of the nucleophile and TMAC. When more than 10 mol % of 
LImAm (3) is present relative to TMAC, its reactivity de
creases to almost one-half (Figure 1). Addition of POOA 
(nonionic surfactant) in a similar concentration ratio caused 
an analogous decrease in the rate constant (Figure 2). Again, 
the rate suppression due to added POOA was accompanied by 
the decrease in the dissociated fraction of LImAm (3). The 
dissociation of the nucleophile must be promoted most effi
ciently in the presence of tight TMAC aggregates. Addition 
of POOA appears to dilute the aggregate and lower the reac
tivity of bound nucleophiles. 

Concluding Remark. The remarkable activation of hydro
phobic, anionic nucleophiles described in this study is attrib
uted to the adsorption of these nucleophiles onto TMAC ag
gregates. Two major factors which contribute to the rate en
hancement are the increase in the anionic species of the nu
cleophile and the enhanced reactivity of a given anionic nu
cleophile (see Table II). These are made possible by formation 
of the tight ion pair in the hydrophobic microenvironment. The 
tight ion pair is formed by the cooperative action of hydro
phobic and coulombic forces. Therefore, the use of the reaction 
condition which weakens the tightness such as addition of 
nonionic surfactants and the increase in the ionic strength will 
supress the reactivity. It is important that the rate enhancement 
was attained in the presence of hydrophobic aggregates other 
than the conventional globular micelle. As we disscussed 
previously,4,11 the enhanced reactivity of anionic nucleophiles 
in the presence of cationic micelles is explained by the for
mation of hydrophobic ion pairs, and the peculiar structural 
characteristics of globular micelles are not required. This 
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proposition was amply supported by the present study. TMAC 
forms aggregates in aqueous systems with characteristics much 
different from those of the conventional cationic micelle. And 
yet TMAC aggregates are much more efficient than the lat
ter. 

All the imidazole compounds act as true catalysts for the 
hydrolysis of PNPA in the present system. Therefore, both of 
the acylation and deacylation processes are accelerated by the 
TMAC aggregate. The turnover rate of the LImAm (3)-
TMAC system is thus much larger than that of a-chymo-
trypsin under comparable conditions. We will be able to de
velop many other catalytic systems by combinations of anionic 
nucleophiles with appropriate hydrophobic aggregates. 

Acknowledgment. The authors are grateful to Dr. T. Matsuo 
of this department for the use of the surface tension appara
tus. 

References and Notes 

(1) Nucleophilic Ion Pairs. 4. Part 3: S. Shinkai and T. Kunitake, Bull. Chem. 
Soc. Jpn., 49, 3219-3223 (1976). 

(2) J. H. Fendler and E. J. Fendler, "Catalysis in Micellar and Macromolecular 
Systems", Academic Press, New York, N.Y., 1975. 

A Stereochemical Investigation of the Formation 
and Cyclization of Allenic Phosphonic Acids. 
Preparation of 4-Substituted l,2-Oxaphosphol-3-enes 

Roger S. Macomber 

Contribution from the Department of Chemistry, University of Cincinnati, 
Cincinnati, Ohio 45221. Received October 13, 1976 

Abstract: Allenic phosphonic acid 4a, previously found to be inert toward proton-catalyzed cyclization, reacted with bromine 
(chloroform) and mercuric acetate (acetic acid, chloride ion) to form the 4-bromo (7a-Br) and 4-chloromercuri (7a-HgCl) 
derivatives of 2-hydroxy-3,5-di-rer;-butyl-l,2-oxaphosphol-3-ene 2-oxide in good yield. The reaction of optically pure (R)-
(+)-2,2,6,6-tetramethyl-4-heptyn-3-ol (la) with phosphorus trichloride gave, after hydrolysis, 102 ± 2% optically pure R-
(-)-4a, indicating that the propargyl phosphite -» allenic phosphonate rearrangement occurs via a concerted [3,2] sigmatropic 
shift with complete stereospecificity. Reaction of optically pure R-(—)-4a with mercuric acetate-chloride ion led to R-(+)-
7a-HgCl of 86 ± 2% optical purity, while reaction with bromine gave /?-(+)-7a-Br of >41 ± 2% optical purity. Thus, electro-
phile-promoted cyclizations proceed by moderately to highly stereospecific trans addition. The 1H NMR spectrum of 7a-HgCl 
exhibits five-bond Hg-H coupling and apparent restricted rotation of the upfield tert-bu\y\ group. 

For several years we have been investigating those factors 
which control the formation of phosphorus-containing products 
in the reaction of propargyl alcohols with phosphorus trihal-
ides.2-5 Most recently5 we described how a series of propargyl 
alcohols could be made to undergo the transformations shown 
below. 

The formation of dichlorophosphite (2) was found to be 
immediate at room temperature in all cases studied. The suc
cess of the rearrangement leading to 3 was critically dependent 
on efficient removal (not neutralization) of the HCl liberated 
in the first step. The half-life of this rearrangement ranged 
from ca. 20 min (24 0C) when R 1 = H and R2 + R3 = (CH2)4 

to ca. 3 h (60 0C) when R1 = R2 = R3 = H. The facility of the 
acid-catalyzed cyclization was highly dependent on R2 and R3 

(and to a lesser extent on R1). When R2 and R3 were both 
alkyl, cyclization proceeded readily at 60 0 C in 2 M acid. 
However, if either R2 or R3 were H, the cyclization was com
pletely suppressed, even at >90 0 C in 35% perchloric acid. This 

(3) I. Tabushi, Y. Kuroda, and S. Kita, Tetrahedron Lett., 643-646 (1974); I. 
Tabushi and Y. Kuroda, ibid., 3613-3616 (1974). 

(4) T. Kunitake, Y. Okahata, and T. Sakamoto, J. Am. Chem. Soc, 98, 
7799-7806(1976). 

(5) A. K. Yatsimirski, K. Martinek, and I. V. Berezin, Tetrahedron, 27, 
2855-2868(1971). 

(6) W. Tagaki, T. Amada, Y. Yamashita, and Y. Yano, J. Chem. Soc, Chem. 
Commun., 1131-1132(1972). 

(7) W. Tagaki, M. Chigira, T. Amada, and Y. Yano, J. Chem. Soc, Chem. 
Commun., 219-220(1972). 

(8) P. Heitman, R. Husung-Bublitz, and H. J. Zunft, Tetrahedron, 30, 4137-4140 
(1974). 

(9) K. Martinek, A. P. Osipov, A. K. Yatsimirski, V. A. Dadari, and I. V. Berezin, 
Tetrahedron Lett., 1279-1282 (1975); K. Martinek, A. P. Osipov, A. K. 
Yatsimirski, and I. V. Berezin, Tetrahedron, 31, 709-718 (1975). 

(10) R. A. Moss, R. C. Nahas, S. Ramaswami, and W. J. Sanders, Tetrahedron 
Lett., 3379-3382(1975). 

(11) T. Kunitake, S. Shinkai, and Y. Okahata, Bull. Chem. Soc. Jpn., 49, 540-545 
(1976). 

(12) S. Shinkai and T. Kunitake, Chem. Lett., 109-112(1976). 
(13) A similar notion was presented: C. Lapinte and P. Viout, Tetrahedron Lett., 

2401-2404(1974). 
(14) H. Wegner and R. Weidenhagen, Ber., 70, 7309 (1937). 
(15) T. Kunitake and S. Horie, Bull. Chem. Soc Jpn., 48, 1304-1309 (1975). 
(16) T. Kunitake, Y. Okahata, and T. Tahara, Bioorg. Chem., 5, 155-167 

(1976). 
(17) E. J. Fendler and J. H. Fendler, Adv. Phys. Org. Chem., 8, 271 (1970). 
(18) I. M. Klotz, G. P. Royer, and A. R. Sloniewsky, Biochemistry, 8,4752-4756 

(1969). 
(19) M. C. Corrin and W. D. Hawkins, J. Am. Chem. Soc, 69, 679-683 

(1947). 
(20) Chapter 2 of ref 2. 

R 1 - C 
PCl; 

-C-R3 — ^ R 1 - ( W ) - O - R a 
-HCl 

OH 
Cl2P' 

/ 

Ru ,R2 RK /R2 

. )c=c=c( ^ )c'=c=c^ 
O = P C l 2 R3 O=P(OH) 2 K3 

E H 

a, R1 — R2 — C(CHa)3; R3 = H H0/ N<? x 

Journal of the American Chemical Society / 99:9 / April 27, 1977 


