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Abstract-The rcactionc of 2.4.dinitrofloorobenrenc with phcnoxidc and rhiophcnoxidc ion in waler arc strongly 
catalyzed by miceUcs of cetyltrimethylammonium bromide (CTABr) by factors of 230 and 1100 respectivdy. 
Nor&&c mice&s of Brij weakly catalyze the reaction with ~~henoxi& ion. Spectral rn~su~rn~ts show that 
phcnoxkk. and especially rhiophenoxidc. ions interact strongly with micclks of CTABr which also martcdly change 
the acid disso&ion of phcad under given b&r conditions. 

2,44initrofluorobcnzenc is an important reagent for the 
modification of amino acid residues, and the present work 
is an extension of earlier studies of miccllar effects upon 
the displacement of fluoride ion by oxygen and nitrogen 
nuckophiks.‘3 Aromatic compounds, especially those 
having electron releasing substituents, interact strongly 
with cationic micelks of te~ky~~~~ ions,lr’ and 
cationic micelles arc good catalysts for anionic nuc- 
kophilic attack. We therefore expected micelles of the 
cationic surfactant (detergent), cctyl~~~yl~~nium 
bromide (CFABr), to be effective catalysts for (he 
reactions of 2,4dinitrofluorobentenc (DNF) with phcnox- 
idc or thiophenoxide ions. For discussion of micelhu 
cataiysis and inh~iti~ see Refs. 6-10. N~leoph~ic 
attack by thiolate ions upon halonitrobcnzcnes in the 
absence of micelles has been extensively studied.” 
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Reactions of n-alkyl thiols with p-nitrophenyl acetate 
arc strongly catalyzed by cationic micelks, and the 
catalysis increases sharply with increasing length of the 
n-alkyl group, but in this system it is difficult to separate 
the micellar et&% upon the thiol ionization and attack of 
the thiolate ion upon the cs1cr.” In another very 
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Th-z PK. of phenol in water a1 2Y is Ppprox. IO.” 

interesting study Heitman has shown that functional 
micclles derived from cystcine are effective dcacylating 
agents.” 

M~rctia/s. Thiophenol (Eastman) was vacuum disMed before 
UK an4 wss stored under N,. Brij 58 fpolyoxye~hyltnc 20 cctyl 
ether. Lor &O-l MO. Sigma) was used without further puri5cation. 
The purification of the other surfactantr has been described. 
Deoxy~enalcd rcdislilkd water was used in all the experiments. 

Kinnicr All the reactions were followed at 25+U’ using a Gary 
14 spcctrophotomcrer for reactions with phcnoxidc ion and a 
Durrum slopped ilow spcclrophotome~a for reactions with 
th&henoxide ion. The reaction with thiophenoxidc ion was 
followed aI 330 nm. in IO-* M borate buffer. pH 9.27. Thiophenol 
is fully ionized af this PH.” The concentration of DNF was 
I,2%5 x IO ‘M and thst of thiophcnol was 2.5-S x IO ‘M. The 
quoted rare constants are the mean of between 2 and 6 values. and 
these values were usually within 4% of the mean and atways 
within 10%. For tbc reactions with phenoxidc ion the conccntra- 
tion of phenol was 167-6~67 x IO-’ M. and that of DNF was ce 
IO” M. These reacGons were foUowcd in IO-’ M tite b&r, pH 
IO. Mosr txpcrimcnts were CM out using catioaic mkclk3 of 
CTABr. In the absence of phcnoxidc or thiihenoxide ioa the 
nrcrioa of DNF was nhtivdy slow at pH 10. ‘% possibility thal 
rhioph-moxick ion might reduce the niwt goups of DNF in 
CTABr was excluded by showing that no nitmanihnc was formed. 
because the spcctn of the reaction products did DO( change wbcn 
the solurions were made strongly acidic. 

fo~~al~~ of phed in cTA&. Phcnd was not fugy ionized 
under the reaction conditions employed.’ ‘ibe surfactanr could 
change the acid d&&lions of bolh boric acid and phenol. and in 
estimating the micelIar catalysis it was ncccssaq 10 lake these 
changes into account. ‘II& ‘IYB~ done by mcasuriag the q~l~rn 
between phenol and phatoxide ioa spcctrophotomctricaily in the 
prcuncc and absence of CTABr using borate b&r. pH IO bcforc 
addition of CTABr CTABr has lit& &ccl upon the pH of 
IO-‘M bmte b&r, Mb was onIy sli&ly decreased by the 
addition of I.5 x 10 * M CTABr, cf Ref. 5.) In order lo calculare 
the rclatit amounts of phenol and phenoxidc icm in sdolulioas of 
CTABr and barte buffer we first measured the absMunccs of 
pM rad phcnoxidt ion in 4ucous CTABr, and used the 
extinctim cocKcicnts of ah s@cs in aqueous CTABr. 
Because of the rapid reaction of DNF witi hydroxide’ ion in 
aqueous CXABr it vu imprvticabk to use a pH high enough to 
ensure compkte ionization of phcad.’ 
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Spccrm of diopknoxide ion in CTABr. The UV spectra of 
~hbpheaoxide ia the presence of CT’ABr were measured in a Gary 
14 spazrophotomcta PI pH 9.27. 

lX&rcncr specrm Buzause Ihe kioetic data rugOcrted Ihat Ihere 
was an inleraction between Ph.T-’ and DNF in the presence of 
miccllc~ of CTABr we examined Ihr difference spectrum of.PhS” 
and mdinitmbenzene in the presence of CTABr in rhc regko 
27&295nm using a Gary I4 spcctmpbotom~a. (At bwa 
wavekaptbs the &s&axe3 were loo high for diderence spectrp 
IO be obtimd.) Speclra l-3 were maured in independent 
experimea~s with &c matched cells being emptied. CM and 
r&Bed for each experiment. Spectn 3 were recc&d in duplicafc 
and the dinerences showed the errors in Ihe actual spectral 
determination. These difference speclra (Fig. 1) tuggesl IhaI 
there was an inleracIion between Ihiophenoxide and m- 
dinitrobmzeac ia micelks of CTABr. 

Anm 

Fii. I. D&rence spectra of 6.7 x IO-’ hi mdiaitroknttae and 
6.7xlO’MIhiopbroxidcioaiachtpnrnccd0.33M~hBr 

and 0.017 M borptc LnJlTer. 

Reaction with thiophnoxidc ion Micellar effects upon 
the reaction of thiophenoxide ion with DNF are relatively 
simpk, except that the rate enhancement by micelks of 
CTABr is unusually large for an organic bimolecular 
reaction in water. and the second order rate constant, L,. 
increases to a plateau value and there is no rate maximum 
(Fii. 2). whereas most miccllar catalyzed bimolecular 
rcactbns show well defined rate maxim~‘“.‘~.‘* In water 
the second order rate constanl. kI = 2601. mol-’ set“.’ 
and in the plateau region with flABr it is 2.8~ lo’ 1. 
mol-’ see-’ for 5 x KY M DNF, so that the rate is 
increased by a factor of 1100. 

Nonionic micclles of Brij 58 speed the reaction but the 
effect is relatively small (Tabk I). The simple electrostatic 
explanation of micellar catalysis predicts no kinetic et?cct 
upon this reaction by nonionic m&elks. as is generally 
observed. However there are other cases where the 
simple explanation fails and reaction rate changes?‘.“” 
pmbabty because the relatively hydrophobic reagents, 
DNF and Wphcnoxide ion are brought togcthcr in 
nonionic n&elks of Brij. Howcvar ti relation between 

The rate constant for mctioi, In the absence 61 Kcelksis the 
mean of 6 runs wilh co&nt&ms Mg f&n 0.2ti.5hdA 
PhSe and O~Ol?u)~O5 mM DNP. 

n l 
0 l 

Fii. 2. Reacrbn of Ihkpheaoxide ion with 2.4. 
dinitrdluorobenzene io the presence of CTABr II 25e. 

ra(c constant and the concentration does not show (he 
sigmoidal form which is characteristic of micellar 
catalysis, and the surfactant itself could cause a kinetic 
solvent effect. 

E&r of CTABr on the ionizdon of phenol. In order to 
allow the calculation of the extent of ionization of phenol 
in the presence of (JTABr under our kinetic conditions we 
examined the UV spectra of phenol and phenoxide ion in 
aqueous CTABr. and aqueous CTABr and nominal pH IO 
bufler. The ionization of phenol is increased with the 
addition of up to 5 x IO’ ‘M CTABr (Tabk 2), in 
agreement with other observations of micellar effects 
upon the ionization of uncharged acids.‘.” 

Reaction with phctwxidc ion The reaction between 
DNF and phenol in horate bufter, pH IO. is effectively 
catalyzed by micelles of CTABr (Fii. 3). The open 
symbols represent the apparent second order rate 
constants calculated by dividing the first order rate 
constants, k., by the stoichiomctric concentration of 
phenol, and the closed represent the rate constants 
calculated in terms of the concentration of phenoxide ion 
in the solution determined spcctrophotomctrically. Table 
2 shows the effect of CTABr upon the equilibrium 
between phenol and phcnoxide ion, although it should be 
noted that this experiment does not differentiate between 
solutes in the aqueous and micellar phases. The maximum 
second order rate constant is at 4 x IO-’ M CTABr, and is 

Tabk I. ELlecr of Brij 58 upon rhe 
reaction of DNF and Ihiophenox. 

ide ion’ 

IO’CR M k,. I. mol-’ YC ’ 

260 
0.06 386 
0.80 1320 
3.34 3!W 

I59 9uo 

'At 25V. pH 9.27. IO ‘M 
baa~e b&r and 5xlO”M 
PhS : 2.5 x IO ’ M DNF unlev 
tpocihed. 

‘5 x IO” M DNF 
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T&k 2. Elkct d CTABr on the ioaizalioD phcnoxide ion equilibrium. and these surfactants were not 
dphmd studied further. 

IV Cc-ur. M Cp&(C,c - G9cBJ 

048 
IQ 049 
2.0 o.s5 
2.0 0.57 
30 0.63 
4Q 066 
5.0 0.70 
6.0 0.71 
7.0 0.71 
7.0 0.74' 
8.0 em' 
9.0 0.74 
9.0 &72' 
50.0 0.74 

‘Al 25Q under kiwlic coditis with 
6.67 x IO-’ M phenol unless specified. 
'3.33 x 10 l M phenol. 

hdf? ,5_ -A- ~-&---&-+r-+ 
CIU. ” 

Fig. 3. Racrbn of phenoridc tin with !.4diniWofluordm7~ in 

rk prcscncc of CTABr. Solid symbolr represcn1 ah~evof k, 
corrected for rk ionization of phenol O*. 1.67~ IO ‘: r]l. 

1581. mol-’ set ’ based on the phenoxide concentration, 
whereas it is 107 I. mol-’ Kc-’ based on the total 
concentration. The difference between these two sets of 
data SlKnvS the importance of aliowing for tbc effect of 
micelks upon acid-base, or other, equilii involving 
reactants. 

‘IIK second order rate constant for reaction in water in 
the absence of micelks is 068 1. mol-’ se-c-’ calculated in 
terms of actual phcnoxide ion concentration,’ so that the 
reaction rate is increased by a factor of 23@foM by 
CTABr, allowing for the effect of CT’ABr on the 
dissociations of phenol. CT)le maximum rate enhancement 
based on stoichiomctric phenol concentration is 315.) The 
rate profIle shows the maximum which is so ty-pical of 
bimokcular micelIar catalyzed reactions. 

Only qualitative experiments were done using anirmic 
micelks of sodium lauryl suIfate aad nonionic micelkr of 
Brij. As expected anionic miceUes retarded the rerctioa 
and nonionic n&elks slightly catalyzed it. however no 
account was taken of any effects upon the phenol- 

l nK~~ordernlccon~~nlcakuhIadfra~rt~hiomc~- 
ric coacmtnIion of phenol is 0.33 I. md ’ erc-‘. W QI 
cxpcrimcn~r with 6.67 x IO -’ DNF and 13.3 x KI-’ M phmol. 

Micrllm #cts upon the W spectra of thiophmoxidt 

ondphenoxide ions. Additioo of a small amount of CTABr 
does not markedly change the spectrum of thiophcnoxide 
ion, but then is a marked change when the surfactant 
concentration is large enough for thiophenoxide ion to be 
taken up wholly by the micelk. The complete spectra are 
shown in Fig. 4, for l-25 x IO-’ M thiophenoxide ion in 

Fii. 4. EI?CC~ of CTABr io the UV spectra d 0.125mM 
thiopheaoxidt ka. I. in the &acuce of CTABr; 2. with 0.75 mM 

CTABr; 3. with 3 mM CTABr. 

water and with up to 3 x IO-‘M mABr. and the 
extinctbn coefficients at A, for free and micellar bound 
CTABr are show-n in Table 3. The results in Table 3 show 
that only relatively small amOunts of CTABr are needed 
to take up the thiophenoxide ion, and this is confirmed by 
measurements of the areas under the peaks for mixtures 

Tabk 3. UV spcctn of lhiophtaoxide ion in tbc prcwnce of 
CTABr’ 

263 12.600 I2.600 8,750 
0.75 264 9.250 9.230 6.450 
I.50 271 7.570 7.am 7$00 
tal 272 7.670 6.740 7.600 
3.00 274 8.3m 6.4rn 8.3m 

‘With I-25x IO ‘M PhS”, A in nm 

of CTABr and thiophcnoxide ion (Fig. 5). These areas 
were estimated in two ways using plots of absorbance 
against frequency. In the tirst. we measured the area from 
Y.., to the bwat frequency, 31.300 ran-’ (320 nm) and in 
the second from 43,500 cm .’ (230 nm) to the peak. These 
two afuas, and t&ir sum (io arbitraryunits) are plotted 
rgjrattbeconccn tratiensof CrA& in Fig. 5. Despite tbe 
arbitrary cstindm of peak areas the results qualitatively 
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Fig. ?. Et7cct of CTABr upon the peak areas (in arbitrary units) of 
the LV spectraof lhiqhenotidc iont;Z from (I.... ro43..?tMcm ‘: 

.i v,. ro3l.U)Ocm ‘:*roLalarea. 

show the marked effect of CTABr upon the spectra of the 
thiophenoxide ion, and the approximate constancy of 
these areas for CTABr concentrations greater than 
I.5 x IO-‘.U contirms that at higher concentrations 
thiophe~xide is incorporated wholly into the micclles, 
and that it interacts strongly with the ionic head groups. 

Additional evidence on the strong interaction between 
thiophenoxide ion and CTABr comes from the decrease 
of the critical micelle concen~t~n (cmc) of CTABr in 
addition of thiophenoxide ion. T-he cmc of CTABr is 
9 X IO” M.‘* but addition of 4 X IO-’ M thiophenoxide ion 
at pH 10 (10 ? .U borate buffer) decreases it too+3 x IO-” M 
at 25”. and at pH 9.1 at Jo” the cmc is decreased to 
I X 10 ‘ M. (~iceliization was followed s~ct~ph~omet- 
ricaily by the change in the absorbance of thiophenoxide 
ion at 275 nm.) 

The effects of CTABr upon the UV spectra of both 
phenol and phenoxide ion are much kss marked than 
those found for thiophenoxide ion. There are bathoc- 
hromic shifts (Fig. 6). which are as expected much larger 
for phenoxide ion than for phenol because of its stronger 
interactions with the cationic micelle, but the effects on 
the absorbances are much less marked than for 
thiophenoxide ion. However both A- and eIu of phenol 
and phenoxide are changed by incorporation into micelles 
of CTABr. ‘The difference between phenoxide and 
thiophenoxide is understandable because hydrogen bonds 
to sulfur are much weaker than to oxygen so that 

Fig. 6. Effect of CTABr upon A,. KD) and e_, KX) of phenol 
(open pointsland phcnoxidc ion (solid points). 

thiophenoxide ion should interact much more strongly 
than phenoxide ion with a cationic micellc. 

Rekaficv me enhancements by CTABr. In genera) it is 
diftkult to measure the second order rate constant for that 
part of a bimolecular reaction which occurs on the 
micellar surface, because although it is usually easy to 
ensure that all of a nonionic organic substrate is taken up 
by the micelles it is much more ditficult to estimate the 
extent of p~ition~g of hydrophitic ionic reagents 
between water and the micellar pseudophase.’ The 
relative rate enhancements by micellized CTABr which 
are given in Table 4 for the reactions of DNF with various 
ionic nuclcophiks are calculated from the rate maxima at 
the optimum surfactant concentration. As is generally 
found the mice&u catalysis increases markedly and the 
concentration. CP-. of surfactant for maximum rate 
enhancement decreases with increasing hydrophobicity of 
the ionic nucleophile.‘” These differences couM arise in 
two ways. Micellar incorporation will be greater for the 
more hydrophobic nucleophiles, thiophenoxide and 
phenoxide ion, and at the same time these hydrophobic 
ions should be drawn more deeply into the Stem layer at 
the micclle-water interface which is the site of reaction. 
Aromatic compounds. especially those having electron 
releasing substituents interact very strongly with cationic 
micelks. 

Table 4. fael)sis by RAF% of 
nuckophilic arrxk upon 2.4. 

dinitrofluorubcnrene’ 

Kuckophik ,tl k 

Ofi %I* 
H:NCH:CO: 30’ 
PhNH, 8’ 
PhO 230 
PhS t1ar 

‘Al ?5V and relative 10 
reaction in water. 

*ref. 2. 

Reucfion with thiophenoxide ion Micellar catalyzed 
bimolecular reactions generally exhibit rate maxima with 
increasing surfactant concentration. These maxima have 
been ascribed to negative salt effects by the counterion of 
the ionic sutfactant,’ or to a ~tioning of ionic reagents 
between water and micelle,’ and this second “dilution” 
explanation has been applied quantitatively to acetal 
hydrolysis catalyzed by sodium lauryl sulfate.‘* 

The reaction of DNF and thiophenoxide in aqueous 
CT’ABr is an exception to the norm. In applying the 
“dilution” treatment to the rate maxima it was assumed 
that one reagent did not affect the incorporation of the 
other into the micelle. The observation of a plateau in the 
reaction of thiophenoxide (Fig. 2) suggests that here one 
reagent does affect the interaction of the other with 
micelle, although this is apparently not the case with 
phenoxide ion (Fig. 3). If thiophenoxide ion and DNF 
form a complex in the micelle the rate constant-surfactant 
profile could be a plateau, as is found for unimolec~ 
reactions catalyzed by micelles.” Alternatively we could 
assume that one reagent changes the micellar structure so 
that the restructured micelle more readily incorporates 
the other reagent. The very strong interactions between 
micelles of CTABr and thiophenoxide ion make thi\ 
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second hypothesis an attractive one, and it is supported Ross. Rogr. Phy~. Chg. Ch. 1.31 (lW3); J. Milkr. Ammarir 

by observation of a difference spectrum involving Nurleophilir Srbsrirufion, Elscvkr. New York (1968). 

mdinitrobenzenc and thiophcnoxide ion in the presence “W. Tag&i. T. Amada. J. Yamashita and J. Yaw, C&L Comm. 
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