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Herein are described the synthesis and kinetic parameters derived from a series of ten dipolar quaternary ammo-
nium bromides of formula (n-CigH2:NRoR’)* Br~ in which R equals methyl (I, II, IV-IX) or ethyl (III}) and R’
equals 3,y-dihydroxypropyl (V), a-carboxy-y-hydroxypropyl (VI), ethyl (VII), carboxymethyl (VIII), 3-methoxy-
ethyl (Ib), and a-substituted y-butyrolactone (IX), and the influence of the foregoing micellar systems on the rates
of the base-catalyzed hydrolyses of the following substituted phenyl esters (u = 0.8 M, KBr): 4-nitrophenyl acetate
(PNPA), 4-nitrophenyl hexanoate (PNPH), 4-nitrophenyl decanoate (PNPD), 24-dinitrophenyl acetate
(OPDNPA), 2,4-dinitrophenyl decanoate (OPDNPD), 2,4-dinitropheny! esters of n-decyldimethyi(4’-carboxybut-
yl)ammonium bromide (OPDNPDE), phenyl decanoate (PD), 3-nitrophenyl decanoate (MNPD), 4-bromophenyl
decanoate (PBPN), and 2,5-dinitrophenyl decanoate (OMDNPD), at 30 °C. Also included here is a comparative
study of the reaction kinetics of the foregoing esters with nonmicellar catalysts of formula [(CH3)3NR]* Br~ where
R equals 8-hydroxyethyl (Ia) and y-hydroxypropyl (I1a) and [(C2H;s):CH3;NCH>CH,0H]* Br~ (IIla). Two parame-
ters for micelle formation from the surfactants I-V are presented: (1) the critical micelle concentrations (cmc),
mainly from surface tension measurements; (2) the equilibrium constant of ester association into the micelle. The
rates for alkaline hydrolyses were deduced from spectrophotometric measurements of the substituted phenol liber-
ated in the course of the reaction, in the range of 295 and 450 nm. The second-order rate constants (s~! M~1) at 1-20
X 10~2 M and at pH 9.5-10.7 were computed from straight-line correlations with OH~ concentrations. All reactions
in micellar systems exhibit considerable rate augmentation relative to the rate in water systems and the depen-
dence of the rate constants with the micelle concentration. The respective 8 values of 0.36 and 0.31 obtained from
the Brgnsted plot for the hydrolysis of para- and meta-substituted phenyl esters in presence of micelles I and Ib
indicate that the transition states in the catalytic reactions are highly sensitive to charge developments. Isotope ef-
fects (K u,0/Kp,0) of 0.81, 0.59, and 0.76 were found for I, II, and VII, respectively. Evidence is adduced in favor of
a nucleophilic mechanism involving an anionic transition state, which extrudes good leaving groups to give the
products. The mechanistic pathway is discussed. The micellar models described here exhibit similarity to catalysis
by relevant esterases with respect to the kinetic characteristics and mechanism.
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The importance of the serine hydroxyl group! and the OR’ OR’
carboxy residue? in enzymatic catalysis led to studies of sys-
tems containing these functional groups as models for en- HC—CHy—OR’ (CH,)., CH,
zyme-substrate intracomplex reaction.? Factors which might |
contribute to the catalytic efficiency of enzymes, such as (CHy), CHOOOH CH,
proximity,? electrostatic catalysis,® and multifunctional ca- I ]
talysis,® were studied in the model compounds. CH,—N"*—CH, CH,—N"—CH, CH,—N"—CH,
The similarities between the orientation of the side chain 1 | |
of proteins and the micellar structure’ ! focused interest on R R R
use of micellar systems as models for enzymatic catalysis. \% VI VII
Surfactant micelles containing groups such as imidazole,!2
amine,!? thiol,’4 and hydroxamic!® were found to catalyze the CH,—O
hydrolysis of esters. COOH CH/ \C=0
2
Accounts of enhanced micellar catalysis upon introduction ' NN /
of hydroxy groups to surfactant molecules have been recently CH, Br- CH Br-
reported.!8:17 To account for the role of the hydroxy group in I + | +
the acceleration of the alkaline hydrolyses of esters, a kinetic CH;—N —CHj, CH,—N"—CH,
study of the reaction in the presence of hydroxyammonium I I
salt micelle-forming agents of structures I-VI was undertaken. R R
We employed Ia, Ib, IIa, VII, and VIII as reference com- VI X
pounds. The structural variations in these cationic micelles ILLn=1;R=C,,H,;R =HIa,n=1,R=CH,;R'=HIb,
n=1;R=C,H,;R =CH,
II,n=2;R=C,,H,;;R=HIla,n=2;R=CH,;R = H
OR’ OR’ OR’ III,n=1;R=C,H,:R =H
| | | Illa,n=1;R=CH,;R' =HIV,R=C,H,;R' =H
CH, CH, CH, V,n=1;R=C,H,;R"=HVI[,n=2,R=C,H,;R'=H
| Br- ' B~ VIL, R = C,,H,, VII, R = C, H,, IX, R = C, H,,
(CHo), (CHy, CHy—C—CH, aimed at providing deeper insight into the ability of micellar
l . l + . systems to serve as models for enzymatic action.
CH~N*—CH, CH,—N'—CJH, CH,—N*—CH,
I | Experimental Section
R R R Surface Active Agents. All compounds were prepared according
I Ia, Ib, II, Ila 111, Mla v to the following general literature procedures!? A or B
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A (CH3):N(CH;).CHj; + Br(CHy),, X

solv

—> CH3(CHj),N*+(CHj3)2(CHg)nX Br~

B CH3(CHy),Br + (CH:)oN(CHy),,X

solv

— CH3(CH)»N*(CHj)9)n X Br~

where X is the head group on the cationic micelle, and the solvents
used were ether, benzene, and methanol. In some cases methods A and
B were carried out under neat conditions and are assigned as methods
A’, B. The preparation of N,N-dimethyl-N-decylamine [n%!D 1.4307,
bp 68 °C (1.4 Torr)] used in method A was according to Clarke et al.?’
All other reagents used were obtained from commercial sources. Ex-
amples of all four procedures follow.

n-Decyldimethyl(2-hydroxyethyl)Jammonium bromide (I) was
synthesized either from 2-bromoethanol with dimethyldecylamine,
or from 2-(dimethylamino)ethanol with freshly distilled decyl bro-
mide, following usual methods.2!2 The reacting materials (0.1 mol
each) were refluxed for 24 h in dry benzene, and the oily crude product
recrystallized from acetone-ethyl acetate solution.

n-Decyldimethyl(2-methoxyethyl)ammonium Bromide (Ib).
Compound I was transformed to Ib by the method of Stoochnof and
Benoitan?!? with some modification. To a solution of 1 (0.05 mol) in
1,4-dioxane, NaH (0.06 mol) was added portionwise, and stirred for
24 h under a nitrogen environment. The solution was cooled to —10
°C and methyl bromide (100 ml) added. The reaction mixture was
stirred for an additional 24 h, and then excess methyl bromide re-
moved by evaporation at room temperature. Methanol was added to
the residue, and the solution acidified (HBr). After solvent removal,
the product (Ib) was extracted with dry acetone, ethyl acetate added,
and the white precipitate collected after cooling.

Formation of VI from IX. The lactone (7.48 g, 0.02 mol) was dis-
solved in 100 ml of KOH ¢0.03 M) and left at room temperature for
5 days. Titration of a sample with HCI to phenolphthalein showed full
hydrolysis of the lactone. It was then neutralized and used for the
kinetic runs after adjusting the ionic strength.

Substituted Phenyl Esters. The mono- and dinitrophenyl esters
were synthesized according to known methods as follows: p-nitro-
phenyl acetate (PNPA) (mp 79 °C) and 2,4-dinitrophenyl acetate
(OPDNPA) (mp 71.5 °C) from the appropriate phenols and acetic
anhydride, by the general method of Bender and Nakamura;?? p-
nitrophenyl hexanoate (PNPH) [bp 118 °C (0.5 Torr)], p-nitrophenyl
decanoate (PNPD) (mp 35 °C), and 2,4-dinitrophenyl decanoate
(OPDNPD) (mp 30 °C) from the respective acid chlorides and the
appropriate phenols;2* 2,5-dinitrophenyl decanoate (OMDNPD) (mp
36 °C), m-nitrophenyl decanoate (MNPD) (mp 36 °C), p-bromo-
phenyl decanoate (PBPD) [bp 154 °C (0.1 Torr)], and pheny! deca-
noate (PD) [bp 125-132 °C (1-2 Torr)] using DCC as dehydrating
agent.??

All the esters were checked by spectroscopic methods as well as by
elemental analysis.

The micellar ester CH3(0H2)9N+(CHg)Q(CHQ)gCOOPh(NOg)_}-
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(Br~) (OPDNPDE™) was prepared according to Bodansky and du
Vigneaud.2® Dicyclohexylcarbodiimide (0.05 mol) was dissolved in
hot acetone together with equimolar quantities of 2,4-dinitrophenol
and n-decycldimethyl(4-carboxybutyl)ammonium bromide. The
crude OPDNPDE* was recrystallized from acetone—ether, bp 125-132
°C (1-2 Torr). Anal. Caled for C2eH37N3OgBr: C, 50.87; H, 7.13; Br,
15.41. Found: C, 50.45; H, 7.56; Br, 15.43.

Determination of Critical Micelle Concentration (cme). De-
termination of cmc values of the micelle forming agents I-V was made
by two methods: A, measurements of surface tension; B, measure-
ments of refractive index. An attempt to measure the cmc of the above
compounds by the determination of the specific volume was not su-
ceessful.

Method A. Ten solutions of detergent were prepared in the range
of 1 X 1073 to 2 X 1071 M and ionic strength of 0.8 ».. The solution was
thermostated at 30 °C and the surface tension measured by a Fisher
Surface Tentiomat apparatus, Model 21.

Method B. The refractive index of the solution prepared above was
measured by a Zeiss refractive index apparatus. The temperature of
30 °C was attained by circulation of thermostated water through the
lens block. A plot of surface tension or refractive index against the
concentration of the micelle-forming compound showed a break in
the curve at the cmec.

Kinetic Measurements. Rates of liberation of the phenol, p-ni-
trophenol, m-nitrophenol, p-bromophenol, 2,4-dinitrophencl, and
2,5-dinitrophenol were measured spectrophotometrically at 295, 350,
400, 310, 325, and 450 nm, respectively. A Unicam SP800 recording
spectrophotometer with scale expansion and constant wavelength unit
was used. The temperature of 30 °C in the cell block was attained by
circulation of water from an external thermostated bath. The reaction
was initiated by addition of 20 ul of ester (7.5 X 107% M) dissolved in
acetonitrile to a thermally equilibrated solution in a stoppered 10-mm
silica cell containing 3 ml of KsCO3/KHCOj; buffer (0.035 M) and the
appropriate micelle in KBr (0.8 M).18d The concentration of esters
in solution was 5 X 1075, The absorbance of the solution during the
kinetic run was monitored by a coupled recorder connected to the
instrument. The pH of the solutions was measured before and after
each run on a Radiometer pH-meter-26 with combined glass electrode
type GK 2322C at 30 °C. The first-order rate constants were calcu-
lated either by means of a linear least-squares method with a CDC
computer or by a regression least-squares program 18b with an Oli-
vetti Program 101. Rates were measured at a series of micelle-forming
agent concentrations 1-20 X 1072 M and at a series of pH values be-
tween 9.5 and 10.7 and exhibit linear dependence with hydroxide ion
concentration, The second-order rates were obtained from the slope
of the plot of khsd vs. OH™ concentration.

Results

The first-order rate constants for all the esters discussed
are linearly dependent on the hydroxide ion concentration.
In Table II we have summarized the rate constants of the
short-chain esters of various micellar systems (I-V) in a mi-
celle concentration range of 0-0.2 M, at three cmc values. A

Table I. Analytical Data of Compounds I-IX

Anal., %
C H N Br
Registry . Crystd
no. Compd Method Formula Caled Found Caled Found Caled Found Caled Found from® Mp, °C

39995-55-6 I A, B,B Ci3H3oNOBr 54.19 54.20 10.32 10.30 4.51 4,50 25.78 2568 F,C 152

1927-06-6 Ia A’ CsH 4 NOBr 32.61 32.55 761 7.80 1761 747 4349 4356 D 305 dec
61063-28-3 Ib See text C;sH3yNOBr 55.55 5543 10.49 10.40 4.37 439 2469 2501 F 112
61063-29-4 II B,B’ CsH33sNOBr 55.556 55.61 1049 10.46 4.37 447 2469 2475 F 70
61063-30-7 IIa A/ CsH1sINOBr 36.36 36.28 8.08 821 7.07 6.92 40.40 4052 E 174-175
60535-37-7 111 B CieH3gNOBr 56.80 56.70 10.50 10.50 4.14 4.20 23.67 2380 F 77
61063-31-8 v B’ CieH3sNOBr 56.80 56.63 10.65 10.42 4.14 4.25 2367 2342 F 160
61063-32-9 \' B CisH34 NOoBr 52.94 53.16 10.0 9.84 4.12 432 23.53 23.38 Wax
39995-56-7 VII A Ci4H3:NBr 57.14 56.80 10.88 11.23 4.76 4.84 26,13 2631 D 151
39995-54-5 VIII A22 C14sH3oNOBr 51.85 51.82 9.26 897 4.32 4.19 2471 2469 D 153
61063-33-0 IX A Ci6H32:NOsBr 54.86 54.66 9.14 9.19 4.00 4,04 22,86 23.15 F 79-80

« C, acetone; D, methanol-ether; E, methanol; F, acetone-ethyl acetate.
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Table II. Second-Order Rate Constants k' (s—! M~!) of PNPA, PNPH, and OPDNPA Basic Hydrolyses in Various
Concentrations of Micelles I-V at 30 °C, u = 0.8 M (KBr), Buffer 0.035 M K,CO3/KHCO;

Type of micell
Micelle P ceres
Ester concn, M 1 I1 111 Iv \"
0.00 12.0 12.0 12.0 12.0 12.0
0.01 26.3 15.2 30.3 26.4 284
0.02 72.0 19.0 87.5 45.5 48.5
0.06 234.0 34.2 219.0 78.0 93.0
PNPA 0.08 244.0 31.0 260.0 94.0 114.0
0.10 248.0 39.1 304.0 104.0 139.0
0.15 270.0 42.5 350 119.0
0.20 280.0 44.0 399.0 135.0
0.00 7.9 7.9 7.9 7.9 7.9
0.01 18.1 8.3 179 14.2 15.9
0.02 61.8 10.3 106.0 27.5 41.0
0.06 96.0 13.1 121.0 34.0 45.8
PNPH 0.08 100.0 13.5 126.0 36.0 48.0
0.10 103.0 13.5 127.0 35.2 52.5
0.15 108.0 13.7 136.0 40.0
0.20 110.0 14.2 144.0 44.0
00.0 64.9 64.9 64.9 64.9 64.9
0.01 220.0 82.5 327.3 148.4 120.0
OPDNPA 0.02 610.0 111.1 840.0 296.5 264.0
0.06 1632 210.7 2215 821.0 504.0
0.08 1942 226 2520 930 600.0
0.10 2150 230 2820 1020 641.0
0.15 241 3250 1100
0.20 260 3450 12563

nonlinear least-squares program was used to fit the data given
in Table III with eq 1

kou + kmuKs(mH — cme)
1+ K, (mH - cmc)
k' = kopea/[OH]

knbsd = X [OH_] (1)

kmu and koy are the second-order rates of the ester hy-
drolysis in the presence and the absence of the micelle, re-
spectively. K, is the equilibrium constant of ester association
into the micelle divided by the aggregation number and mH
is the monomer concentration of the micelle-forming agent,
in an undissociated form. Two parameters, k, and K, and
cmc were used on fitting data, while the cme was constrained
to the experimental region measured.

The cmc values given in Table III were determined by
surface tension measurements, as well as by refractive index
determinations. The above measurements indicate that all
the cmc values are lower than 0.02 M.18¢

For comparative purposes, we included in this study some
kinetic measurements related to other types of dipolar mi-
celles such as Ib, VI, VII, and VIII. The second-order rate
constants k' (s~! M~!) measured for the long-chain ester
PNPD in the presence of 0.1 M concentration of Ib, VI, VII,
and VIII are 2.88, 4.3, 1.43, and 0.56, respectively (30 °C, u =
0.8 M).

To acquire a quantitative estimate of the kinetic effect of
the catalytic group in micelles I-V, kinetic measurements in
analogous nonmicellar systems la and IIa were performed.
The rate of hydrolysis of PNPA, PNPH, and OPDNPA with
choline bromide (Ia) and homocholine bromide (Ila) is linearly
dependent on hydroxide ion and catalyst concentration in
accordance with eq 2, which is kinetically equivalent with eq
3

kobsd = kan[ROH][OH] (2)

kobsd = RA[RO] (3)
where kapg = kaAK /K.

Table III. Calculated Parameters K, and Second-Order Rate Constants kg (s7! M™!) for Three cmc Values in the
Hydrolysis of Substituted Nitrophenyl Esters Catalyzed by Micelles I-V at 30 °C, u = 0.8 (KBr), Buffer 0.035 M K,CO3/

KHCO;
I, 111, IV, vV,
Kinetic 1-2 X 10—2¢ 0.5-1 X 10-2¢ 0.5-1 X 10-2¢ 0.5-1 X 10—2a 2-2 X 10~2¢
Esters cme X 108 RmH K, RmH K, RmH K, kmH K, kmH K,
PNPA 5 54.3 18.8 595 10 194 10.2 234 10.3
10 398.2 18.9 52.2 233 565 11.8 178 13.3 196 17.1
15 354 28.6 537 14.2
5 11 42.2 715 59.9 71.3
PNPH 10 113 102.8 156 404 148 94 38.9 153 54.2 161
15 37.9 282 514 384
5 5202 7.5 4772 14.3 1625 16.7 1112 13.3
OPDNPA 10 3889 13.2 355.5 16.9 3809 27.3 1430 24.8 939 21.1
15 312 27.1 800 35.5
PNPD 78 8.3 86 39 50
OPDNPD 505 63 700 405 276
OPDNPDE* 6000 1500 12000 3200

@ Experimental cme, M.
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Table IV. Third-Order Rate Constants kag (s~! M~2) of
PNPA, PNPH, and OPDNPD Hydrolysis Catalyzed by the
Nonmicellar Agents Ia, 1la, and ITIa (0.05-0.5 M), 30 °C,
u = 0.8 (KBr), Buffer 0.0035 M K.CO3/KHCO3*

Ester Ia IIa Illa

PNPA 185 40.8 249
(0.127) (0.102) (0.15)

PNPH 73 27.6 144
(0.05) (0.069) (0.086)

OPDNPD 1450 400 1660

6] (1 (1)

@ The numbers in parentheses are the relative rates compared
to OPDNPA.

The third-order rate constants k sy were derived from the
plots of the second-order rate constants k' = kpsa/OH against
concentrations of [Ia], [IIa], and [IIIa], and are assembled in
Table IV.

Catalysts Ia, [1a, and IIIa exhibit similar catalytic effects
on esters examined, but I1la is shown to be a better catalyst
than Ia and Ila.

The micellar catalysis is manifested from the higher rate
in ester hydrolysis in presence of the catalytic (I) as compared
with that of the noncatalytic (Ib) micelle, amounting to a ratio
of k’(I)/k’(Ib) = 27.1 for PNPD. This catalysis could in prin-
ciple be due to either of the two oxygen forms, the dissociated
(RO-) or the undissociated (ROH) forms of the head
groups.

The rate constants due to these two forms of the head
groups should obey eq 2 and 3, and can be related by the
equation ky, = knuK«/K, where ky, is a first-order rate con-
stant.

To distinguish between these two hydrolytic pathways we
examined the reaction with added nucleophile such as azide
ion and N-decylimidazole which are not subject to general
catalysis for activated esters or amides.28-272 The second-order
rate constants for the nucleophilic catalysis of the azide ion
on PNPD and OPDNPDE" in various dipolar micelles I, Ib,
111, and VII are given in Table V.

The nature of the transition state in catalytic reactions has
been discussed in the literature.2” On the basis of Brgnsted
and Hammett criteria, the nucleophilic catalysis has been
shown to be more sensitive to charge developing in the tran-
sition state (i.e., to 3 and p parameters) than in general ca-
talysis. The changes in p values between the intermolecular
and the intramolecular reactions were also attributed to dif-
ferent transition states.

Catalytic micelles I-V differ in their physical properties
(hydrogen bonding, solvation, etc.) in comparison with the
noncatalytic micelles Ib and VIL In the case the transition-
state structure is affected by physical factors, changes in the
Brgnsted and Hammett plots should follow. To examine this

Table V. Second-Order Rate Constants (s—! M~!) of
Nucleophilic Attack by Azide Ion on Substituted Phenyl
Esters, 30 °C, u = 0.8 (KBr)

Micelles
Ib, VII, I, 111, II,
Ester EX10% kX103 kX103 kX103 kX103
PNPD 21¢ 19.6¢ 24¢ 326 17.4¢
28¢
OPDNPDE+ 2625¢ 1850/ 1940¢

a pH 9.15. ® pH 9.25. < pH 9.93. ¢ pH 9.52. ¢ pH 7.48. / pH 7.00.
Buffer 0.035 M K,CO3/KHCOs.
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pKa of leaving groups

Figure 1. Brgnsted plot for the hydrolysis of substituted phenyl de-
canoate esters in the presence of micelles | (@ — @) and Ib (% — %)
at 30 °C, u = 0.8 (KBr), micelle concentration 0.1 M. For pK, values,
see ref 29.

possibility the variations in rates of hydrolysis of substituted
phenyl decanoates in I and Ib were investigated. The data
obtained are presented in Figure 1. The 3 values derived from
the plots in micelle I and Ib are 0.36 and 0.31, respectively. The
corresponding p values are 1.0 and 1.1. This suggests that the
nucleophilic attack of negatively charged species in the two
systems are similar.

The deuterium isotope effect in the hydrolysis of PNPD
(Figure 2) was studied in order to gain deeper insight on the
microscopic reaction pathway. The experimental isotope ef-
fects for the second-order rate constant k’(H20)/k’(D20) of
micelles I, IT, and VII were 0.81, 0.59, and 0.76, respectively.

_1)

kobs (sec

Log

- ! | i
9.5 10.0 10.5 1.0

Figure 2. Log £ obsd vs. pH (@ — @) and pD (O - - - O) for the hy-
drolysis of PNPD in the presence of micelles I, II, and VII at 30 °C,
u = 0.8 M (KBr), buffer 0.035 M K;CO3/KHCO3.
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Table VI, Second-Order Rate Constants for Acid
Hydrolysis of PNPA, PNPD, and PNPH in the Presence
of Micelles I, VII at 60 °C, u = 0.8 (KCl)

105K (s1 M)
I

Esters None VII
PNPA 50.6 53.3 54.0
PNPH 41.6 13.0 12,5
PNPD 3.5 4.1

Based on the value of 0.76 found for the ratio k(OH~)/k(OD™)
(as observed for micelle VII), and assuming a ratio of 2-3 for
isotope effect in the case of a general acid or general base ca-
talysis®® the isotope effect of a general-acid specific-base
pathway can be estimated?! and falls within the range of 1.3-2.
Therefore the experimental values found for micelles I and
II point to a nucleophilic attack.

For comparison, the effect of the dipolar micelle on acid
catalysis was also studied. In the acidic medium the contri-
bution of the hydroxy group as a catalyst is diminished,
suggesting that other effects such as solvation and electrostatic
effects might be more pronounced. In Table VI are given the
second-order rate constants of PNPA, PNPH, and PNPD
hydrolysis at 60 °C. The rates were measured in the range of
pH 0.5-1 and x = 0.8 (KCl). cmc measurements as well as
additional kinetic investigations in acidic media'®¢ confirm
the existence of a micellar system also in these acidic condi-
tions.

Discussion

The acceleration of alkaline hydrolyses by micelles con-
taining neighboring phenoxide on alkoxide groups can be at-
tributed to the intramolecular assistance either of the un-
dissociated alkoxy group or of the dissociated moiety. In the
first case the acceleration can be described mechanistically
by general acid—specific base catalysis, or electrophilic assis-
tance due to hydrogen bonding in the ground state3%:3! and
microscopic solvation of the transition state by hydroxy
group.32 When the oxy anion is involved (second case) the
microscopic pathway could result either from nucleophilic
catalysis in the formation of the less reactive esters2%2 or from
general base catalysis involving water molecule.3?

A general outline for the micellar catalysis of ester hydrol-
yses is shown in Scheme [.

Scheme I

K
Path B MMH 28 SMMH A

—OH P

K k
Path A HMMH —4? SHMM ™H

In Scheme I two types of micelles are operating; MMH
represents a mixed micelle aggregate containing dissociated
and undissociated forms of monomers while HMMH repre-
sents an un-ionized micelle, composed only of the undisso-
ciated monomers.

When H* > K, the two pathways A and B results a first-
order dependence in hydroxide ion concentration. The same
rate equation can also be attributed to a different type of
model in which a mixed micelle composed of undissociated
and dissociated monomers is formed.

Kinetically pathways A and B are represented by the same
rate equations. The data presented here strongly suggest that
the hydrolyses of the substituted phenyl esters in the micellar
phase do not follow pathway A.
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(1) The nucleophilic attack of azide ion was measured with
two esters: PNPD and OPDNPE™*. Since the esteric head
groups are presumably located at different regions on the
micellar surface, rate enhancement due to electrophilic as-
sistance by the hydroxy head group on the micelle should not
be similar. Yet the experimental results given in Table V show
that the enhancement of both esters in presence of micelle I
are very similar.

(2) Addition of decylimidazole (0.005-0.05 M) to 0.1 M
micelle I and Ib at pH 9.54 linearly increased the hydrolytic
rates of PNPD.# The second-order rate constants obtained
are 1.0 X 10~ and 1.1 X 10~ s~1 ML, respectively. This fact
argues against electrophilic assistance to the nucleophilic
attack of PNPD by decylimidazole, as indicated by pathway
A.

The kinetic effect of compound VIII resembles that of an
anionic micelle. The rate of hydrolysis in basic solution of
PNPD in 0.1 M VIII is 2.55 times slower than in 0.1 M VII, and
5.1 times slower than in 0.1 M Ib. For PNPH, the rate in 0.1
M VIII was eightfold slower than in water. If route A is oper-
ating, micelle V1 is expected to exhibit inhibitory effect on the
hydrolysis of PNPD, which was not the case. The fact that the
rate of hydrolysis of PNPD in VI is two times slower than in
IT can be attributed to other factors.

This conclusion was deduced from an additional study
concerning micellar catalysis by polyfunctional cationic sys-
tems, as well as by mixed micelles containing the corre-
sponding monofunctional monomers in 1:1 molar ratio.

On the basis of estimations for the expected isotope effect
in general catalysis, it is concluded that a mechanism via
electrophilic assistance in the transition state of the hydroxy
head group in micelles I and II is not operative. The “micro-
scopic solvent effect” can also be ruled out since in hydrolytic
reactions attributed to a “microscopic solvent effect” by vic-
inal hydroxy group the deuterium isotope effect ranged be-
tween the values 0.2 and 0.4.

The Brgnsted 8 coefficients in the presence of I and Ib in-
dicates that the reaction proceeds via an anionic transition
state and that the values obtained are in accord with what was
expected in a reaction between strong nucleophiles and good
leaving groups. (For hydroxide ion attack on a series of sub-
stituted phenyl esters the 8 value is 0.3.262) Since the 8 value
for acyl transfer reaction is 1.7, the small 3 values obtained
indicate that the transition state occurs early in the reaction
pathway. In intramolecular general base transesterification
systems such as 2-hydroxymethylbenzamide3® and ethyl 2-
hydroxymethylbenzoate,33 the 8 coefficients obtained were
0.2 and 0.87, respectively. The difference between these values
was attributed to the need for development of full negative
charge in the less activated acyl group during the nucleophilic
attack. If the 8 values observed in the micellar reaction reflect
charge development in general catalysis, a specific base as-
sistance to nucleophilic attack of the undissociated hydroxy
head group would have been expected to yield 8 coefficients
of 1.0 since the acyl group is more activated.

General base catalysis originating from an oxy ion (i.e., al-
coholate ion-activated water) can also be ruled out. In the
intramolecular hydrolysis of substituted phenylsalicylates
Bruice33f has shown that the general base participation of the
phenoxide ion results in a Brgnsted slope of 8 = 0. For the case
in which hydroxy micelles catalyzed the rate of hydrolysis, the
attacking group is more basic than the leaving group compared
to substituted phenyl salycilate esters, so that the expected
8 value should be near 1, which is not the case.

The same conclusion is reached by comparing the p para-
mater obtained in micellar systems with p values in bimolec-
ular and monomolecular systems. For specific base and alk-
oxide ion catalyzed hydrolysis of substituted phenyl acetate
the p values are 0.8-1,127¢:36 gnd for phenyl 4-hydroxybutyr-
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ate, p = 1.1.282 The experimental p values obtained in this
study (i.e., p = 1.0 and p = 1.1) for catalysis in micelle Ib and
I, respectively, are in accord with a nucleophilic pathway
brought about by the dissociated hydroxy head group.

The conclusions we came to about the nucleophilicity of the
catalysis by micelles I and II are in accord with the findings
of Bunton and Diaz,*2 who attained similar results in their
studies on phosphate esters’ hydrolysis catalyzed by
hexadecyl(2-hydroxyethyl)dimethylammonium bromide
[BI‘—C16H33(CH;;)2N+CH2CH20H].

Martineck et al.*3 have found that cationic micelles of the
general structure Br~C;gHs;(Et)oN*CH,CH,0OH behave as
nucleophilic agents, exhibiting similarity to the catalysis by
serine proteinases.

Since the alkoxide ion is assumed to be the reactive species
in the micellar system I-VI according to Scheme I, it should
be expected that as a result of the very low concentration of
these species most of the substrate will be in an unproductive
surrounding. The experimental results show that the hy-
drolysis of substrate (i.e. [SHMM], [MMHS]) is stoichio-
metric. The explanation may be based either on the dynamic
structure of the micelle!® or on hydrogen exchange within the
micellar phase or between the micellar phase and the bulk
solution.

Comparison of the Models I-V. From inspection of Tables
IT and III several phenomena are apparent: (1) Compared of
the hydrolysis of the esters in the bulk solution, all the hydroxy
micelles I-V enhanced the second-order reaction rate (k,y),
initially by a factor of 2 in the case of micelle II and with
PNPH, up to a factor of 59 in the case of micelle I with
OPDNPA. (The comparison was done at cmc 1 X 10~ M). (2)
The enhancement is more pronounced with dinitrophenyl
esters than with p-nitrophenyl esters and with micelles and
ITI. (3) The rates are retarded as the chain length of the ester
is increased; the K (association) values (K [association] =
KN, N ~ 50) are small and range between 650-1250 in the
short chain esters and 2000-8000 in the hexanoate series.

Although the association constants are small, it should be
mentioned that they are still greater than in compounds
bearing methyl groups only on the quaternary nitrogen.4®
Lengthening the chain of the core by six carbon atoms has
been shown to increase the solubility of PNPA by a factor of
3.3 The comparison of the associated constants of hydroxylic
micelles with those obtained for VII and VIII** shows inter-
esting solubilization properties of micelles: (1) an apolar head
group (ethyl) increases the association constant; (2) carbox-
ylate ion separated by one carbon atom from the positively
charged nitrogen center also increases the association constant
(K for PNPH in VII and VIII is 1000 and 920, respectively);
(3) the hydroxy group separated by two carbon atoms de-
creases the association constant. The interference of the hy-
droxy head group in the hydrophobic interaction is indicated
by comparing K. values with those found for PNPH and
PNPA in tetradecyltrimethylammonium chloride detergent.*5
The very high ratio [K.(PNPH)/K(PNPA) = 16 000:33] in
TDTAC compared to the same esters in micelle I
[K(PNPH)/K(PNPA) = 100:19] is in accordance with the
above conclusion. The change in free energy of transfer PNPH
from micelle VII to micelle I can be calculated according to
eq 4.

A(AG) = —RT In eif K ;VI/K ! 4)

From the ratio K;VII/K ! = 10 (assuming the same aggre-
gation number for the two micelles), the free energy of transfer
can be shown to be 1380 cal/mol. Since the change in AG of
transfer of a methylene group from water to a micellar solution
is reportedly 6401 cal/mol,!246 the difference in solubility of
PNPH in VII as compared to I approximates the difference
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of hydrophobic interaction by the two methylene groups.
Thus, the two methylene groups in micelle I are in a polar
environment (i.e., in the outer part of the surface) and are
nonpenetrating into the interior of the micelles. The difference
in the free energy of solubilization found for micelle I as
compared to VII cannot be explained on the basis of hydrogen
bonding since kinetically the data do not conform with as-
sistance (through hydrogen bonding) either in the ground
state or in the transition state (see results of azide, Table V).
The lack of hydrogen bonding by the hydroxy head groups to
the ester examined here is in accordance with the free area of
102 A%/molecule found for the hydroxy group in 2-dodecyl-
aminoethanol hydrobromide. The additional interaction in
the outer region of micelle I could instead result from different
charge distribution compared to micelle VII. Molecular or-
bitals calculations?7 point to a very high charge delocalization.
In a conformation of {50,50} only 11% of the positive charge is
located on the nitrogen, while 82% of the charge is localized
on the methylene groups bonded to the nitrogen. (This delo-
calization is one of the reasons for the roughness of the mi-
cellar surface.) The 8 carbon also exhibits a strong positive
charge on the carbon which is ~4 times greater than that on
the nitrogen. The appearance of a large positive charge on the
outer hydrocarbon chain of the micelle containing a polar head
group is likely to increase solvation and solute binding inter-
actions. In esters of short carbon chain, these electrostatic
interactions compensate part of the hydrophobic interaction
between the solute and the hydrocarbon core of micelle I
Therefore, comparison between dipolar micelles I, Ib and
micelle VII allows the anticipation that (1) the partition
coefficient of the esters in the two systems are different, and
(2) in a noncatalytic dipolar micelle (Ib) the transition state
involved in the nucleophilic attack is relatively more stabilized
than in micelle VII. With long-chain esters these effects are
minimized. The twofold decrease in the second-order rate
constant of the basic hydrolysis of PNPD in micelle VII as
compared to that in Ib can be explained on the basis of the
above argument. It is anticipated that with dipolar micelles
in acidic media both solvation and destabilization of the
transition state will be affected more by excess positive charge
distribution than in micelle VIL Indeed, inspection of Table
VI reveals that the rate constants in micelle I are very close
to those in VII.

Substrate orientation in the outer part of the micellar phase
is very important, especially when the nucleophile is part of
the micelle monomer and hindrance to nucleophilic attack
might arise. NMR analysis revealed® that choline, acetyl-
choline, and 2-methoxycholine populate almost exclusively
the gauche conformation A, while ethyltrimethylammonium
bromide adopts 88% of the anti form B.

+ +
N(CHy)g N(CHy);
RO H H H
H H H H
H RO
A B

The preference of conformation A is explained in terms of
an interaction between the onium group and the partial neg-
ative charge on the 8 oxygen.4®

Although in the micellar phase most of the positive charge
is neutralized by the negatively charged ions from the bulk
solution, the gauche conformation can still be dominant as a
consequence of the anionic nucleophile on the 8 oxygen.

In micelles I-V this entails restriction in orientation of the
substrate during the nucleophilic attack.
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Kinetic data are in consonance with the above assumption.
In contrast to the hydroxy dipolar system, the electrophilic
catalysis in cationic surfactant becomes more pronounced as
the chain length of the substrate increases.*® The observed
decrease in rate with the increase of the hydrocarbon chain
of esters of the hydroxy dipolar micelles indicates that the
hydrophobic interaction between the substrate and the in-
terior core of the micelle expels the carbonyl group from the
vicinity of the nucleophile. The relative rates kmu/koy for the
short chain dinitrophenyl esters (Table III) are of higher value
than those of the p-nitrophenyl esters, indicating that the
former tend to dwell in the waterlike region of the micelle, in
the vicinity of the hydroxy head group. The increase in the
relative rate is more pronounced in the presence of I and III
than of II, IV, and V, but it is rather small in the presence of
IT existing presumably in a more flexible conformation. In
OPDNPDE* the hydrocarbon chain of the ester is assumed
to be incorporated into the micellar core where the positively
charged ammonium group lies on the Stern layer and the
carbonyl group points outward of the micellar surface (i.e., in
the vicinity of the attacking nucleophile). Interestingly, the
rates of hydrolysis of OPDNPDE® are accelerated in the
presence of micelles 1, I, and 11 (Table III) by a factor of
12-18 relative to OPDNPD, whereas in the presence of IV the
factor is 5.7 only. Since in a noncatalytic micelle (Ib) the rates
of hydrolysis of OPDNPDE* and OPDNPD are 1500 and 20
s~! M1, respectively, evidently the effect of the ionized hy-
droxy head group on the nucleophilic catalysis is smaller for
OPDNPDE* than for OPDNPD.

The relative rates of OPDNPD £’(I)/k’(Ib) for micelles I,
I1, 111, and IV are 505/20 = 25.2, 63/20 = 3.15, 700/20 = 35, and
405/20 = 20.2, respectively, while for the ester OPDNPDE+
the relative rates for the above micelles are 4, 1, 8, and 2, re-
spectively.

Data indicate that the catalysis by hydroxylic micelles be-
comes more efficient as the electrophilic center of the carbonyl
ester resides in the region between the cationic and the hy-
droxy head group. When the residence of the carbonyl ester
occurs above the micellar hydroxy head group as in the case
of OPDNPDE", the catalysis, although it still exists, has
rather low efficiency. The lower rate of hydrolysis of
OPDNPDE* relative to OPDNPD in micelle IV can also be
rationalized in terms of the micellar conformation depicted
by rotamer A. In this conformation the steric interference of
the dimethy! groups in the « position with the ester moiety
in OPDNPDE" is greater than in OPDNPD, which is placed
at the internal region of the micelle surface.

The rate constant (k') in the presence of IV is in general
smaller than in I. The decrease in catalysis can be attributed
to the differences in pK, between the monomers of the two
systems. From analogy between the hydroxy compounds and
the carboxylic acids one can attribute an increase of 0.17 pK,
units to the dimethyl groups (the pK, values of propionic acid
and trimethylacetic acid are 4.87 and 5.04, respectively) and
the relative first-order rate constants [k, (IV)/k,(I)] should
therefore be equal to 1.5-fold of the second-order rate ratio.
Such an estimation shows that in the case of the long-chain
ester OPDNPD and PNPD, where the ester group occupies
a more restricted area than in the short-chain counterparts,
the catalytic efficiency of IV is 120 and 75% of I, respective-
ly.

The greater acceleration effect in III than in I cannot be
attributed to differences in micellar volume since the same
effect is noted in the case of the short-chain catalyst IIla. We
believe that replacement of the dimethyl by a diethyl group
should entail a change in the microscopic environment of the
oxy nucleophile which could be manifested either by a lower
pK, value of the hydroxy group or by exerting influence on
the binding in the transition state.

Shiffman, Chevion, Katzhendler, Rav-Acha, and Sarel

Acknowledgment. This work was supported by a grant
from The Joint Research Fund of the Hebrew University and
Hadassah, Jerusalem, Israel.

Registry No.—IIla, 5455-95-8; PNPA, 830-03-5; OPDNPA,
4232-27-3; PNPH, 956-75-2; PNPD, 1956-09-8; OPDNPD, 61063-
34-1; OMDNPD, 61063-35-2; PBPD, 61063-36-3; PD, 14353-75-4;
OPDNPDE*, 61063-37-4; hexanoyl chloride, 142-61-0; decanoyl
chloride, 112-13-0; p-nitrophenol, 100-02-7; 2,4-dinitrophenol, 51-
28-5; MNPD, 61063-38-5.

References and Notes

(1) (a) K. Kirsch, “The Enzymes’’, Vol. 5, Academic Press, New York, N.Y.,
1971, p 43; (b) E. C. Webb and B. Zerner, Biochemistry, 8, 2026
(1969).

(2) (a) M. L. Bender and F. J. Kenzdy, Annu. Rev. Biochem., 34, 49 (1965); (b)
T. R. Hollands and J. S. Fruton, Proc. Natl. Acad. Sci. U.S.A., 62, 1116
(1969).

(3) (a) A. J. Kirby and A. R. Fersht, Prog. Bioorg. Chem., 1, (1971), (b) T. C.
Bruice and S. J. Benkovic, ‘‘Bioorganic Mechanisms’', W. A. Benjamin,
New York, N.Y., 1966, Chapter 1; W. P. Jencks, '‘Catalysis in Chemistry
and Enzymology”, McGraw-Hill, New York, N.Y., 1969.

(4) (a)D. E. Koshland, Jr., J. Theor. Biol., 2, 85 (1962); (b) D. R. Storm and D.
E. Koshland, Jr., J. Am. Chem. Soc., 94, 5805 (1972); (c) T. C. Bruice, ‘The
Enzymes”, Vol. 2, Academic Press, New York, N.Y., 1970, p 217; (d) D.
E. Koshland and K. E. Neet, Annu. Rev. Biochem., 37, 359 (1968).

(5) Y. Pocker and R. F. Bucholz, J. Am. Chem. Soc., 92, 2075 (1870).

(6) C. G. Swain and J. F. Brown, Jr., J. Am. Chem. Soc., 74, 2534, 2538
(1952).

(7) (a) W. Kauzman, Adv. Protein Chem., 14, 1(1959); (b} M. F. Perutz, J. Mol.
Biol., 13, 646 (1965).

(8) (a) A. H. Beckett, G. Kirk, and A. S. Virji, J. Pharm. Pharmacol., 19, 827
(1967); (b) C. A. Bunton, C. Robinson, and M. F. Stam, Tetrahedron Lett.,
121(1971).

(9) P. Murkerjee and A. Ray, J. Phys. Chem., 70, 2144 (1966).

(10) (a) P. H. Elworthy, A. T. Florence, and C. B. Macfarlane, '‘Solubilization by
Surface Active Agents’’, Chapman and Hall, London, 1968, p 13; (b) P.
Murkerjee, Adv. Colloid Interface Sci., 1, 241 (1967).

(11) (a) E. H. Cordes and R. B. Dunlop, Acc. Chem. Res., 2, 329 (1969); (b) E.
J. Fendler and J. H. Fendler, Adv. Phys. Org. Chem., 8, 271 (1970); (c) H.
Morawetz, Adv. Catal. Relat. Subj., 20, 431 (1969); (d) C. A. Bunton,
‘Reaction Kinetics in Micelles”’, Plenum Press, New York, N.Y., 1973; (e)
E. H. Cordes, Ed., ref 11d; (f) E. H. Cordes and C. Gitler, Prog. Bioorg. Chem.,
2, 1(1973).

(12} (a) T. E. Wagner, C. J. Hsu, and C. S. Pratt, J. Am. Chem. Soc., 89, 6366
(1967); (b) R. G. Shorenstein, C. S. Pratt, C. J. Hsu, and T. E. Wagner, ibid.,
90, 6199 (1968); (c) C. Gilter, and A. Ochoa-Solano, ibid., 90, 5004 (1968);
(d) C. Aso, T. Kunitake, and S. Shinkai, Chem. Commun., 1483 (1968); (e)
C. A. Biyth and J. R. Knowles, J. Am. Chem. Soc., 93, 3021 (1971).

{13) (a) T. C. Bruice, J. Katzhendler, and L. R. Fedor, J. Am. Chem. Soc., 90,
1333 (1968); (b) J. R. Knowles and C. A. Parson, Chem. Commun., 755
(1967); (c) C. A. Blyth and J. R. Knowles, J. Am. Chem. Soc., 93, 3017
(1971); (d) D. Oakenfull, J. Chem. Soc., Perkin Trans. 2, 1006 (1973).

(14) P. Heitmann, Eur. J. Biochem., 5, 305 (1968); 3, 346 (1968).

{15) |. Tabushi, J. Kurda, and S. Kita, Tetrahedron Lett., 643 (1974).

(16) (a) M. Chevion, J. Katzhendler, and S. Sarel, /sr. J. Chem., 10, 975 (1972);
(b) M. Chevion, Doctoral Dissertation, Hebrew University of Jerusalem,
1972.

(17) (a) G. Meyer, C. R. Acad. Sci., 276, 1599 (1973); (b) C. A. Bunton and L.
G. lonescu, J. Am. Chem. Soc., 95, 2912 (1973).

(18) (a) No buffer effect was observed in the concentration range between 0.01
and 0.08 M, in ionic strength of 0.8 M (KBr). (b) The authors wish to thank
Professor T. C. Bruice for supplying his programs for the Olivetti calculator.
(c) The validity of the cmc values assembled in Table IV could be inferred
from ESR measurements with spin labeling.*€® In a forthcoming paper, Part
5, we shall present kinetic evidences establishing the reliability of the above
cmc values. (d) Progress of investigations in various ionic strengths and
various pH ranges will be described in following publications.

(19) A. P. Sawain, D. F. Braun, and S. K. Naegele, J. Org. Chemn., 18, 1087
(1953).

(20) H. T. Clarke, H. B. Gillespie, and S. Z. Weisshaus, J. Am. Chem. Soc., 55,
4571 (1933).

(21) (a) A.B. Scothand H. V. Tartar, J. Am. Chem. Soc., 85, 692 (1943); (b) B.
A. Stoochnof and N. L. Benoitan, Tetrahedron Lett., 21 (1973).

(22) J. Swarbrick and J. Daruwala, J. Phys. Chem., 73, 2627 (1969).

(23) M. L. Bender and Nakamura, J. Am. Chem. Soc., 88, 2577 (1962).

(24) L. R. Romsted and E. H. Cordes, J. Am. Chem. Soc., 90, 4404 (1968).

(25) M. Bodansky and V. du Vigneaud, J. Am. Chem. Soc., 81, 5688 (1959).

(26) (a) J. F. Kirsch and W. P. Jencks, J. Am. Chem. Soc., 86, 837 (1964); (b)
W. P. Jencks and J. Carrivolo, ibid., 83, 1743 (1960); S. L. Jphnson, ibid.,
84, 1729 (1962).

(27) (a) W. P. Jencks and M. Gilchrist, J. Am. Chem. Soc., 90, 5432, 5442
(1970); () D. Oakenfull and W. P. Jencks, ibid., 93, 178 (1971);(d) T. C.
Bruice, A. Donzel, R. W. Huffman, and A. R. Butler, ibid., 89, 2106 (1967);
(e) T. C. Bruice and M. F. Mayaki, ibid., 82, 3067 (1960).

(28) (a) B. Capon, S. T. McDowell, and W. F. Raferty, J. Chem. Soc., Perkin
Trans. 2, 1118 (1972); (b) T. C. Bruice and S. D. Benkovic, J. Am. Chem.
Soc., 85, 1(1963).

(29) A. I Biggs and R. A. Robinson, J. Chem. Soc., 388 (1961).

(30) (a) H. B. Henbest and J. B. Lovell, J. Chem. Soc., 1965 (1957); (b) M.
Kupchan, W. 8. Johnson, and S. Rajagopalan, Tetrahedron, 7, 47 (1959);
(c) S. Kupchan and W. S. Johnson, J. Am. Chem. Soc., 78, 3864 (1956);



Atomic Fluorine with Benzotrifluoride

(d) M. Kupchan, P. Slade, and R. J. Young, Tetrahedron Lett., 22 (1960);
(e) H. G. Zachau and W. Karau, Chem. Ber., 93, 1830 (1960); (f) S. M.
Kupchan, S. P. Erikson, and Y. T. S. Liang, J. Am. Chem. Soc., 88, 347
(1966); (g) B. M. Kupchan, J. H. Block, and A. C. Insberg, ibid., 89, 1189
(1967); (h) B. Hansen, Acta Chem. Scand., 17, 1375 (1963).

(31} W. Williams and C. Salvadori, J. Chem. Soc., Perkin Trans. 2, 883 (1972),
and references cited therein.

(32) (a) T. C. Bruice and T. H. Fife, J. Am. Chem. Soc., 84, 1973 (1962); (b) T.
Yamanaka, A. Ichihara, K. Tanabe, and T. Matsumoto, Tetrahedron, 21,
1031 (1965); (c) B. Capon and M. Page, J. Chem. Soc. B, 741 (197 1); (d)
T. C. Bruice and H. Fife, Tetrahedron Lett., 263 (1961).

(33) (a) B. Capon and B. C. Ghosh, J. Chem. Soc. B, 472 (1966); (b) M. L. Bender,

F.J. Kezdy, and B. Zerner, J. Am. Chem. Soc., 85, 3017 (1963); (c) F. L.

Killian and M. L. Bender, Tetrahedron Lett., 1255 (1969); (d) T. H. Fife and

B. M. Benjamin, J. Am. Chem. Soc., 95, 2059 (1973); () T. H. Fife and J.

E. C. Hutchins, ibid., 94, 2837 (1972); (f) T. Mough and T. C. Bruice, ibid.,

93, 3237 (1971).

(a) T. C. Bruice.T. H. Ffe, J. J. Bruno, and N. E. Brandon, Biochemistry, 1,

7 (1962); (b) S. L. Johnson, Adv. Phys. Org. Chem., 5, 237 (1967).

C. J. Belke, S. C. K. Su, and J. A. Shafer, J. Am. Chem. Soc., 93, 4552

(1971).

(a) T. C. Bruice and G. L. Schmir, J. Am. Chemn. Soc., 79, 1563 (1957); (b)

T. C. Bruice and S. J. Benkovic, “Bioorganic Mechanism’’, Vol. |, W. A.

Benjamin, New York, N.Y., 1966, p 20.

(34

(35

(36

dJ. Org. Chem., Vol. 42, No. 5, 1977 863

{37) T.C. Bruice and M. Sturtevant, J. Am. Chem. Soc., 81, 2860 (1959).

(38) (a) T. C. Bruice and U. K. Pandit, J. Am. Chem. Soc., 82, 5858 (1960); (b)
E. Gaetjens and H. Morawetz, ibid., 82, 5328 (1960); (¢) J. W. Tanassi and
T. C. Bruice, ibid., 88, 747 (1966).

(39) G. Meyer, Tetrahedron Lett., 4581 (1972).

(40) J. M. Brown, C. A, Bunton, and S. Diaz, J. Chem. Soc., Chem. Commun.,
971(1974).

{41) Reference 36b, p 159.

(42) C. A. Bunton and S. Diaz, J. Org. Chem., 41, 33 (1976).

(43) K. Martinek, A. V. Levashov, and I. V. Berezin, Tetrahedron Lett., 1275
(1975).

(44) Unpublished results.

(45) L. R. Romsted and E. H. Cordes, J. Am. Chem. Soc., 90, 4404 (1968).

(46) (a) P. Molyneux, C. T. Rodes, and J. Swarbuick, Trans. Faraday Soc., 61,
1043 (1965); (b) C. Nemety and H. A. Scheraga, J. Am. Chem. Soc., 86,
3444 (1964).

(47) D. L. Beveridge and R. J. Radna, J. Am. Chem. Soc., 93, 3759 (1971).

(48) (a) Y. Terui, M. Ueyama, S. Satah, and K. Tori, Tetrahedron, 30, 1465
(1974); (b) P. Partington, J. Feeney, and A. S. V. Burgen, Mol. Pharmacol.,
8, 269 (1972).

(49) From x-ray diffraction measurements on acetylcholine the distance between
the O-alkyl oxygen and the N~CHj; methyl was reported to be 3.02 A: F.
G. Canepa, P. Pauling, and H. Sorum, Nature (London), 210, 907
(1966).

Reaction of Atomic Fluorine with Benzotrifluoride

Cynthia L. Jeffrey and Lewis C. Sams*

Department of Chemistry, Texas Woman’s University, Denton, Texas 76204

Recetved December 9, 1975

A radio-frequency excited plasma has been used to generate atomic fluorine. Using a molecular beam type of re-
actor, monofluorination of benzotrifluoride has been achieved with yields up to 28.3%. The atomic fluorine to ben-
zotrifluoride ratio has been found to determine which isomer(s) will be produced and to control the total overall

yield of monofluorinated products.

Direct introduction of fluorine into an aromatic ring with-
out corresponding loss of aromaticity has been an unsolved
problem for years. Early attempts at direct fluorination led
to explosions, the only products being tars.l-% Having obtained
only a polymer, Bockemuller* concluded that under the con-
ditions for direct liquid-phase fluorination aromatic com-
pounds form addition products or polymers instead of the
desired substitution products. In 1969, Grakauskas® reported
the direct liquid-phase fluorination of benzene, toluene,
bromobenzene, and several other aromatic compounds. Based

Discussion

In an effort to determine the relative chemical activity of
atomic fluorine with respect to molecular fluorine, reactions
E and F were undertaken. The two reactions were carried out
under as near identical conditions as possible except for the
fact that in reaction E atomic fluorine was used and in reaction
F molecular fluorine was used. Since the atomic fluorine was
generated by passing molecular fluorine through a radio-fre-
quency discharge, it was a relatively simple matter to perform
experiments with and without the radio-frequency activation.
In Table I it can be seen that in reaction E (where atomic
fluorine was used) the yield was 28.3% monofluorinated
product, while in reaction F (where molecular fluorine was
used) the yield was less than 1% monofluorinated product. The
use of atomic fluorine increased the percent of monofluori-
nated product(s) and greatly reduced polymer formation.

Figure 1 related the fluorine to substrate ratio to the rec-
ognizable fluorinated products. As the ratio was increased in
the experiment. the percent recognizable product also in-
creased.

on the distribution of ortho, meta, and para isomers of the
monosubstituted fluorobenzenes, an ionic electrophilic sub-
stitution mechanism was proposed for these reactions.

Recently, substitution of fluorine into an aromatic ring by
direct reaction with atomic fluorine generated in an elec-
trodeless radio-frequency glow discharge has been reported.t”
The isomer distribution of the products indicated that the
introduction of fluorine into an aromatic ring via radical
mechanism can occur with much more selectivity than pre-
viously thought.

If the original attack of the benzotrifluoride occurs as shown
below, the benzotrifluoride radical produced can react in three

@—CFS + Fr —> @—CFB + HF

ways: (1) with atomic fluorine to produce monofluorobenzo-
trifluoride; (2) with another benzotrifluoride radical to pro-
duce bis(trifluoromethyl)biphenyl; (3) with a benzotrifluoride
molecule to initiate polymerization.

Increasing the availability of the fluorine atoms with respect
to benzotrifluoride radicals increases the amount o,
monofluorinated products and decreases the amount of
polymer formed. Figure 1 shows this relationship.

In earlier atomic fluorine work Vasek and Sams” reported
finding greater selectivity than would have been pictured from
literature discussions of free-radical reactions. The findings
of this study show a definite relationship between the fluorine
to substrate ratio and isomer distribution. The ortho and meta



