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Micellar dodecylammonium propionate (DAP), dodecylammonium benzoate (DABz), and dodecylam-

monium butyrate (DAB) enhance the rate of 2,3,4,6-tetramethyl-a-D-glucose mutarotation in benzene at 24.6° by
factors of 380, 457, and 688, respectively. The corresponding rate enhancement by DAP in cyclohexane is 863.
These micellar catalyses are considerably greater than those due to hydronium ions or water in aqueous solutions.
Kinetic analysis of the data suggests that the extent of binding between 2,3,4,6-tetramethyl-a-p-glucose and these

micellar surfactants parallels their catalytic efficiencies.

Proton nmr investigations of the chemical shifts due to

the protons of the surfactants as functions of 2,3,4,6-tetramethyl-p-glucose concentration provided evidence for
strong interactions between the hydrophilic groups of the micellar surfactants and 2,3,4,6-tetramethyl-p-glucose

solubilized in the core of the ‘“‘reversed” micelles.

Rates of reactions in the presence of aqueous mi-
cellar surfactant solutions have been extensively
studied and reviewed.?=® The structural similarities
between globular proteins and spherical micelles and
the analogies between enzymatic and micellar cataly-
sis>~¢ have prompted recent investigations of micellar
systems as possible models for the micro environment
of the active site of enzymes. Although in some cases
the kinetics for micellar catalysis obey the Michaelis-
Menten equation and competitive inhibition has been
observed, micelles in aqueous solutions rarely enhance
the rates of reactions by factors greater than 10?2 and
show relatively limited substrate specificity.?~¢ Mi-
celles, unlike enzymes, are in a dynamic equilibrium
with the monomeric surfactant and have comparatively
mobile structures in water.® Additionally, micelles,
unlike enzymes, do not bind the substrate in a rigid
configuration with a specific orientation. It appears,
therefore, that the aqueous micellar systems investi-
gated to date provide somewhat poorer models for
enzymatic interactions than originally anticipated.
Recent approaches to enhancement of the catalytic
power of aqueous micelles included the attachment of
the substrate and/or a catalytic group to the surfac-
tants forming the micelle, i.e., the study of functional
micelles™ !® and the examination of multiply charged
detergents!! as analogs to flexible chain polymers carry-
ing a large number of ionic groups attached to the

(1) Preliminary report: E.J. Fendler, J. H. Fendler, R. T. Medary
and V. A. Woods, Chem. Commun., 1497 (1971).

(2) E. H. Cordes and R. B. Dunlap, Accounts Chem. Res., 2, 329
(1969).

(3) E. J. Fendler and J. H. Fendler, Advan. Phys. Org. Chem., 8, 271
(1970).

(4) T. C. Bruice in “The Enzymes,” Vol. 2, 3rd ed, Academic Press,
New York, 1970, p 217.

(5) H. Morawetz, Advan. Catal. Relat. Subj., 20, 341 (1969); Ac-
counts Chem. Res., 3, 354 (1970).

(6) P. H. Elworthy, A. T. Florence, and C. B. Macfarlane, “Solubili-
zation by Surface Active Agents,” Chapman and Hall, London, 1968,

(7) T. C. Bruice, J. Katzhendler, and L. R. Fedor, J. Amer. Chem.
Soc., 90, 1333 (1968); B. M. Dunn and T. C. Bruice, ibid., 92, 6589
(1970).

(8) C. Gitler and A. Ochoa-Solano, ibid., 90, 5004 (1968).

(9) T. E. Wagner, C, Hsu, and C. S. Pratt, ibid., 89, 6366 (1967).

(10) C. A. Blyth and J. R. Knowles, ibid., 93, 3017, 3021 (1971).

(11) C. A. Bunton, L. Robinson, J. Schaak, and M. F. Stam, J. Org.
Chem., 36, 2346 (1971).

macromolecular backbone.® Since the active sites of
many enzymes are in a relatively hydrophobic environ-
ment and since X-ray crystallographic studies indi-
cated ion-pair and hydrogen-bonding interactions in
polar regions of some proteolytic enzymes,!?1? model
studies in apolar solvents !¢ and at interfaces!® have
provided a better understanding of the mechanisms
involved. The hydrolysis of p-nitrophenyl dodecanoate
has recently been examined in hexanol systems contain-
ing water and hexadecyltrimethylammonium bromide
under conditions where formation of micelles, ‘‘re-
versed” micelles, and liquid crystalline phases have
been demonstrated.’®” Rate accelerations of ca.
20-fold have been found in the regions where water is
solubilized in the polar interior of the reversed micelle.
This rate enhancement was analogous to that observed
previously for the reaction of p-nitrophenyl dodecano-
ate in aqueous micellar hexadecyltrimethylammonium
bromide solution®® indicating that solubilization of the
hydrolyzing agent results in catalytic efficiency similar
to that for substrate solubilization. An alternative
approach is to rely exclusively on the solubilization
of polar substrates in the hydrophilic interior of re-
versed micelles in two-component (surfactant, apolar
solvent) systems. Such reversed micelles contain the
charged hydrophilic groups in their interior while the
hydrophobic hydrocarbon portion of the surfactants
form the outer layer of the micelle in contact with the
nonpolar solvent.® 1920 The size of these reversed
micelles is generally considerably smaller than that of
micelles in water.1%2° It is not too unreasonable,
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Typical plots of log (R~ — R.) vs. time for the mutarotation of 1.7 X 1072 M 2,3,4,6-tetramethyl-o-D-glucose at 24.6°: ©, 1.00 X

10~% M HCl in water; ©, 1.00 X 103 M DAP in benzene; 4, 3.00 X 10~ M DABz in benzene; @, 1.00 X 10~3 M DAP in cyclohexane.

therefore, to assume that the polar interior of reversed
micelles is correspondingly smaller and consequently
polar substrates solubilized therein would be held more
rigidly than substrates in aqueous micelles. To test
these hypotheses we have initiated structural and kinetic
investigations of a variety of reactions in the presence
of reversed micelles in nonpolar solvents.

The expected favorable partitioning of 2,3,4,6-tetra-
methyl-a-D-glucose between the polar micellar and apo-
lar bulk phases as well as the significance of bifunctional
catalysis for its mutarotation rate by 2-pyridone in ben-
zene?=24 led us to initiate our investigations with a
study of this reaction. We observed no micellar, bi-
functional, or micelle-induced bifunctional catalysis
of the mutarotation in water. We observed, however,
substantial rate accelerations of this reaction by re-
versed micelles in apolar benzene and cyclohexane.

Experimental Section

Reagent grade benzene (<0.02% water) and cyclohexane were
dried and stored over Linde Type 5A molecular sieve,

2,3,4,6-Tetramethyl-o-D-glucose was prepared by a slightly modi-
fied procedure of West and Holden.?s It was found advantageous
to carry out the entire procedure as rapidly as possible which was
facilitated by vacuum rotary evaporation of the chloroform solution
from the final extraction, to extract with at least six portions of
chloroform in both cases, and to stop the procedure, if necessary,
after the first chloroform extractions and store the solution at ca. 0°
overnight. Three different samples were used which differed slightly
in melting point and specific rotation but not in the rate of mutarota-
tion, presumably due to different amounts of the 8 isomer.

Dodecylammonium propionate (DAP) and dodecylammonium
butyrate (DAB) were prepared by the method of Kitahara.?® After
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(26) A. Kitahara, Bull. Chem. Soc. Jap., 28, 234 (1955).

at least two recrystallizations from hexane, DAP melted at 54.5-
56.9° (lit.2® 54-56°), and after at least four recrystallizations from
hexane, DAB melted at 40—41.5° (lit.?¢ 39-41°), Dodecylammo-
nium benzoate (DABz) was prepared analogously,? but the proce-
dure was modified in that the crystalline salt was washed with re-
agent grade acetonitrile in order to remove any free benzoic acid
after which a melting point of 38—40° (lit.?” 40-42°) was obtained.
The surfactants were dried in vacuo over P;Oj; for at least 12 hr im-
mediately prior to making up the stock solutions in benzene or
cyclohexane.

The spectrophotometric determinations of the critical micelle
concentrations were carried out on a Beckman DU spectrophotom-
eter by measuring the absorbance of the surfactant at an appropriae
wavelength as a function of its concentration. The wavelengths
used were 218 nm for DAP and DAB in cyclohexane and 271 nm for
DABz in benzene. Blank solutions were identical with those of the
sample minus the surfactant,

Rates for the mutarotation of 2,3,4,6-tetramethyl-«-D-glucose
were followed in 50-mm thermostated cells using a Bendix auto-
matic recording polarimeter. Pseudo-first-order rate constants for
the mutarotation, ky (ky = Ktorward + Kreverse), have been calculated
from linear plots of log [R. — R:)vs.time. Such typical plots are
illustrated in Figure 1,

The 60-MHz proton nuclear magnetic resonance spectra were
obtained on Varian Associates T-60 and modified A-60 spectrom-
eters; those at 100 MHz were obtained on a modified Varian As-
sociates HA-100 spectrometer with a Hewlett-Packard Model 200
ABR audio oscillator and frequency counter. Each spectrum was
recorded at least three times after equilibration to ambient probe
temperature (HA-100, 32°; A-60, 42,5°; T-60, 32°) or to the de-
sired temperature (26, 34, and 37.5°), maintained with a V6040
variable-temperature controller on the A-60 spectrometer, All
spectra were determined on freshly prepared solutions in benzene,
benzene-ds, or cyclohexane and were measured relative to a 109
solution of tetramethylsilane (TMS) in chloroform contained in a
sealed capillary inserted in the tube (at 60 MHz) or in a Wilmad
520-2 internal coaxial capillary tube (at 100 MHz). No difference
between the two types of standards could be detected at 60 MHz,
Chemical shifts were generally obtained from spectra recorded at
100-Hz (T-60 and A-60) and 250-Hz (HA-100) sweep widths and
are given on the § scale in parts per million relative to the “‘external”
TMS (6 = 0 ppm). Individual measurements are accurate to

(27) A. Kitahara, ibid., 30, 586 (1957).
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Figure 2. Cmc plots of the absorbance of DABz at 271 nm as a function of its molar concentration in the absence (@) and the presence (®)

of 1.7 X 1072 M 2,3,4,6-tetramethyl-p-glucose.

+0.01 at 100 MHz and +0.02 at 60 MHz. The samples used for
determination of the 2,3,4,6-tetramethyl-D-glucose concentration
dependence of the surfactant chemical shifts contained mutarotated
2,3,4,6-tetramethyl-a-D-glucose, i.e., an equilibrium mixture of the
« and 8 isomers,

Results

Critical Micelle Concentrations. Critical micelle
concentrations, cmc’s, have been determined from the
discontinuity in plots of the uv absorbance or the proton
magnetic resonance frequency of the CH, protons vs.
surfactant concentration. The lack of higher wave-
length absorption maxima coupled with the absorption
due to benzene limited the spectrophotometric cmc
determinations to DABz in this solvent. Addition of
1.7 X 10=2 M 2,3,4,6-tetramethyl-D-glucose lowers the
critical micelle concentration of this surfactant by a
factor of 2 (Figure 2). The cmc of DAP in cyclohexane
has been determined similarly. Advantage has been
taken of the breaks in plots of the CH, proton magnetic
resonance chemical shifts as a function of concentration
to determine cmc values for DAP, DAB, and DABz in
benzene. Experimental limitations under our condi-
tions precluded, however, the determination of cmc
values below 10-3 M. We assumed, therefore, that
2,3,4,6-tetramethyl-a-D-glucose lowers the cmc values
of DAP and DAB by the same factor as it does for
DABz. Table I contains the cmc values of the sur-
factants in the apolar solvents in which the kinetic in-
vestigations have been carried out.

Kinetic Investigations of 2,3,4,6-Tetramethyl-a-D-
glucose Mutarotation. Rate constants for the mutaro-
tation of tetramethyl-a-D-glucose have been obtained
in water at 24.6° (Table II). In order to avoid com-
plications in the examination of the effects of micellar
surfactants in water, the use of buffers or electrolytes
has been avoided. Since the concentration of 2,3,4,6-

Table I. Critical Micelle Concentrations, Relative Rate
Enhancements, and Substrate-Micelle Association Parameters
Surfactant Solvent Cmc, M kunfke K/IN®* K/N¢
DAP Benzene 5.0 X 10~¢ 380 390 417
DABz Benzene 1.3 X 107% 457 325 429
DAB Benzene 1.0 X 10-3 688 420 780
DAP Cyclohexane 1.7 X 10—+ 863 620 1130

s Determined or calculated values in the presence of 1.7 X 102
M 2,3,4,6-tetramethyl-p-glucose. * Calculated from eq 5; see

Discussion. ¢ Calculated from eq 4; see Discussion.
Table II. Mutarotation of 2,3,4,6-Tetramethyl-a-D-glucose
in Water at 24.6° @

pH? or acid? Catalyst 104y, sec™!
5.43 3.45
4.52 3.33
1.0 X 1072 M HCl 3.68
1.0 X 100! M HCl 7.7

Hydronium ion 43.1¢ (50.9)
5.25 2.0 X 1072 M CTAB* 2.95
5.35 4.0 X 102 M DDAPS/ 3.13
5.60 1.0 X 10~% M NaLS$¢ 3.63
5.30 1.0 X 1072 M 2-pyridone 4.08
5.23 1.0 X 10~2 M 2-pyridone + 3.33
2.0 X 102 M DDAPS

s Initial concentration of 2,3,4,6-tetramethyl-a-D-glucose = 1.7
X 1072 M. ?In the absence of any buffers or electrolytes. ° Sec-
ond-order rate constant, (ky — 3.4 X 104 sec™1)/[HCIl]. ¢ Taken
from ref 28, ¢Hexadecyltrimethylammonium bromide. / 3-
(Dimethyldodecylammonio)propane-1-sulfonate. ¢ Sodium  do-
decyl sulfate.

tetramethyl-a-D-glucose was kept at 1002 M, no ap-
preciable deviations from previously reported rate
constants?® have been observed. pH values were

(28) H. H. Huang, R. R. Robinson, and F. A. Long, J. Amer. Chem.
Soc., 88, 1866 (1966).
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Figure 3.
at 24.6° as a function of DAP concentration.

monitored on the same solutions parallel with rate
measurements. Those runs with greater than =+=0.20
pH unit change were discarded. In agreement with
previous postulates, 2 it is apparent that no bifunctional
catalysis by 2-pyridone is observed in water. Muta-
rotation rates are equally unaffected by the presence
of cationic, anionic, or zwitteriohic micellar surfactants.
The high solubility of 2,3,4,6-tetramethyl-a-D-glucose
in water is likely to prevent its solubilization by the
hydrophobic surfactants. This factor is presumably
also responsible for the lack of micelle-induced bi-
functional catalysis by 2-pyridone.

Rate constants for the mutarotation of 2,3,4,6-
tetramethyl-a-D-glucose in pure benzene or in pure
cyclohexane showed only slight variations. The mean
value in benzene at 24.6° (k, = 1.40 X 1075 sec™1)
agrees well with those given in the literature.® No
appreciable change in this rate constant has been ob-
served for the different preparations or for repeatedly
repurified samples of 2,3,4,6-tetramethyl-a-D-glucose.

The formation of a complex between 2,3,4,6-tetra-
methyl-a-D-glucose and 2-pyridone in benzene has
been substantiated by the observed abnormally high
specific rotations in these solutions.?! Since we used
very low concentrations of 2,3,4,6-tetramethyl-a-D-
glucose and since the half-life for the mutarotation
in benzene or in cyclohexane in the presence of re-
versed micelles is very short, our attempts to determine
specific rotations were unsuccessful.

The presence of surfactants capable of forming re-
versed micelles in apolar solvents enhance the rate of
mutarotation substantially. Rate constants in the
presence of DAP, DAB, and DABz in benzene are given
in Table I1I and those in the presence of DAP in cyclo-

(29) W. P. Jencks, “Catalysis in Chemistry and Enzymology,”
McGraw-Hill, New York, N. Y., 1969, p 201.

Pseudo-first-order rate constants for the mutarotation of 2,3,4,6-tetramethyl-a-D-glucose in cyclohexane (©) and in benzene (@)

Table III, Mutarotation of 2,3,4,6-Tetramethyl-a-D-glucose
in Benzene in the Presence of Surfactants at 24.6° ¢
104[surfactant], 10%ky, sec™1—
DAP DABz DAB
0.00 1.40 (1.80)
0.10 1.80
1.00 12.8
5.00 73.6 134
10.0 146 122 253
15.0 193 187 187
20.0 253 218 283
25.0 335 239 282
30.0 31 299 325
35.0 512 368 360
40.0 472
50.0 429 601
60.0 700
80.0 650
100 556 680 980
200 525 630 963
500 553 640 953
1000 518 638 965

¢ Initial concentration of 2,3,4,6-tetramethyl-a-D-glucose =
1.7 X 1072 M. *In “wet” (water-saturated) benzene,

Table IV. Mutarotation of 2,3,4,6-Tetramethyl-a-D-glucose
in Cyclohexane in the Presence of DAP at 24.6° ¢

104DAP], M 10%y, sec™* 104DAP], M 105k, sec™!
0.00 1.6 4.00 255
0.10 13.6 5.0 519
1.00 73.9 10.0 1340
1.50 207 50.0 1320
2.00 126 1000 1358

3.00 182

¢ Initial concentration of 2,3,4,6-tetramethyl-a-D-glucose =
1.7 X 1072 M.

hexane in Table IV. Figure 3 illustrates the catalysis
by DAP in benzene and in cyclohexane.
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&3 2 & wg® a The proton nmr chemical shifts of DAP, DAB, and
{ s | S - S8v% xi ¢ DABz in benzene, benzene-ds, and cyclohexane as well
4 TT T T 7 TT T . as their dependence on the concentration of mutaro-
) _.: tated 2,3,4,6-tetramethyl-a-D-glucose are given in
Teltrme cogan sl S Table V.
[ mwR®w ARsax o X Discussion
ol & The catalysis of the mutarotation of 2,3,4,6-tetra-
( S co o| | methyl-a-D-glucose by micelle-forming surfactants in
3 + g apolar solvents is very similar to that generally ob-
T 3 served in aqueous solutions.~¢ The rate constant-
<& =8 &l 2 concentration profile for each surfactant exhibits a
[ R sigmoidal dependence followed by a plateau (Figure 3).
T In the plateau region the rate constants for the mutaro-
L . & 282 2= E tation of 2,3,4,6-tetramethyl-a-D-glucose in benzene in
L T 399 2 § _ the presence of DAP, DABz, and DAB are factors of
z & g 380, 457, and 688 greater than those in the pure solvent.
< o e | S E The rate enhancement by DAP in cyclohexane is a factor
< N AR - oF of 863. The magnitude of these rate enhancements is
e meE = 3% considerably greater than those generally observed in
( S N o~ EX: aqueous micellar systems.>* It is also noteworthy
T & & S 9| 3% hat micellar effects in cyclohexane are considerabl
+I:~: ® S o (=] (=] cCoC (=] :E tha y : y
o ++ F F FFF F! O3 < more pronounced than those in benzene. In fact,
g. €2 rates of mutarotation in cyclohexane in the presence
O.l%gz3 2 =gs 3 g8 of DAB and DABz became so rapid that, under our
L% laaaa & aad o 28 condmon_s, no reliable rate constants coul'd.be obtained.
% R Our qualitative observatic_m that .the solubility of 2,3,4,_6-
8 I( g o 3= tetramethyl-a-D-glucose is less in cyclohexane than in
2 lnelss oo = = benzene suggests a more favorable partitioning be-
2|8 |TF [ E-E tween the polar micellar phase and the bulk apolar
g |5 |, % solvent in the former than in the latter. _
2 T‘g 5 9% =g The rate acceleration of the mutarotation of 2,3,4,6-
g N = s tetramethyl-a-D-glucose in benzene is not due to the
& < 59 presence of small amounts of water in the benzene,
& ( & i =T since the rate constant in “wet” benzene is only slightly
e ’|_=\ < i ©c o ocodT °.:' greater than that in dry benzene (Table III). More
e £ significantly, k, value in water at pH 5.43 (34.5 X 10—°
g ) T sec™!) is smaller by factors of !5, 18, and 28 than that
= s1E 83 « Sa§ £ in benzene in the presence of micellar DAP, DABz, and
£ - S~ ~ o-oc el DAB, respectively. Catalysis of the mutarotation of
g 2. 2,3,4,6-tetramethyl-a-D-glucose in benzene by DAP,
S { b3 Qg ,},3“ DABz, and DAB at the beginning of the plateau is,
2 | o c oo E § in fact, factors of 210, 260, and 370 greater than
= |4 + T+ g that by hydronium ions in water. In cyclohexane the
; S 'gﬁ same factor is 3000. The present kinetic data clearly
5 |7 . SRy % 2 imply, therefore, that substrates oriented specifically
kS [ © 2‘ ;2; EE in the polar regions of a nonpolar medium, a situation
§“ ° et not too different from some enzyme-substrate sys-
= <|5 gg- 89 tems,!2/1% can react faster than in completely aqueous
2 Qe o | g:: environments.
.[; g ! £E The observed kinetic form of the catalysis suggests
s |C 92 the possibility of evaluating the extent of the micelle-
2 1x . b=y - substrate binding as had been shown for many cases in
|97 c &% aqueous micellar solutions.>~* If micelle-substrate
2 ~ 25 association follows 1:1 stoichiometry, then the rate
é L g S £E constant for the mutarotation in the bulk apolar sol-
2 = s i ste ococo ; é‘ vent, ko, and that in the polar micellar phase, ku, is
"‘_5 % ;ﬁ expressed by eq 1, where M, S, and MS represent the
£ |Ts|E 8B B REBR | =g M+ S === Ms M
5 S oo © ocoo § é ikv km
5 1Bl im & RAR B 8z micelle, substrate, and micelle-substrate complex,
2 |3% 5 EE 5 =22 3 <" respectively, and K is the binding, or association,
= - oS constant. The observed pseudo-first-order rate con-
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Figure 4. Micelle-substrate association (binding) constant plots for 2,3,4,6-tetramethyl-a-D-glucose (1.7 X 10-2 M) and DAP in benzene

accordingtoeq 4 (©)andeq 5(@).

stant for the mutarotation, ky, can be shown?* to be
described by

_ ko + knK[M]
Y 1 + K[M]

where [M] is the concentration of the micelles and is
related to the stoichiometric concentration of the
surfactant, Cp, the critical micelle concentration, cmc,
and the aggregation number, N, by

)

[M] = (Cp — cmc)/N (3
Combination of eq 2 and 3 and rearrangement gives
1 [ 1 1 N

= —= (4

ko bl k‘p ko b km + ko et km<CD b cmc>K ( )

Plots of the left-hand side of eq 4 against 1/(Cp — cmc)
should give straight lines from the slopes of which
K/N can be calculated. All the surfactant systems
gave reasonably good linear plots (Figure 4), indicating
the validity of the assumptions?~* made in deriving
eq 4. Perhaps it should be pointed out that this is
the first instance in which association constants have
been evaluated for substrate—micelle interactions in
nonpolar solvents. It is likely, therefore, that the gross
behavior of catalysis by reversed micelles is analogous
to that by “normal’’ micelles formed in water.
An alternative rearrangement of eq 2 and 3 gives

ky = ko _ Ko
km—kw_N(CD

The advantage of eq 5 over eq 4 is that knowledge of
the cmc is not required; plots of the left-hand side of
€q 5 vs. Cp give straight lines with slopes of K/N. Its
disadvantage is that only a limited range can be used,
since erroneous values are obtained for points when

cmc) (5)

k, ~ ko or when k, ~ k,.* With these limitations,
all systems gave good linear plots according to eq 5
(e.g., see Figure 4). Considering the assumptions made
in the derivation (4) and (5) and the inherent inaccura-
cies in cmc values, the agreement between the inde-
pendently obtained K/N values are satisfactory (Table
I). The order of increasing K/N values, DAP in ben-
zene < DABz in benzene < DAB in benzene < DAP
in cyclohexane, is the same using either eq 4 or 5, but
the differences tend to be more pronounced as the mag-
nitude of K/N increases (Table I). Reported values
for the aggregation numbers of these surfactants in
benzene and in cyclohexane range between 5 and
20,192 If the assumption is made that the aggrega-
tion numbers of DAP, DAB, and DABz in benzene are
not too dissimilar, then the obtained rate enhance-
ments parallel the extent of interaction between 2,3,4,-
6-tetramethyl-a-D-glucose and the surfactants (Table
I). This relationship is most apparent in comparing
the effects of DAP in benzene with that in cyclohexane.
Considering the observed solubility behavior it is
tempting, therefore, to propose that 2,3,4,6-tetra-
methyl-a-D-glucose binds to DAP more effectively in
cyclohexane than in benzene.

Pronounced catalysis occurs at surfactant concen-
trations below the respective apparent critical micelle
concentration (Tables I-III). For example, even
1.0 X 10=° M DAP in cyclohexane causes an eight-
fold rate enhancement of the mutarotation of 2,3,4,-
6-tetramethyl-a-D-glucose. The paucity of the avail-
able data on the possible formation of small aggregates
below the cmc does not allow us to ascribe the cataly-
sis to this factor or to the alternative effect of ion pair-
ing by the monomeric surfactants.

In order to probe the interactions between the sur-
factants and 2,3,4,6-tetramethyl-D-glucose in benzene
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Figure 5. Plots of the observed chemical shifts (v, Hz) at 100 MHz
and 32° of 0.50 M DABz in benzene (©) and benzene-d; (3) as a
function of the concentration of 2,3,4,6-tetramethyl-D-glucose.

and cyclohexane, we investigated the proton nmr spec-
tra of these systems. The spectra of DAP and DAB
in benzene consist of a fairly sharp triplet for the ter-
minal methyl protons of the long hydrocarbon chain, an
unresolved broad resonance for the intermediate
methylene protons of the dodecylammonium ion, a
broad NH;* resonance, and multiplets for the protons
of the methylene groups adjacent to the carboxyl and
ammonium ions. A second upfield triplet is dis-
cernible in the spectra of DAB and can be ascribed
to the terminal methyl protons of the butyrate ion
(see Table V). The resonances for the dodecylam-
monium ion in the spectra of DABz are similar to those
of DAP and DAB with the exception that the resonance
for the intermediate methylene protons consists of
two overlapping broad peaks (relative intensity ca.
8:8) which are possibly the consequence of shielding
of the methylene protons closest to the ammonium
ion by the = electrons of the benzoate ion. Well-
resolved multiplets for the ortho and for the meta and
para protons of the benzoate ion are observed in the
spectra of DABz in benzene-ds and cyclohexane; how-
ever, that for the latter protons is obscured by the sol-
vent in benzene. Likewise the upfield methyl and
methylene resonances could not be observed in cyclo-
hexane under our conditions. The chemical shifts
(69) of the proton resonances of DAP and DAB in
benzene and of DABz in benzene, benzene-ds, and
cyclohexane are given in Table V.,

The observed chemical shifts (§) of the DAP, DAB,
and DABz protons are linear functions of the concen-
tration of added 2,3,4,6-tetramethyl-D-glucose, and

consequently were fitted to the equation
6 = 50 -+ G[X] (6)

where 6 and §, are the observed and limiting chemical
shifts and X is the solubilizate. Values for q, the
concentration dependence, were calculated from linear
plots of évs. [2,3,4,6-tetramethyl-D-glucose], M (e.g.,
see Figure 5). Similar concentration dependencies
were found for organic compounds and substrates
solubilized by “normal’’ micelles in aqueous systems. ¥
This analogous, but reversed, proton nmr behavior in
aqueous and nonpolar micellar systems, like the kinetic
results, suggests that the basic mode of micellar cataly-
sis is similar in the two media. It is apparent from
Table V and Figure 5 that significantly large @ values
are found only for the protons immediately adjacent
to the hydrophilic groups. Indeed, the magnitude
of the a values for the protons of the micellar surfac-
tants decreases with increased separation from the
charged atom or atoms, ie., NH;t > H;N*-CH,
> —0,C-CH, or —0,C-Ar(Hy). Since the am-
monium and carboxylate ions are oriented in the in-
terior of the micellar pseudo-phase, these results (Ta-
ble V and Figure 5) distinctly indicate that tetramethyl-
D-glucose is solubilized in the hydrophilic micellar
core in close proximity to these groups. On the other
hand, for cases in which the organic additive is not
solubilized in the micellar phase, e.g., p-chloronitro-
benzene, the a values for all of the surfactant protons
are either negligible or very small.?! By analogy, the
hydrophilic micellar core does not incorporate the
benzene or cyclohexane solvent. It is also highly
probable, via hydrogen bonding and other interactions,
that the sugar is held in a relatively rigid configuration
in the micellar core or “cavity.” Double hydrogen
bonding has been proposed, based on activation param-
eters, in the bifunctional catalysis of the mutarotation
of tetramethyl-a-D-glucose by 2-pyridone in ben-
zene, 2223 and this conclusion is strongly supported by
recent CNDOQO/2 MO calculations.?? The latter results

OCH, H

H
OCH, H
H CH,0CH,
g eo + RCOOH + H,NCH,R’ (7)
H.CO o H
o

R=CH3CH2, CHg(CHz)Z, or C6H5
R/= CHg(CHz)m

(30) E. J. Fendler, C. L. Day, and J. H. Fendler, J. Phys. Chem., 76,
1460 (1972), and references cited therein,

(31) J. H. Fendler, E. J. Fendler and R. Medary, unpublished results.

(32) H.J. Gold, J. Amer. Chem. Soc., 93, 6387 (1971).
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also indicate that the double hydrogen bond is stronger
than two separate single hydrogen bonds. It is tempt-
ing to postulate that the mutarotation in the micellar
core involves hydrogen bonding both between the
dodecylammonium ion and the heterocyclic oxygen
atom and between the 1-hydroxyl group and the car-
boxylate ion of the surfactant, thereby facilitating ring
opening (eq 7). The large upfield shift observed for the
ammonium protons as a function of tetramethylglu-
cose concentration supports such a postulate. A
functional catalytic mechanism of this type is consis-
tent with the observed kinetic results if the ring opening

7295

reaction is rate determining and the surfactant via
hydrogen bonding facilitates this step. The proba-
bility of double hydrogen bonding with the surfactant
is predictably far greater in the core of the micellar
phase than in the bulk solvent.
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The reactions associated with the reduction of pyrazine (I) in aqueous media are highly dependent upon
In 1 M HCIO, three polarographic waves are observed. The first two waves are successive reversible

one-electron steps yielding the radical cation of 1,4-dihydropyrazine (II) and 1,4-dihydropyrazine (IIL), respectively.
Controlled potential coulometry is characterized by a mass transport process with » values of 2.00 = 0.01. A rapid
and reversible reaction between I and III yielding II is observed at pH <2. The third wave is a catalytic hydrogen
wave with a species derived from III serving as the catalyst. The decomposition of III is first order and is acid-base
catalyzed. Above pH 2 a single diffusion-controlled two-electron reduction is observed. The reversibility of this
wave decreases with increasing pH. Coulometric # values are dependent upon stirring rate, concentration of I, and
pH. Functional group tests indicate that the decomposition of III involves ring opening at an N-C site yielding

H,NCH=—=CHNHCH,CHO (IV), which subsequently polymerizes.

NCHj,- precipitates.
during exhaustive electrolysis.

f the three unsubstituted isomeric aromatic di-

azines, pyrimidine is the most thoroughly studied,
probably because the purine, adenine, and other de-
rivatives are of great importance in the biological
sciences. Derivatives of pyrazine, some of which
occur naturally, have found use as pharmaceuticals.?
Pyridazine derivatives, none of which occur naturally,
are used as antifungicidal agents for stored food stuffs.
Other derivatives have found some use as pharma-
ceuticals.?

The redox behavior of these compounds has re-
ceived modest attention. Elving and coworkers* have
devoted considerable effort to the electrochemical re-
duction of pyrimidine and its derivatives. Detailed
mechanisms have been presented for several com-
pounds.®* Fragmentary results for the reduction of

(1) Acknowledgment is made to. the donors of the Petroleum Re-
search Fund, administered by the American Chemical Soicety, for
partial support of this research (PRF No. 1396-G2,3). Taken in part
from the Ph.D. dissertation of R, L. Rouseff submitted to the Gradu-
ate School, University of Georgia. Presented in part at the 160th
National Meeting of the American Chemical Society, Chicago, Ill.,
Sept 1970, and at the 23rd Southeastern Regional Meeting of the
American Chemical Society, Nashville, Tenn., Nov 1971.

(2) W.S. Allen, S. M. Aronovic, L. M. Brancone, and J. H. Williams,
Anal. Chem., 25, 895 (1953).

(3) A. Albert, “Heterocyclic Chemistry,” 2nd, ed, Athlone Press,
University of London, 1968.

(152)2)D' L. Smith and P. J. Elving, J. Amer. Chem. Soc., 84, 2741

(5) H. Lund, Advan. Heterocycl. Chem., 12, 213 (1970).

In phosphate buffers a polymer of -CH=

Spectral evidence indicates that the carbonyl group of IV or a polymer of IV is reduced
Uv data indicate the above mechanism is valid up to pH 7.

pyrazine have been reported,®—1° but these studies in
toto are incomplete and contradictory. The work
reported herein is a detailed investigation of the electro-
chemical reduction of pyrazine in well-buffered aqueous
media.

Experimental Section

Pyrazine (I), Puriss grade from Aldrich Chemicals (Milwaukee,
Wis.), was used without further purification. Uv and ir spectra
confirmed its purity and identity. All other chemicals were re-
agent grade quality and used without further purification. Per-
chloric acid and phosphate buffers (Cpo, = 0.37 M) were used to
control pH, NaClO, was used to maintain the ionic strength of the
final test solutions at 1.0,

Polarographic data were obtained with a stabilized Heath (Benton
Harbor, Mich.) Polarographic System. For detailed wave-shape
and half-wave potential studies the potential axis was expanded such
that the cell potential could be read directly from the polarogram to
the nearest 0.5 mV.

For cyclic voltammetric and chronoamperometric studies an all-
solid-state operational amplifier potentiostat designed similar to the
one reported by Smith, er al.,!t was used, An X-Y recorder or

(6) L. F, Wiggins and W. S. Wise, J. Chem. Soc., 4780 (1956).

(7) J. Volke, D, Dumanovic, and V. Vokova, Collect. Czech. Chem.
Commun., 30, 246 (1965).

(8) J. M. Hale, J. Electroanal, Chem., 8, 181 (1964).

(9) E. Moorhead and D. Britton, 4nal. Lett., 1, 541 (1968).

(10) A. F.Donda, E. Cerma, and L. Sestill, Ric. Sci., Parte 2, Sez. A,
7, 545 (1964).

(11) D. E. Smith, E. R, Brown, and G. L. Booman, 4nal. Chem., 40,
1411 (1968).
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