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Avgy+ values was made on the basis of eq | by expressing Av as a
function of Avg, Ho, log cy+, Avpy+, ¢ and pKpy+. The last three
terms were varied by 1% increments until the best fit between calcu-
lated and experimental Av values was found through the least-squares
analysis reported by Sillen.23 The pK g+ and ¢, values were computed
as described elsewhere,”-8 using the H data obtained by interpolation
of literature values at the appropriate temperature.2* The somewhat
larger than usual standard deviations found for Me;S pK g+ values
probably arise from the narrow range of acidity (about 2 A units)
in which protonation of this compound is complete.”8
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Conformational Properties of cis,cis-1,4-Cyclooctadiene.
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Abstract: The 'H and the natural abundance 3C NMR spectra of cis,cis-1,4-cyclooctadiene have been measured from —10
to —180 °C. Dynamic NMR spectroscopy and iterative strain-energy calculations indicate that the compound exists in solu-
tion as a mixture of twist-boat (flexible) and boat-chair (relatively rigid) conformations having nearly the same energies. The
calculated (strain energy) barrier for the interconversion of these two conformers was calculated to be 9.0 kcal /mol, in good
agreement with the experimental (free energy) barrier of 8.0 kcal/mol. The present results are discussed in conjunction with
previous experimental and theoretical data on 1 ,4-cyclooctadiene and related compounds.

In view of the success of dynamic NMR spectroscopy and
iterative strain-energy calculations for investigating the con-
formational properties of cis,cis-1,3- and cis,cis-1,5-cyclooc-
tadienes,!? we have carried out corrésponding investigations
of the remaining cis,cis-cyclooctadiene, namely the 1,4 iso-
mer,? and we now report these results. Dunitz and Waser* have
pointed out that Dreiding molecular models of the 1,4-diene
can exist as a rigid conformation or as a family of flexible
conformations. However, the torsional, angle bending, and
nonbonded potential energy contributions of real molecules
are poorly reproduced by these molecular models, and there-
fore deductions based on such models may be misleading.
Favini et al.5> have published strain-energy calculations on
1,4-cyclooctadiene, but these authors used a simple procedure
which does not minimize the energy by allowing the confor-
mations to relax to their optimum geometries. Allinger et al.¢
have published force-field calculations on 1,4-cyclooctadiene
but they did not consider the twist-boat conformation, which,
as will be shown in this paper, is the lowest energy conforma-
tion of this molecule, nor did they consider conformational
interconversion paths.

Although there is presently no published experimental data
on the structure or conformational properties of 1,4-cyclooc-
tadiene itself, several papers on dibenzo derivatives of this

compound and its heterocyclic analogues have appeared re-
cently.”-?

Experimental Section

The cis,cis-1,4-cyclooctadiene was synthesized from the 1,3 isomer
according to the method described by Moon and Ganz.!0 Its 'H NMR
spectrum in CDCl; at room temperature exhibits five absorption bands
at é (ppm) 1.39 (7-CH,;), 2.25 (6,8-CH>), 2.74 (3-CH3y), 5.31 (1,5-
CH), and 5.63 (2,4-CH). Irradiation of the band at & 2.74 (3-CH;)
caused the quintet at 6 1.39 to become a doublet, and the rough quartet
at 8 2.25 to become a doublet of triplets, proving the assignment given
above for the olefinic protons. The '3C NMR spectrum in CDCl; at
room temperature shows five bands at 8 (ppm) 23.3 (7-13CH>), 25.0
(6,8-13CH3), 29.7 (3-13CH,), 128.6 (1,5-13CH), and 130.6 (2,4-
13CH). Selective irradiation with low power at each of the proton
chemical shifts was carried out. In each case only a single '3C reso-
nance was observed as a sharp line, the other resonances being mul-
tiplets, thus giving directly the assignment shown above.

All NMR spectra were measured on a superconducting solenoid
NMR spectrometer operating at 59 kG.'!-'? The proton noise-de-
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Figure 1, 63.1-MHz '3C NMR spectra of cis,cis-1,4-cyclooctadiene in
CHFCIl,-CHF,Cl (1:2) at =50 °C and —140 °C. In each spectrum the
lines marked with stars belong to the 1,5 isomer.

coupled '3C NMR spectra are Fourier transforms of accumulated free
induction decays and were obtained with 8-mm tubes under the fol-
lowing conditions; 45° pulse angle, 8K data points, 11286-Hz spec-
trum width, and an exponential broadening function corresponding
to a broadening of 4 Hz. For variable-temperature 13C NMR spectra
a mixture of CHFCl,-CHF,Cl (1:2) was used as the solvent. A flu-
orine line of the solvent was employed for lock purposes. The vari-
able-temperature 'H NMR spectra were obtained in a frequency
sweep mode with CHFCIl,-CHF,ClI (1:2) as solvent. Tetramethyl-
silane was used as internal reference for both '3C and 'H NMR
spectra. All temperatures were measured with a copper-constantan
thermocouple situated in the probe a few centimeters below the sample
and should be accurate to £1 °C for 'H NMR spectra and to 2 to
3 °C for 13C NMR spectra.

Line-shape calculations were made with a Fortran program on the
Data General Corp. Nova computer of the NMR spectrometer.
Strain-energy calculations were carried out on an 1BM-360/91
computer at the Campus Computer Network of UCLA.

Results and Discussion

Assignments of the 'H and '3C NMR spectra of 1,4-cy-
clooctadiene were made by selective decoupling experiments
(see Experimental Section). The 'H assignment confirms
previous work!'? on the 100-MHz spectrum of this com-
pound.

The 'H NMR spectrum of 1,4-cyclooctadiene in
CHFCI1,-CHF,Cl (1:2) remains essentially unchanged, apart

Obsd .
=105
100Hz

R
Caled
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from some general broadening, down to —160 °C. Further
discussion of these spectra will be given after the presentation
of the 13C NMR data and of strain-energy calculations.

The 13C NMR spectrum of 1,4-cyclooctadiene shows a clear
dynamic NMR effect between —50 and —140 °C (Figures 1
and 2). The resonances are broad at about —100 °C and they
split into doublets with intensity ratios of ~85:15 at lower
temperatures. The splitting patterns given in Figure 1 are re-
quired for the calculated line shapes to fit the observed spec-
trum at —105 °C (Figure 2). These calculations were carried
out with an equilibrium constant (K) of 0.176, a rate constant
(k) of 130s™!, and the chemical shifts measured at =140 °C.
Thus two conformations are present, and, at —105 °C, AG®
is 0.58 & 0.05 kcal/mol, and, from the absolute rate theory,
AG¥is 8.0 £ 0.2 kcal/mol, where all known sources of errors
are included.

We have not tried to calculate other activation parameters,
such as AH¥ or AS¥*, because values of these parameters
(unlike AG¥) are very prone to systematic errors and are dif-
ficult to obtain with useful accuracies.'* In a conformational
process, which has first-order kinetics, and which occurs in a
molecule of low symmetry and polarity, the value of AH¥
should be close to that of AG¥, and that of AS* should be close
to zero.'* Similar relationships should hold for the corre-
sponding thermodynamic parameters, AH®, AG®, and AS®.
With the assumption that AS® is within 1 eu of zero, the
equilibrium constant (K) at room temperature is calculated
to be 0.4 £ 0.1, corresponding to a population ratio of ~70:
30.

Strain-Energy Calculations. Strain-energy (force field or
molecular mechanics)!S calculations were carried out with
Boyd’s iterative computer program.!é¢ The parameters used
for torsional and out-of-plane bending of a double bond were
those of Ermer and Lifson;!” all other parameters were those
suggested by Boyd.'® Calculations based on the Newton-
Raphson procedure, as in the present instance, will converge
to either an energy maximum or an energy minimum with
respect to distortions corresponding to a normal mode of vi-
bration. Ermer!® has recently stressed the desirability of de-
termining whether a given geometry obtained in a strain-
energy calculation is a true (local) energy minimum with re-
spect to any small distortion of the molecule. A test for a true
(local) energy minimum can be made if the vibrational
frequencies of the conformation are calculated, as all vibra-
tional frequencies should be real for a true minimum. Since
Boyd’s program provides the vibrational frequencies as an
optional feature, we have checked that all the minimum-energy
conformations obtained in our strain-energy calculations have

*
Co.8

C }

Figure 2. Experimental (top) and calculated (bottom) 63.1-MHz 13C NMR spectrum of ¢is,cis-1,4-cyclooctadiene in CHFCl,-CHF;Cl at —105 °C.
The rate constant (k = 130 s™') is given for the conversion of the twist-boat (major) to the boat-chair (minor) conformation. In the experimental spectrum,

the peaks marked with stars belong to the 1,5 isomer.
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Figure 3. Torsional and internal angles in various geometries of cis.cis-
1 ,4-cyclooctadiene.

3N — 6 real vibrational frequencies. For transition-state
geometries, on the other hand, the criterion that must hold is
that one and only one vibrational frequency be imaginary, and
such a test has been applied to all conformational transition
states in our calculations.

Approximate coordinates for the boat-chair (BC) or rigid*
conformation were" calculated by means of the program
CcOORD?Z with input data obtained from a Dreiding-Fieser
model. The computer calculated geometry of the boat—chair
conformation resulting from the strain-energy calculations has
C; symmetry and its torsional and internal angles are given in
Figure 3.

The twist-boat (TB) or flexible* family of conformations
of 1,4-cyclooctadiene was obtained by “driving”!3¢:21.22 the
C(€)-C(7) or C(7)-C(8) torsional angle of the boat-chair
conformation by steps of 10 to 15° to give a smooth confor-
mational change, as shown in Figure 4. The twist-boat family
of conformations includes the axial-symmetrical twist-boat
(TB, Cy) itself and a distorted twist-boat (DTB) which lacks
symmetry (there are actually two distorted twist-boats when
the molecule is labeled). The energy barrier separating these
conformations is very small and the calculations are not ac-
curate enough to determine meaningfully the precise energy
surface in such situations. The torsional and internal angles
for the twist-boat and distorted twist-boat conformations are
given in Figure 3.

The transition state for the boat-chair to twist-boat process
is the half-chair (HC) (Figures 3 and 4) and this has a rela-
tively high strain energy, consistent with the rigidity of the
boat-chair conformation in Dreiding molecular models.*

The driving process used in the calculations to change the
boat-chair conformation to the twist-boat is not reversible.??
If the reverse process is attempted, the twist-boat changes to
its enantiomeric form (TB’) via the plane-symmetrical boat-
boat (BB, C;) geometery as the transition state (Figure 4). The
calculated energy barrier separating the TB and TB’ confor-

HC(C))

ol _{ . . o 4o
BC(Cq) T8 (Cz) T8'(C2)

Figure 4. Results of iterative strain-energy calculations on cis,cis-1,4-
cyclooctadiene. The energies are in units of kilocalories/mole.

mations is relatively low (~3.8 kcal/mol), consistent with the
flexibility of the family that includes the twist-boat, distorted
twist-boat, and boat-boat forms in Dreiding molecular mod-
els.*

Other possible driving modes for the conformational inter-
conversions of 1,4-cyclooctadiene were also explored, but they
were found to have much higher calculated strain energies than
the corresponding paths shown in Figure 4.

Only a few comments need be made about the calculated
structural and energy parameters of the various conformations
and transition states shown in Figure 3 and in Table I. The
boat-chair and the twist-boat conformations have almost the
same strain energies for the bond-stretching and out-of-plane
bending terms, and the amount of strain due to these terms is
small. On the other hand, the strain-energy contributions
arising from bond-angle bending and torsional effects are quite
variable in these two conformations, The twist-boat has a
higher strain energy for the bond-angle bending terms, whereas
the torsional strain of the boat-chair conformation is higher
than that of the twist-boat. An important difference between
the boat-chair and the twist-boat (or distorted twist-boat)
conformation concerns the internal angle 8,34 of the isolated
methylene group. This angle (109°) is compressed from its
unstrained value (111°) in the boat-chair, but, in the twist-
boat, the same angle (120°) is very much expanded. Internal
bond angles in medium-ring compounds are usually larger than
the unstrained value, a typical angle for saturated eight-
membered rings being 114°,24 and it is very unusual for such
angles to have a value less than 111°, The internal angles of
the olefinic carbons in the boat-chair are almost normal,
whereas those of the C-2 and C-4 olefinic carbons in the
twist-boat are quite expanded.

Because of the extremely low calculated barrier (which may
not be real) separating the twist-boat and the distorted
twist-boat, it is convenient to group these conformations to-
gether for the purpose of the subsequent discussion, and to label
them as simply the twist-boat conformation. The strain-energy
calculations show that there are only two low-energy confor-
mations (neglecting enantiomeric forms) for 1,4-cycloocta-
diene, and that the energy difference between them should be
very small but that they should be separated by an energy
barrier of 9.0 kcal/mol. Experimentally, the 13*C NMR data
at low temperatures shows the presence of two conformations
which have a free-energy difference of 0.5 kcal/mol, and which
are separated by a free-energy barrier of 8.0 kcal/mol, in good
agreement with the strain-energy calculations. Comparisons
of strain-energy differences with free-energy differences
should be valid in the present instance, because zero-point vi-
brational energy and entropy differences should be small,
Although the symmetry numbers for the twist-boat and
boat-chair are different, being 2 and 1, respectively, this effect

Journal cf the American Chemical Society | 99:21 [ October 12,1977



6989

Table I. Calculated Strain Energies in Different Energy-Minima and Energy-Maxima Geometries of cis,cis-1,4-Cyclooctadiene

Strain-energy contributions, kcal/mol

BC (C,) TB (C,) DTB (1) HC (C)) BB (()
Bond stretching (20 terms) 0.25 0.31 0.31 0.50 0.48
Bond-angle bending (36 terms) 1.61 4.46 433 10.11 7.54
Out-of-plane bending (8 terms) 0.20 0.01 0.03 0.10 0.29
Torsional strain (10 terms) 7.72 3.63 3.87 6.68 3.49
Nonbonded interactions (134 terms) 2.42 3.68 3.68 3.6l 4.11
Total strain energy 12.20 12.09 12.22 21.01 15.91
Table II, 63.1-MHz '3C NMR Chemical Shifts@ of cis,cis-1,4-Cyclooctadiene
Temp, °C 7-13CH, 6,8-13CH; 3-13CH, 1,5-13CH 2,4-13CH
=50 229 24.8 29.9 128.7 131.0
—140 (TB) 225 24.2 30.6 128.9 131.0
—140 (BC) 24.5 29.7 27.1 131.2 136.2

@ |n parts per million downfield from internal tetramethylsilane.

is cancelled by the fact that the former conformation is chiral
and exists as a mixture of two enantiomeric forms, whereas the
latter is achiral.

Assignment of Conformations. The 'H NMR spectrum of
1,4-cyclooctadiene, although virtually temperature indepen-
dent, gives a valuable clue as to the nature of the major con-
formation of this compound. In the boat-chair conformation,
each methylene group has anisochronous protons, and, at
temperatures where the boat—chair is not taking part in a dy-
namic NMR effect, the 'NMR spectrum should exhibit six
chemical shifts in the methylene region. The strain-energy
calculations give a barrier of only 3.8 kcal/mol for the inter-
conversion of the twist-boat and its mirror image, and it is
therefore probable that the TB = TB’ process will still be fast
on the NMR time scale at —170 °C. The time-averaged
symmetry will then be C», for the twist-boat family and the
"H NMR spectrum of this conformational family will thus
show only a single chemical shift for the geminal protons on
C-6 and C-8. Also, the C-3 and C-7 methylene protons will
each give rise to a single chemical shift by symmetry. Thus, the
strain-energy calculations imply that the methylene-proton
region of the twist-boat conformations should exhibit only
three chemical shifts at all temperatures above —170 °C.

Since the '"H NMR spectrum of 1,4-cyclooctadiene does not
change appreciably down to =170 °C, the major conformation
is most probably the twist-boat. If only the twist-boat were
populated, the 'H NMR spectrum would show no dynamic
NMR effect; if a small population of the boat-chair is also
present, some broadening of all the lines would be expected,
the extent of the broadening being dependent on the chemi-
cal-shift differences between the two conformations. However,
the bands of the various protons are already quite complex and
broad because of coupling and dipole-dipole relaxation effects,
and an additional small broadening due to a dynamic NMR
effect would be difficult to detect. The presence of the boat-
chair as a minor conformation might be directly visible at still
lower temperature, when the exchange broadening has dis-
appeared. However, the population of the boat—chair is low and
the signals are expected to be more spread out than those in the
twist-boat, and thus it is not surprising that the minor con-
formation could not be detected by 'H NMR. On the other
hand, if the major conformation were the boat-chair, the 'H
NMR spectrum would be understandable only provided that
coincidences (ot near coincidences) exist in the chemical shifts
of the geminal proton in all three different methylene groups,
a rather unlikely event.

Supporting evidence for the assignments made above can
be obtained by a comparison of the chemical shifts in the

twist-boat and boat-chair conformations (Table II). The
chemical shifts of C-3 are particularly significant because of
the very different environments of that carbon in the two
conformations. C-3 lies along a C» axis in the twist-boat (or
close to this in a distorted twist-boat), and thus it cannot be
involved in shielding effects (e.g., a ¥ or “vicinal gauche” ef-
fect).?5 In the boat—chair, on the other hand, C-3 is involved
in v effects with C-6 and C-8, and thus it should be shielded
by comparison with the same carbon in the twist-boat, as in-
deed is the case with assignment previously made (Table II).
The magnitude of the shielding (3.5 ppm) is consistent with
this effect. Other carbons also show pronounced shift differ-
ences in the two conformations, but these variations are not
easy to interpret on the basis of empirical shift rules.2

Comparisons with Other Investigations. Favini et al. have
calculated the strain energies of the boat-chair and a strongly
distorted twist-boat and have found that the boat-chair was
favored by either 1.3 or 7.1 kcal/mol, depending on the kind
of nonbonded interactions used, but these authors did not op-
timize the geometries of these conformations. Allinger et al.6
have applied iterative force-field calculations to 1,4-cyclooc-
tadiene and have found that the boat-chair is the most stable
conformation. However, they apparently did not investigate
the axially symmetric twist-boat conformation, and they
claimed that the boat-boat was an energy minimum, which
surprised them. They state that distortion from Cs symmetry
led to an increase in the energy of the boat-boat, but this may
have been the result of an insufficiently large distortion from
the symmetrical geometry, as the energy profile is fairly flat
in that region according to our calculations. We find that the
twist-boat is 3.8 kcal/mol more stable than the boat-boat, and
this difference is large enough for it to have at least the correct
sign, in our opinion.

The conformational behavior of 1,4-cyclooctadiene can
be contrasted to that of its dibenzo derivative,’® in which
the boat-chair conformation is populated to the extent of 98%
at room temperature, and where the boat-chair to twist-boat
free-energy barrier is 14.9 kcal/mol.26 The high barrier in the
dibenzo series is reproduced by strain-energy calcula-
tions.%2

Pala et al.” were the first to observe dynamic 'H NMR ef-
fects in eight-membered rings which possess 1,4 unsaturation.
They have discussed briefly the spectra of IT (R = H, CN, or
CH,Ph) and pointed out that the NMR data indicates some
rigidity in the eight-membered ring, but they did not propose
any specific conformation for these compounds. No exchange
rate constants or activation energy parameters were re-
ported.
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Fraser and coworkers® have applied dynamic '"H NMR
spectroscopy to some N-alkyl derivatives of 11. These com-
pounds were found to exist in solution as mixtures of boat-
chairs and “twist-boats™ (see Appendix) in both the base and
protonated states.26 The barriers separating the two kinds of
conformations are in the range of 16 to 18 kcal/mol, and are
therefore similar to the corresponding barrier in dibenzo-
1,4-cyclooctadiene. %

X-ray diffraction data of the N-methyl and N-zert-butyl
derivatives of IT have recently been reported.?’ The azocine
ring of the N-methyl derivative is found to have the rigid
boat—chair conformation with approximately C, symmetry.272
The observed ring torsional angles are in good agreement with
those calculated for the boat-chair conformation of 1,4-cy-
clooctadiene. On the other hand, the corresponding N-ter:-
butyl derivative of II is found to adopt a highly distorted
twist-boat conformation in the crystalline state,2’® with tor-
sional angles about midway between those of the twist-boat
and boat-boat geometries of 1,4-cyclooctadiene. However, it
should be remembered that the geometry of a flexible con-
formation can be strongly affected by crystal packing effects
and thus there may be appreciable differences between the
solution and crystal conformations in such a case.

Ollis and coworkers® have recently reported the tempera-
ture dependence of the 'H NMR spectra of a wide variety of
heterocyclic analogues of dibenzo-1,4-cyclooctadiene, in which
the C-3 and C-7 methylene groups were replaced by hetero
substituents (e.g., O, S, SO,, NR) (1I1). With two exceptions,
all compounds were found to exist in solution as mixtures of
boat-chairs and twist-boats with the former being the major
conformation. The barriers separating these two families of
conformations are in the range of 12 to 19 kcal/mol. Only the
boat-chair is populated when X = Y = SO; and only the
twist-boat is observed when X = C=0 with Y = NCH,Ph.
These authors were able to measure energy barriers (10to 11
kcal/mol) for enantiomerization of the chiral twist-boat
conformationsin Il (X =Y =Sand X = 0,Y = S0O,).

Conclusions

cis,cis-1,4-Cyclooctadiene exists as a mixture of two con-
formations, namely, a fairly rigid boat-chair, and a more or
less flexible twist-boat, and in this regard it is similar to di-
benzo-1,4-cyclooctadiene and many of its heterocyclic deriv-
atives. However, the barriers to conformational processes are
quite sensitive to the nature of substituents and to the presence
or absence of fused benzene rings.

A knowledge of the conformation of 1,4-cyclooctadiene is
of some importance for the interpretation of the photoelectron
spectrum of this compound, since the interaction of the « or-
bitals of the double bonds is mainly through space in the
boat-chair, but should be largely by hyperconjugative inter-
action via the 3-methylene group in the twist-boat.?® The two
mechanisms have different signs of the interaction constants,28
which unfortunately cannot be determined from the photo-
electron spectrum. The observed splitting of 0.66 eV between
the two lowest energy bands of 1,4-cyclooctadiene may well
reflect superimposed splitting arising from both the boat-chair
and twist-boat conformations, with interaction constants of
similar magnitudes but of opposite signs.

Acknowledgment. This work was supported by the National
Science Foundation.

Appendix

Nomenclature of 1,4-Cyclooctadiene Conformations. Un-
fortunately, very different names have been used in the liter-
ature to describe the conformations of 1,4-cyclooctadiene and
its analogues. The conformation termed the boat-chair in this
paper and elsewhere>6.272 has been named a crown8 (later
changed to boat-chair®®) or a chair,® or simply left nameless
and characterized as “rigid”.# We strongly prefer the term
boat—chair for reasons previously given.8®

For the twist-boat we are in agreement with Ollis and co-
workers,® who use this term for the conformation with C; or
near-C; symmetry. Other workers®®27 have also used this
name, but have applied it to conformations which are rather
far from C, symmetry and it has been implied that the C,
conformation is an energy barrier.8%26 It is, of course, difficult
to assign meaningful names to more or less flexible confor-
mations, because relatively large changes in geometry can
result from small structural modifications.

The boat-boat name has been used previously, to describe
a geometry assumed> or calculated® to be an energy minimum.
Other workers®® have used the name boat for this geometry,
and have considered it a transition state. We also find that this
geometry, which we name the boat-boat, is a transition
state.

Finally, the half-chair (I-HC) transition state is similar to
the “TS1” geometry proposed by Ollis and co-workers® for
dibenzo-1,4-cyclooctadiene.

Supplementary Material Available: A listing of the coordinates for
all the atoms in five different geometries of cis,cis-1,4-cyclooctadiene
(3 pages). Ordering information is given on any current masthead
page.
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Kinetics of Dye Formation by Oxidative Coupling
with a Micelle-Forming Coupler
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Abstract: Rates of dye formation by coupling between quinonediimines (QDI) and a micelle-forming a-naphthol derivative
have been measured. The results were found to fit a model which postulates that the QDIs rapidly distribute between the mi-
celles and the aqueous region of the solution. Solubilization of QDIs favors dye formation and reduces side reactions which
occur exclusively in the aqueous region. Partition coefficients and specific rates were obtained which showed that charges and
hydrophobic characters of QDIs have large effects on the partition coefficient.

The image dyes of many color photographic systems are
formed by the reaction of oxidized N,N-disubstituted p-
phenylenediamines (QDI) and compounds with active meth-
ylene or methine groups known as couplers. The mechanism
of this reaction has been studied in dilute aqueous solutions
using substituted a-naphthols and phenols of low molecular
weight.! We have recently extended the study to include cou-
plers which are simultaneously ballasted with hydrophobic
groups and solubilized with ionizable groups. They are useful
in pliotographic technology as incorporated couplers because
their low mobility during development prevents diffusion
causing interlayer contamination.? Such modifications, how-
ever, confer detergent-like properties to these molecules which
profoundly alter their reaction kinetics. The latter is the subject
of the present report.

We have compared the rate of dye formation between QDlIs
with various charges and an anionic micelle-forming cou-
pler, 4-chloro-3’,5'-dicarboxy-/N-octadecyl-1-hydroxy-2-
naphthanilide (called coupler II in this report) with the rates
of the same QDIs and a lower molecular weight analogous
coupler (called coupler I). The structures of the compounds
are shown in Chart 1.

Differences in rate behavior of couplers I and I are apparent
on examination of Figures 1 and 2. The results are interpreted
by a model which postulates that (1) the QDI was rapidly
distributed between the micellar and the aqueous region, and
(2) the observed rate was the sum of two rates, one in each
region. Similar models have been used by others to evaluate
binding constants and micellar rate constants in systems where

the surfactant was added to provide a micellar medium but did
not take part directly in the reaction as in our system.3* The
use of a nonionic surfactant as a medium for the coupling re-
action was published earlier by us.3

Kinetic Model. The kinetic data with micelle-forming cou-
pler II (Figure 2) were obtained at concentrations above the
critical micelle concentration (cmc). Interpretation of these
kinetics should therefore take into account the possibility of
reactions in the micellar region as well as in the continuous
aqueous region. The proposed kinetic model assumes the dis-
tribution of QDI between these regions, with rates in each re-
gion determined by the respective reactant concentrations.
Since the average micellar size is assumed constant, the ratio
of micellar volume to surface is constant and the form of the
kinetic expression will be the same whether the micellar re-
action takes place at the surface or in the micellar interior.
Further speculation as to the more detailed location of the
reaction comes from the consideration of the kinetic parame-
ters.

At concentrations above the cmc it is further assumed that,
for a given pair of QDI and coupler, the concentration of mo-
nomeric coupler remains constant. Although aggregations are
expected to depend somewhat on the structure of the QDI, the
cmgcs are probably of the same order of magnitude as the cme
measured using the cationic dye (see Table I).

Above the cmc we assume that the overall concentration of
the coupler is

Z‘=C1+nC,,
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