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Abstract: Dissociation and keto-enol tautomerism of phloroglucinol and its anions lead to the formation of ten species with 
different degrees of dissociation and conjugation. The equilibria between these species have been determined by applying 
kinetic techniques. The transition from the phenolic to the ketonic forms is connected with the protonation of the aromatic 
ring and leads to the formation of u-complexes. The rate constants for these reactions have been determined and compared 
with data of other a-complex formations. 

Introduction 
As early as 1886, A. Baeyer observed that phloroglucinol 

(1,3,5-trihydroxybenzne) forms a trioxime with hydroxylamine.' 
This reaction is typical for ketones, and therefore he concluded 
that phloroglucinol may exist in the triketo form 10 (the bold 
numbers refer to Scheme 11, see below). Alkylation leads either 
to 0- or to C-substituted products, indicating an aromatic or a 
carbonylic structure of phloroglucinol, respectively, depending upon 
the specific conditions of the reaction.* This ambivalent behavior 
induced a number of investigations examining the keto-enol 
equilibria of the neutral phloroglucinol and of its mono- and 
di-deprotonated  anion^.^ The neutral molecule exists nearly 
exclusively in the aromatic form 1, whereas the conjugated ketonic 
form 5 prevails for the dianion. This has been shown in particular 
by the work of Highet4 and of Scheibe and K6hler,s evaluating 
IH-NMR data and comparing UV/vis-spectra of phloroglucinol 
with spectra of the dianion of filicinic acid, respectively. The 
aromatic form has been proposed for the monoanion? although 
this result is less reliable, since the monoanion predominates a t  
no pH (the pK, and pK, values of phloroglucinol are similar). 
Thermodynamic data for the keto-enol equilibrium and systematic 
investigations concerning the kinetics of the conversion have not 
been published so far, so that the present knowledge of the 
keto-enol tautomerism of phloroglucinol is unsatisfactory.6 

Furthermore, the keto-enol conversion is linked to the formation 
of a-complexes, which are of great importance as intermediates 
in electrophilic aromatic substitutions. In aqueous solution at  pH 
> 0, stable a-complexes are obtained by the protonation of az- 
ulenes' and triaminobenzenes.8 For phloroglucinol, Kresge9 and 
Schubert and Quacchia'O observed the formation of a u-complex 
with structure A (Scheme 11), investigating the protonation at  
the aromatic ring in superacidic media (pH < 0). Further u- 
complexes should be formed by ring-protonation of the three 
differently deprotonated aromatic anions of phloroglucinol. These 
ucomplexes are expected to be strongly stabilized by the negatively 
charged oxygen substituents, so that they should be stable in 
aqueous solutions at  pH > 0. As an example, Scheme I shows 
three mesomeric structures of the nonaromatic dianion, where y 
is the structure of a typical u-complex and its stabilization is 
indicated by the carbonyl forms x and z; i.e. the a-complex and 
ketones are mesomeric forms of the same compound. (In Scheme 
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I1 structure x is written, as is usually done in the literature.) 
Experimental Section 

Most kinetic experiments were performed using a UV/vis stopped-flow 
apparatus with a dead-time of about 3 ms, where equal volumes of 
solutions of phloroglucinol and of buffer are mixed. Spectra of the 
intermediates were recorded using a diode-array spectrophotometer HP 
8452A equipped with a stopped-flow mixing unit. Under equilibrium 
conditions, spectra were recorded with a spectrophotometer Kontron 
Uvicon 860. In those three apparatuses, the length of the cuvettes is 1 
cm. Temperature-jump and pressure-jump relaxation techniques were 
used for supplementary measurements. 

All chemicals are commercially available (grade pea.) and were used 
without further purification. For the solutions, tridistilled water was used, 
which was carefully degassed in order to remove C02. The pH of the 
solutions was adjusted by the addition of HCI (pH C 4.0), NaOH (pH 
> 10.4), and the buffer systems CH,COONa/HCI (4.0 C pH C 5.4), 
Na2HP04/HC1 (6.0 C pH C 7.9), Tris/HCl (7.5 C pH C 9,1), 
NH,CI/NaOH (8.6 C pH C 9.9). and Na2C03/HCI (9.2 C pH C 10.4). 
The pH values were calculated from the concentrations and the disso- 
ciation constants of the buffers, and they were measured using a glass 
electrode. Calculated and experimentally obtained values agreed within 
*0.03 unit. 

The kinetic measurements were performed in buffered solutions, i.e. 
[H+] = constant. Therefore the reactions proceed under pseudo-first- 
order conditions, and for all experiments the time dependence of the 
absorbance fits to eq 1 or 2. These equations describe one or two 

A(t)  = (Ao - A,) exp(-t/Ts) + A, (1) 

A(?) = (Ao - AI) exp(-t/r~) + (Al - A,) exp(-t/Ts) + 4 (2) 

superimposed relaxation effects with relaxation times T ,  and amplitudes 
(A,-A,). F and S indicate the fast and slow relaxation effect, respectively. 

The pH dependence of the absorbance Ao, A, ,  and A, was evaluated 
according to eqs 3 and 4 corresponding to a one- and a two-photon 
process, respectively. In both equations activity corrections arc consid- 

ered dependent upon the charge of the ions involved. n, and 112 are the 
products of the activity coefficients, which are calculated by David 
equation," and they are indicated by i = I, 11, and I11 for monovalent, 
divalent, and trivalent ions, respectively. Inert salt was not added to the 
solutions, and the ionic strength was calculated from the concentrations 

( 1  1) Davies, C. W. J. Ion Association; Butterworth: London, 1962. 
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Figure 1. Spectra of 5 X M solutions of phloroglucinol at equilib- 
rium: a, pH = 5; b, pH = 9; c, pH = 12. Inset: Spectrophotometric 
titration of 1 X M solutions of phloroglucinol. The curves are 
calculated according to eq 4. 

of acid, base, and buffer. All results reported refer to 20 'C and 1 bar. 

Results 
The spectra in Figure 1 indicate the existence of three differently 

protonated species of phloroglucinol. Below pH = 7 it does not 
dissociate, and at  pH > 1 1  it is twice deprotonated. At pH = 
9 the absorbance maximum a t  278 nm has to be attributed to the 
mono-deprotonated anion, but the undissociated molecule and the 
dianion of phloroglucinol exist simultaneously; i.e., at no pH value 
does the mono-deprotonated form predominate strongly. This can 
be seen in the titration curve (inset of Figure 1). At A = 278 nm 
the absorbance increases at  pH > 7 due to the formation of the 
monoanion, but before the equilibrium is shifted completely, the 
absorbance decreases again due to the second deprotonation. The 
numerical evaluation according to eq 4 yields for the dissociation 
constants the values pK,, = 8.8 f 0.2 and pKa2 = 9.0 f 0.1. 
Activity corrections have been considered in the calculations; Le., 
the values refer to ionic strength I = 0. At pH > 13 the ab- 
sorbance changes again, and at pH = 14.5 the spectrum resembles 
closely that for pH < 7. For this third dissociation step we obtain 
pKa3 = 14.1 f 0.1 at I = 1 mol dm-). Only those three constants 
can be determined under equilibrium conditions. Our values are 
close to pKa, = 8.5 and pKa2 = 8.9 quoted by Abichandani and 
Ja  tkar. I 

Further information is obtained from stopped-flow measure- 
ments, which are performed under pseudo-first-order conditions. 
In the first series of experiments we mix solutions of phloroglucinol 
at  pH = 6 with solutions of buffer or NaOH, in order to reach 
a pH of 8.5-14. A single relaxation effect is observed, as described 
by eq 1. By reextrapolating to t = 0 (time of mixing), we obtain 
the absorbance Ao, which differs from the initial absorbance Ai 
at pH = 6 (taking into account the dilution caused by the mixing 
procedure), whereas the final absorbance A, agrees with the value 
of the titration curve in Figure 1. A,, A,, and A, are defined in 
Figure 2, which shows A, as a function of the pH of the solutions. 
The data fit to eq 3 with pK, = 8.90 f 0.05. The spectrum at 
r = 0 has been recorded using the diode-array spectrophotometer. 
Over the whole pH range, it indicates the existence of aromatic 
compounds. 

In the next series of experiments, basic solutions of phloro- 
glucinol at  pH = 1 1  are mixed with buffer solutions in order to 
reach a pH of 3-95 Now two superimposed relaxation effects 
are observed corresponding to eq 2. The two relaxation times differ 
at  least by a factor of 10. The amplitudes have the same sign 
(see Figure 3) or the opposite sign (see Figure 4), depending on 
the wavelength of observation. Reextrapolating only the slow 
relaxation effect to t = 0 yields A,.  Analogously by reextrapolating 

(12) Abichandani, C. T.; Jatkar, S. K.  J .  lndion Inst. Sci. 1938, A21, 
4 17-4 18. 
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Figure 2. pH dependence of the absorbance A. at stopped-flow experi- 
ments jumping from neutral to basic solutions: A = 280 nm; co = 2 X 
lo4 mol dm? X, TRIS buffer; 0, ammonium buffer; A, no buffer. The 
curve is calculated according to eq 3. 
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Figure 3. pH dependence of the absorbance A. at stopped-flow experi- 
ments jumping from pH = 11 to less basic solutions: A = 350 nm; co = 
5 X mol d m 3 ;  0, acetate buffer; 0, phosphate buffer; A, TRIS 
buffer; X, carbonate buffer. The curve is calculated according to eq 4. 
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Figure 4. pH dependence of the absorbance A,  at stopped-flow experi- 
ments jumping from pH = 1 1  to less basic solutions: A = 278 nm; co = 
5 X mol dm-); 0, acetate buffer; 0, phosphate buffer; A, TRIS 
buffer; X, carbonate buffer. The curve is calculated according to eq 4. 

both relaxation effects, we obtain Ao. Again A. differs from the 
absorbance Ai at pH = 11, and A, agrees with the equilibrium 
values. A. and A,  are plotted versus the pH of the solutions in 
Figures 3 and 4, respectively. Both plots indicate clearly the 
existence of two protonation steps. By fitting 4 to eq 4, we obtain 
pKB, = 5.14 f 0.05 and pKb2 = 7.43 f 0.05, and from the pH 
dependence of A, ,  we yield pK,, = 5.7 f 0.1 and pKT2 = 8.74 
f 0.08. Again the diode-array spectrophotometer allows us to 
record the spectra of the intermediates, which are displayed at  
appropriate pH values in Figure 5a for t = 0 (corresponding to 
A,) and in Figure 5b for a time where the fast reaction has 
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Figure 5. Spectra obtained after mixing a basic solution of phloroglucinol 
(pH = 11) with acid: c,, = 5 X mol d m 3 ;  X, spectrum at  pH = 1 I;  
y, spectrum at pH = 6.2; z, spectrum at  pH = 4. (a) Spectra obtained 
immediately after mixing (Ao). (b) Spectra obtained at a time where the 
fast relaxation effect has proceeded nearly to equilibrium but where the 
slow relaxation effect has scarcely started (A,).  
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Figure 7. Pressure-jump relaxation amplitudes versus pH for solutions 
of phloroglucinol in ammonium buffer: A = 350 nm; c,, = lo4 mol dm-'; 
6, = 100 bar. The curve is calculated according to eq 17. 
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Figure 6. Spectra of dimedone at pH = 3 (X)  and at pH = 12 (y) and 
of filicinic acid at  pH = 12 (2). 

proceeded nearly to equilibrium but the slow reaction has scarcely 
started (corresponding to A , ) .  The spectra of the dienonic dianion 
of filicinic acid (3,5-dihydroxy-6,6-dimethyl-2,4-cyclohexadien- 
1-one) and the enonic form of dimedone (5,5-dimethyl-1,3- 
cyclohexanedione) are recorded and shown in Figure 6 in order 
to be able to appoint the spectra of the intermediates to certain 
structures in Scheme 11. 

The results described so far are not sufficient to evaluate the 
equilibrium constants involved in the keto-enol equilibria of 
phloroglucinol. Therefore we performed further kinetic mea- 
surements applying the pressure-jump relaxation technique with 
spectrophotometric detection. Two relaxation effects are observed, 
but only the faster one is evaluated quantitatively. For constant 
concentration of phloroglucinol, its amplitude is plotted versus 
pH in Figure 7. An unsymmetrical bell-shaped curve is obtained 
with the maximum at pH I! 9. 

Finally the relaxation times have to be described. The reactions 
are buffer catalyzed, and therefore the measurements are per- 
formed at  different buffer  concentration^.'^ The reciprocal re- 
laxation times are extrapolated to zero buffer concentration, and 
these extrapolated values are plotted versus the pH of the solutions 
in Figure 8. It should be emphasized that, in the pH range where 
different techniques can be applied, the same values of the re- 
laxation times are obtained from pressure-jump measurements 
and from both kinds of stopped-flow experiments (pH increase 
and pH decrease at the mixing). A few measurements are per- 
formed using the temperature-jump technique at pH N 14, where 
in stopped-flow experiments the relatively fast relaxation effect 

(13) Lohrie, M. Thesis, Universitat Bielefeld, 1991, 
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Figure 8. Logarithmic plot of the relaxation times for the ring proton- 
ation of phloroglucinol extrapolated to zero buffer concentration versus 
the pH of the solution: 0, stopped-flow experiments jumping from 
neutral to basic solutions; 0, stopped-flow experiments jumping from 
basic to less basic solutions; 0, pressure-jump experiments; A, temper- 
ature-jump experiments. The curves are calculated according to eqs 19 
and 20. 

is disturbed by the schlieren effect due to the high concentration 
of base. 
Discussion 

Due to the three hydroxy groups, three protons can dissociate 
from phloroglucinol. Moreover this molecule can undergo three 
keto-enol transformations. These reactions lead to species 1-10 
in Scheme 11, which furthermore includes the protonated species 
A (the o-complex with pKa = -3.2 observed by Kresge9) and 
species B. In the pH range of our investigations, A and B are 
intermediates of very low concentrations for the acid-catalyzed 
reactions of 1 to 7 and 7 to 9, respectively; Le., species A and B 
will be taken into account when reaction rates are discussed, but 
they will be neglected when equilibria are considered. Each 
column of Scheme I1 shows species with the same degree of 
dissociation, and each row contains differently dissociated species 
with the same degree of conjugation. All experiments reported 
in the previous paragraph can be explained quantitatively by this 
scheme. 

Equilibria. Three dissociation constants are obtained from the 
titration curves, and eqs 5-7 connect these with the concentrations 
of the different species at equilibrium. Kal-Ka3 summarize over 

the concentrations of species with the same stoichiometry. Nine 
independent constants are needed for a complete description of 
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the equilibria between the ten species 1-10 in Scheme 11. We 
choose nine dissociation constants as defined in eq 8, and all but 
one are obtainable from the kinetic experiments. 

In order to understand the meaning of the dissociation constants 
obtained in the stopped-flow experiments, we have to discuss the 
rate of the individual reaction steps. All horizontally written steps 
deal with the protonation of oxygen atoms. These reactions 
proceed with diffusion-controlled rates,14 and they are too fast 
to be followed with the stopped-flow technique. On the other hand, 
in all diagonally written steps, the protonations are connected with 
keto-enol transformations, which are relatively slowIs and occur 
in the time range of our equipment. (In Scheme I1 the rate-de- 
termining steps are indicated by two arrows e, whereas the 
diffusion controlled steps are indicated by double arrows -.) This 
leads to the following conclusions: (i) The very fast change in 
the absorbance from A,  to A,, is caused by the protonation/de- 
protonation of oxygen atoms where the degree of conjugation does 
not change; Le., these reactions proceed within one row of Scheme 
11. (ii) In the stopped-flow experiments the relaxation effects are 
caused by reactions involving a change in the degree of conju- 
gation, i.e. reactions from one row to another in Scheme 11. 
Therefore three relaxation effects can be observed at most, since 
Scheme I1 contains four rows. In the following we have to discuss 
the relative rate of these three reactions. 

In the first set of experiments jumping from neutral to basic 
solutions, we start at pH = 6, where phloroglucinol exists ex- 
clusively in the aromatic form 1$ and we obtain a single relaxation 
effect. In the second set of experiments jumping from basic 
solutions to less basic or acidic solutions, we start at pH = 11, 
where species 5 prevails$ and the experiments yield two relaxation 
effects. The relaxation time of the slow effect agrees with the 
corresponding value of the jump from neutral to basic in the range 

(14) Eigen, M. Angew. Cbem. 1963, 75, 489-508. 
( I S )  (a) Bednar, R.  A.; Jencks, W. P. J .  Am. Chem. SOC. 1985 107 

71 17-7126. (b) Lin, A. C.; Chiang, Y.; Dahlberg, D. B.; Kresge, A. J. i, Am: 
Chem. Soc. 19%3,105,5380-5386. (c) Bernasconi, C. F. Pure Appl. Chem. 
1982,54, 2335-2348. 

8.5 < pH < 9.5, where both jumps (pH increase and pH decrease) 
yield relaxation effects. These results can be explained in the 
following way. For the jump from basic to less basic solution, 
species 5 equilibrates with 6 and 7, before the fast relaxation effect 
starts. In the fast effect, equilibrium is established between forms 
5,6,  and 7, and forms 8,9, and 10, respectively, and in the slow 
relaxation effect, the overall equilibrium between forms 510 and 
1-4 is reached. That means, the reaction from the first row to 
the second row is the slowest step. Correspondingly, at the jump 
from neutral to basic solution, the diffusion-controlled reactions 
between 1,2,3, and 4 are at equilibrium, before the measurement 
starts. We observe only one relaxation effect, since the first step 
from the first row to the second one is rate determining and all 
following reactions are faster. 

Finally we have to decide whether the reaction from the second 
row (5,6,7) to the third row (8,9) of Scheme I1 or the reaction 
from 8 and 9 to 10 is rate determining for the fast relaxation effect. 
The pH after mixing can be charen such that, after the fast effect, 
species 7,9, and 10 do not exist; Le., equilibrium is only established 
between 5,6, and 8. Also in this case the fast relaxation effect 
is observed, which shows that the reaction from the second row 
to the third row of the scheme causes the fast relaxation effect. 
On the other hand we can jump to pH < 4, where after the fast 
effect the equilibrium is shifted completely to the uncharged species 
(7, 9, and 10). Under these conditions the spectrum shows no 
absorption for X > 220 nm. This indicates that the triketone 10 
predominates, because the dienone 7 and the enone 9 should absorb 
strongly (see Figure 6 ) ,  whereas the weak absorbance of the 
unconjugated carbonyl groups cannot be observed at the low 
concentrations used. Thus species 10 is obtained as an inter- 
mediate in the reaction, and the step from the second to the third 
row is slower than the reaction from the third row to species 10. 
The result of these considerations is that reactions 9 and 10 cause 
the slow and the fast relaxation effects, respectively, and that 
reaction 11 is faster than reaction 10 and cannot be observed. In 
eqs 9-1 1 species separated by commas are in fast preequilibria. 

(9 )  P, 2, 3, 4) e 15, 6, 7, 8, 9, 10) 
15, 6, 71 (8, 9, 101 
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Now we can appoint reactions to the pK values obtained in the 
stopped-flow experiments. For the jump from neutral to basic 
solutions, equilibrium is established within the first row of Scheme 
I1 during the very fast absorbance change from Ai to Ao. Cor- 
respondingly, immediately after mixing, the spectra show the 
absorption of aromatic compounds without any indication of the 
existence of conjugated ketones. A.  can be measured with suf- 
ficient accuracy only in the range pH C 12.5, and therefore species 
4 has not to be considered. The pH dependence of A. fits to a 
single deprotonation (see Figure 2); Le., the pK, value corresponds 
to the step from 1 to 2. The second dissociation to 3 cannot be 
observed, since the spectra of 2 and 3 are very similar and K Z l  
>> K32 (see below). Therefore K ,  is defined by eq 12. In the 
following slow relaxation, the overall equilibrium is reached and 
the final absorbance A,  is determined by eqs 5 and 6. 
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For pH jumps from pH = 11 to lower values, we start from 
species 5, and at  r = 0 the equilibrium is established between 5, 
6, and 7. The two dissociation constants obtained from A.  (see 
Figure 3) are therefore defined by eqs 13 and 14. The optical 

spectra of species 6 (y in Figure Sa) and 7 (z in Figure Sa) are 
recorded at  r = 0, where equilibrium is estabished between 5,6, 
and 7 but the other species do not yet exist. They are similar to 
the spectrum of the dianion of filicinic acid (z in Figure 6), 
indicating the dienonic structure of 6 and 7. During the fast 
relaxation effect 5,6, and 7 equilibrate with 8,9, and 10. Cor- 
respondingly, the two dissociation constants obtained from A I  (see 
Figure 4) are described by eqs 15 and 16. The spectrum of 8 

(16) 

is recorded at  pH = 7 and t = t ,  (y in Figure Sb). It shows a 
single absorption band at  X = 278 nm, which is typical for cyclic 
enones such as dimedone (x, y in Figure 6). At pH C 4 and t 
= f l  the spectrum shows no absorption for X > 220 nm. Therefore 
under these conditions the triketone 10 prevails over the enones 
7 and 9. Again the pH dependence of the final value A ,  yields 
no new information. 

Thus the measurements yield eight independent equilibrium 
constants defined by eqs 5-7 and 12-16. These constants allow 
us to calculate all individual equilibria in Scheme I1 except of that 
between species 9 and 10, for which only a limiting value can be 
estimated from the relation cg << c lo .  However, the accuracy of 
the measurements is not sufficient to obtain precise values for all 
of these equilibrium constants. Therefore we evaluate the am- 
plitudes of pressure-jump experiments for further information. 
These measurements are performed in the range 7.8 C pH C 10.1, 
where at  equilibrium only species 1,2, 5, and 8 have to be con- 
sidered according to the results of the stopped-flow experiments. 
In this range we observe two relaxation effects, but only the faster 
one, which is due to the reaction between 5 and 8, is evaluated. 
(The reaction from forms 5 and 8 to forms 1 and 2 causes the 
slow relaxation effect.) The solutions are buffered with 
NH4Cl/NaOH, and the relaxation is observed at  X = 350 nm, 
where only species 5 absorbs light. The relaxation amplitude is 
given by eqs 17 and 18, where co is the total concentration of 
phloroglucinol and the dissociation constants are defined in eq 
8. Fitting these equations to the experimental results (Figure 7) 
yields K28/K21 = mol dm-3 f 25% and KS8 = 10-8.8 f 20%. 

(c6 + c8)cHfi2 
K y 2  = c7 + cg + CIO 

The results of all measurements yield eight of the nine disso- 
ciation constants defined by eq 8. They are summarized in Table 
I. All curves in Figures 1,2, 3,5, and 7 are calculated with these 
constants. 

Kinetics So far the relaxation amplitudes have been evaluated, 
and now the relaxation times will be discussed. Using the stop- 
ped-flow technique, we can follow only the two reactions 9 and 
10. In order to derive the rate equations for these reactions, we 
have to consider two different ways for each deprotonation of 
phloroglucinol to occur: (i) the loss of a proton and (ii) the reaction 
of the phloroglucinol with a hydroxyl ion with the release of a 
water molecule. Correspondingly, for each step from 'j" to 'k" 
we need two rate constants kjk for the proton transfer (i) and kj{ 
for the reaction with hydroxyl ions (ii). The integration yields 
eq 2 corresponding to first-order kinetics, since the solutions are 
buffered, i.e. cH = constant. For the integration we take into 
account that the two relaxation times differ at  least by a factor 
of 10 (kinetically decoupled reactions), and we consider all pre- 
equilibria. Thus we obtain the rather complicated eqs 19 and 20 
for the relaxation times. The derivation of these equations is given 
in ref 13, where activity corrections have been discussed also. 

k58CH + k58' + ksgKs6-IC~~ + k~'K56- lC~  

1 + KSG-ICH + ( K s & , ~ ) - ~ C H ~  
1 / q  = + 

k 7 B ( K 5 6 K 6 7 ) - 1 C H 3  + 
1 + K ~ ~ I C H  + (K&67)-lC~' 

kgs + k8SIKwCH-I + k96K89-IC~ + k9iKwK89-I 

1 + K ~ ~ - ' C H  + K~Io-ICH + (Kgg&~)-lc~'  
+ 

(19) 

For the numerical evaluation of the slow relaxation effect, the 
values of all equilibrium constants are inserted into eq 20, and 
the five rate constants listed in Table I are obtained. In Figure 
8 the solid line for l / r s  is calculated with these constants. Likewise 
eq 19 can be fitted to the values measured for the fast relaxation 
time. However, this procedure yields no unambiguous values for 
the rate anstants involved in the fast reaction. The curve for 1 / ~ ~  
is calculated with one consistent set of constants. For pH > 13 
the calculated curve of 1/rS differs significantly from the ex- 
perimental data. This is due to the fact that the activity corrections 
cannot be performed satisfactorily at high ionic strength. Details 
of the numerical evaluation (including activity corrections) are 
described in ref 13. 

l / s s  = - + - +-+-+-  

kB7(K89K9B)-1cH2 

1 + &g-lC~ + K~IO-ICH + ( K ~ ~ K ~ B ) - ' C H ~  

+ k54'KW k4S'K43 kS4 k45K43 k63'KW 

C H N 2  C H N l  N 2  NI KS6N1 

+ - +-+- +-+-+- k361 k63CH k36CH k 7 i K W C H  k27'CH k 7 2 f H 2  

N l  K56N2 N l  KS6K67N2 K 3 2 N I  KS6K67N2 

(20) 
klACH3 +- kAICH3 -+  k 2 7 C H 2  

K32NI K56K67K7AN2 K21K32NI  

with 

and 
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Table 1. pK Values and Rate Constants Obtained by Evaluating 
Relaxation Amplitudes and Relaxation Times" 

pK,, = 8.90 f 0.05 
pK32 = 9.9 f 0.3 

pKSB = 8.71 f 0.1 
pK67 = 5.14 f 0.05 

pK43 12.75 f 0.05 pK8, < 4.7 

pKS6 = 7.43 f 0.05 
pK4, = 14.10 f 0.15 PKSl0 = 5.7 f 0.2 

k , ,  = 1 1  f 3 dm' mol-' s-l 

kZ7,= (6.4 f 4.0) X lo4 dm3 mol-l S-I 
k27 = (2.5 f 1.8) X lO-'s-I 

8 and 20, respectively; T = 20 "C. 

k3: = (2.1 f 0.9) X IO-, s-' 
kd5' = 21.9 f 1.1 s-I 

"The dissociation constants and the rate constants are defined by eqs 

- 4 . 0  , 
I * 

7 . 0  10.0 13.0 

P H  
Figure 9. Logarithmic plot of the relative concentrations of the different 
species of phloroglucinol versus the pH of the solution. The concentra- 
tions of 2 and 8 are equal, and the concentrations of 7 and 9 are too small 
to be registered. 

General Conclusions. For the first time, all dissociation and 
keto-enol equilibria of phloroglucinol are determined: they can 
be calculated from the pK values summarized in Table I. At 
equilibrium the uncharged molecule exists predominantly in the 
aromatic form 1, whereas the concentrations of the aromatic anion 
2 and the enonic anion 8 are approximately equal, and the dianion 
prevails as dienone 5. For the trianion only the aromatic form 
4 is feasible. All other species except 9 are observed as inter- 
mediates. The spectra of 1-4 indicate the aromatic structure. The 
spectra of 5, 6, and 7 (Figure 5a) and 8 (y in Figure 5b) are 
reported. The triketone 10 shows no absorption in the range X 
> 220 nm. The spectra indicate unambiguously the degree of 
conjugation. At a constant degree of conjugation the absorption 
bands increase and are shifted to longer wavelengths with the 
degree of dissociation. 

The keto-enol equilibrium increases strongly with the degree 
of dissociation; i.e., the formation of the ketone is favored by the 
increasing charge density of the aromatic ring. For phloroglucinol 
itself we have c7/cI = 1/105, for the anion c6/c2 = 1/20, and for 
the dianion c5/c3 = 20. Within the range of the ketonic structures, 
those are preferred which have the lowest degree of conjugation, 
i.e. cIo >> c9 + c, and c8 >> c6. The existence of the triketone has 
been postulated already in 1886, and from the data of Table I, 
we calculate cIo/cI = 6 X lo4 f 50%. These considerations are 
summarized in Figure 9. 

The kinetic results show that the rate of ring-protonation in- 
creases with decreasing degree of conjugation, as is generally 

Our value for k lA agrees well with klA = 38 dm3 mol-' 

log Ik Iq  I 

10 

5 

0 

-5 0 5 10 15 

PK, 

Figure 10. log ( k / q )  versus the pK, value for the protonation of aromatic 
compounds: X, substituted benzenes; 0, azulenes; A, substituted pyrroles; 
%, triaminobenzenes; 0, phloroglucinol. 

s-I obtained at 33 "C by Kresge et a1.I6 The protonation of the 
aromatic ring is connected with the formation of a a-complex, 
and for many compounds the rate constants of this reaction have 
been m e a ~ u r e d . ~ J ~  These constants refer to the direct protonation 
of the aromatic ring, whereas two of our rate constants refer to 
the reactions of the ring with a water molecule with the abstraction 
of a hydroxyl ion. In order to be able to correlate our data to 
those given in the literature, we have to estimate the corresponding 
rate constants for the direct proton transfer in the following way. 
In a Bronsted plot, the logarithm of the rate constant of a pro- 
tonation versus the pK, of the proton donor yields a straight line 
with a slope close to 0.5; e.g., for the protonation of the aromatic 
ring of 1,3,5-tripyrrolidinobenzene, the slope is 0.44.17a Within 
experimental error, this slope agrees with the difference log kZ7 
- log k27' of phloroglucinol (using pK, = 15.7 for water and pK, 
= -1.7 for H,O+). We use the same value for the protonation 
of the aromatic anions 3 and 4 and obtain k45 = lo9 dm3 mol-] 
s-I and k36 = lo6 dm3 mol-] s-l from the values of kd5' and k3<. 
Thus all rate constants are known for the reaction of the aromatic 
species 1, 2, 3, and 4 to the dienones A, 7, 6, and 5, respectively. 
These are compared to the rate constants for other u-complex 
formations by a Bronsted plot in Figure 10, where log (klq) is 
plotted versus the pK, of the complex. The statistical factor q 
is the number of equivalent positions for the protonation. The 
values for phloroglucinol fit well to the data from the literature, 
indicating that all a-complex formations proceed according to the 
same mechanism. 
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