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Kinetics of Redox Reactions of Oxidized 
p-Phenylenediamine Derivatives. I 
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Abstract: Quinonediimine is produced within microseconds when p-azidoaniline derivatives are photolyzed in 
water. Photolysis in the presence of p-phenylenediamine derivatives (PPD) permits rate measurements of the 
reaction PPD + QDI + H + *± 2SQ (ku forward; k2, reverse), where QDI represents quinonediimine and SQ repre­
sents semiquinone. The reaction becomes PPD + QDI + H2O <=± 2SQ + O H - (k3, forward; &4, reverse) at pH 
>7. Values of the rate constants for the QDI from p-7V,JV-diethylazidoaniline in ionic strength 0.188 phosphate 
buffers are: k, = 2.0 X 1013 l.2/(mol2 sec), h = 6.3 X 104 l./(mol sec), k3 = 2.0 X 106 l./(mol sec), k, = 6.3 X 
1011 l.2/(mol2 sec). The reactions involving kx and k3 are promoted by general-acid species; the back-reactions are 
subject to general-base catalysis. The mechanism of this reaction is believed to involve donation of a proton from 
acid in concert with the transfer of an electron from PPD to QDI. Ferrocyanide reacts with QDI according to the 
mechanism QDI + H + + Fe(CN)6

4- <=± SQ + Fe(CN)6
3- (Ar1, forward; k2, reverse) and SQ + Fe(CN)6

4- <=± PPD 
+ Fe(CN)6

3- (k3, forward; k4, reverse). The following constants have been determined for the A^,iV-diethyl de­
rivative: ^1 = 2.8 X 1012 l.2/(mol2 sec), Zc2 = 2.3 X 106 l./(mol sec), k3 = 9.5 X 104 l./(mol sec), ki = 9.2 X 106 

l./(mol sec). This scheme describes apparent catalysis of the Michaelis equilibrium by the ferricyanide-ferrocyanide 
couple at low pH. 

The oxidation products of jc-phenylenediamine and 
its substituted derivatives (designated as PPD in 

this article), semiquinone and quinonediimine (des­
ignated as SQ and Q D I , respectively), have been 
identified.1 ,2 An equilibrium, frequently referred to 
as the Michaelis equilibrium, eq 1, exists between the 
oxidized and reduced species. In eq 1, Ri and R2 are 

NH NH2 NH2 

R2 Ri K2 ^ i R2 Ri 

usually alkyl groups. Equil ibr ium constants ATM have 
been r e p o r t e d , 3 4 but no measurements of the ra te and 
mechanism of this reaction are available. Such data 
would be useful because they would increase under­
standing of the reaction. 

Measurements of the Michaelis equilibrium in 
aqueous solutions are normally carried out in a flow 
appara tus because Q D I is unstable. The equilibrium 
concentrat ion of SQ is measured immediately after 
oxidation of PPD with, e.g., ferricyanide. The time 
domain imposed by flow systems, however, does not 
permit rate measurements . In addit ion, the flash 
photolysis technique permits us to learn whether the 
ferrocyanide-ferricyanide couple catalyzes the Michaelis 
reaction. 

When an appropr ia te phenyl azide is photolyzed in 
water it forms nitrene,5 which is quanti tat ively con­
verted to Q D I in a few microseconds (as shown in a 
later section) according to eq 2. Moreover , photolysis 

(1) L. Michaelis, Chem. Rev., 16, 243 (1935). 
(2) L. Michaelis, M. P. Schubert, and S. Granick, J. Amer. Chem. Soc, 

61, 1981 (1939). 
(3) L. K. J. Tong and M. C. Glesmann, Photogr. Sci. Eng., 8, 319 

(1964). 
(4) J. F. Corbett, J. Chem. Soc. B, 207 (1969). 
(5) A. Reiser, G. C. Terry, and F. W. Willets, Nature (London), 211, 

410 (1966). 
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in the presence of PPD (azide is not an oxidant for 
PPD) gives us the means to study the rate of the 
Michaelis reaction (eq 1) by measuring SQ as a function 
of t ime. It is this study that concerned us most in this 
work. An advantage of the photolysis method is tha t 
no other redox couple is present (e.g., ferrocyanide, 
ferricyanide). 

Experimental Section 

A flash photolysis apparatus has been designed and built for 
studying kinetics in solution. A variable bank of capacitors (1-8.5 
,uF) can be charged to 10 kV producing a 400-J flash. The dis­
charge of the capacitors is triggered by a spark gap, which is 
operated from the amplified delay pulse of an oscilloscope. A 
xenon-filled flash lamp, mounted parallel to a 10-cm reaction cell, 
produces the flash, which has a half-life of about 25 ,usee. The 
cell and lamp are housed inside a reflecting metallic box. 

The light source in the spectrophotometry part of the apparatus 
is a 30-W tungsten lamp powered by a 6-V storage battery. Light 
from this lamp passes through a reaction cell, then a monochro-
mator, and into a photomultiplier tube. An emitter-follower 
couples the voltage output of the photomultiplier tube to an oscil­
loscope, where the single sweeps are photographed. The solution 
in the cell is thermally equilibrated in a bath and the temperature 
read by a thermistor prior to flashing. Temperature is controlled 
to ±0 .5° , which is sufficient in view of the low energies of activation 
involved in these reactions. AU rates reported are measured at 
25° in aqueous solutions of ionic strength Ou) = 0.188 phosphate 
buffers. The concentration of azide used in most experiments was 
2 X 10-6 M, and PPD concentration varied from 3 X 10-6 M to 
4 X 10 - 3 M. Approximately 25% of the azide is photolyzed by a 
200-J flash. At higher concentrations of azide or PPD, problems 
associated with nonhomogeneous photolysis were observed. 

The azides and corresponding PPD's used in this work appear in 
Chart I. The PPD's were prepared and purified as described in 
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Figure 1. The logarithm of observed rate constant plotted vs. 
pH for deamination of QDI formed by photolyzing azide IV. 

500 550 

Wavelength (m/i) 

Figure 2. Spectra of SQ IV in water at p H 5.5: , formed 
by ferricyanide oxidation of P P D IV; —, formed by photolysis of 
azide IV in the presence of P P D IV. 

previous publicat ions from these laboratories.6 Azides were 
prepared using a literature procedure.7 They were recrystallized 
from 2-propanol when solid or filtered through silica gel when 
liquid. The elemental analyses are given in Table I. 

Chart I. Structures of Azides and P P D ' s 

flash (25 yusec) is observed. This absorption density 
decreases with time according to first-order kinetics. 
The rate of decrease is proportional to hydroxide ion 
concentration (Figure 1) in accordance with the ob­
served8 deamination kinetics of QDI, and so we attribute 

Et> E t EtT E t H3Cf ^ C H 3 ^ C 

Et; Et Et Et H3CT XH3 ^ 0 ' 

n m 
p-Phenylenediamines 

IV 

The heat of ionization of PPD was measured by the pH of 
equimolar mixtures of the acid salt and the free base of PPD at 
various temperatures. 

K* = 
[RH+] y±_ 

[R][H+] [H+] 

Assuming that the dependence of the activity coefficient on tem­
perature is not large, AH& is obtained by plotting In .KR VS. recip­
rocal temperature . 

Results 

A. QDI Formation. Quinonediimine must be pro­
duced faster than it can react by eq 1 in order to demon­
strate that the technique of azide photolysis can be 
used to measure rates of the Michaelis reactions. The 
ultraviolet absorption spectrum of QDI produced by 
azide photolysis is partially masked by unreacted 
azide. At the wavelength 320 m̂ u an increase in 
absorption density within the lifetime of the photolysis 

(6) L. K. J. Tong, M. C. Glesmann, and R. L. Bent, J. Amer. Chem. 
Soc, 82, 1988 (1960). 

(7) W. L. Evans, R. G. D. Moore, and J. E. Redding, Anal. Chem., 34, 
159 (1962). 

Table I 

. Azide I . 
Calcd, Found, 

% % 

C 63.2 63.3 
H 7.4 7.2 
N 29.4 29.0 

Azide II . 
Calcd, Found, 

% % 

64.8 65.1 
7.9 8.1 

27.4 26.8 

. Azide III . 
Calcd, Found, 

% % 

59.2 
6.2 

34.6 

59.3 
6.4 

34.4 

the absorption to QDI. Using azide IV, the bimolec-
ular rate constant is 8.91 X 104 l./(mol sec), compared 
with the reported deamination rate constant for QDI 
corresponding to PPDIV of 1.00 X 10B l./(mol sec). 

QDI is identified as the aqueous photolysis product 
of azide by its reaction with phenolic compounds. 
QDI, formed by chemical oxidation of PPD, reacts 
with the ionized form of 

HOC2H CH2OH 

OCH3 

to form azomethine dye with elimination of the methoxy 
group.9 The visible absorption spectrum of the dye 
formed by photolysis of azide II and this coupler is 
identical with a spectrum of the dye formed from the 
same phenol and oxidation product of PPD II. The 
yield of dye formed by repeated photolysis of azide is 
95 %, indicating that azide can be nearly quantitatively 
photolyzed to QDI. 

As a further check on the photolysis of azide to 
QDI, the rates in water of dye formation with the above 
phenolic derivative were compared first using the 
oxidation product of PPD II, then using the photolytic 
product of azide II. The rate constants were 2.9 X 
104 10 and 2.4 X 104 l./(mol sec), respectively. 

(8) L. K. J. Tong, J. Phys. Chem., 58, 1090 (1954). 
(9) L. K. J. Tong and M. C. Glesmann, /. Amer. Chem. Soc, 79, 

583 (1957). 
(10) L. K. J. Tong and M. C. Glesmann, ibid., 90, 5164 (1968). 
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The spectrum of the presumed SQ prepared by 
photolysis of azide IV in the presence of PPD IV is 
shown in Figure 2. Comparison with the spectrum 
of the SQ formed by partial oxidation of PPD IV 
with ferricyanide at low pH shows that the two are 
identical. 

Evidently QDI is formed within a few microseconds 
during the photolysis of azide in water. Thus, the 
technique of azide photolysis is useful for studying 
reaction rates of QDI involving times longer than 25 
ix sec. 

B. Michaelis Reaction. Kinetic Data. A solution 
for the kinetics of SQ formation is presented here to 
form a basis for analysis of experimental data. In 
order not to make any premature commitment on the 
(H+) dependence, the latter is incorporated in the rate 
constants of eq 3. 

QDI + PPD' .2SQ (3) 
kb 

In the mathematical analysis we designate (T) = 
concentration of QDI, (R) = concentration of PPD, 
(SQ) = concentration of SQ. 

The differential equation representing reaction 3 is 

d(SQ) 
dt 

= 2fc{(R)(T) - 2fcb(SQ)2 (4) 

In these experiments the concentration of PPD is in 
excess, making (R) nearly constant. We take into 
account the protonation of PPD, which occurs at low 
pH 

KR 

PPD + H+ ^=± PPDH+ (5) 

(where PPDH+ is the protonated form of PPD) in 
deriving eq 6. 

(R) 
(R) = 

i + KR(H+) 
(6) 

where (R) is the total concentration including all forms 
of PPD, 

Equation 4 is solved by considering the equivalency 
of oxidized PPD 

(T)0 = (T) + (SQ)/2 = (T)ra + (SQ)„/2 (7) 

where (T)0 is the initial concentration of QDI, (T)„ is the 
final concentration of QDI, (SQ)„ is the final con­
centration of SQ, and the equilibrium condition 

m, 0 = 2 ^ R ) ( T ) . - 2kb(SQ)J (8) 

When the results in eq 7 and 8 are substituted into eq 4, 
eq 9 is obtained. 

^ - 4^ +(SQ)+^] X 
[(SQ)03 - (SQ)] (9) 

The latter equation is integrable by the method of 
partial fractions and gives 

d i n 
//3(SQ)„ + (SQ)N / _ 
V ( S Q ) ^ - ( S Q ) ) / a t 

4(SQ) 
+ K1^(H+) KU(H ^obsd* (10) 

Time (milliseconds) 

Figure 3. Kinetic data plotted according to eq 10. PPD I 
3.47 X 10~6 M, azide I = 2 X 10"6 M, pH 9.02, /3 = 1.88. 

where we have used the equilibrium constant3 

KM = kf/kb(H+) 

eq 6, and the definition 

(R)ZSTM(H+) 
/ 3 = 1 + 2[1 + ^(H + ) J (SQ) . 

(H) 

(12) 

The kinetics of SQ formation are first order at low 
pH in accordance with the behavior of eq 10 for large j3. 
At high pH, published values of AM are used to evaluate 
/3 in making kinetic plots; an example appears in 
Figure 3. 

The rate data obtained from plots similar to that 

shown in Figure 3 are shown in Table II. The near-

Table II. Observed Rate Data for SQ I Formation 
PH 

6.89 
6.85 
6.89 
6.89 
4.32 
5.05 
5.62 
6.15 
7.09 
7.57 
8.29 
9.02 
9.60 

(R), M 

3.47 X 10"5 

1.39 X 10~4 

3.47 X 10-" 
1.04 X Kr3 

8.15 X 10"6 

8.15 X 10-6 

8.15 X 10-5 

8.15 X 10"6 

1.52 X 10~4 

1.39 X 10-" 
1.52 X 10~4 

3.47 X 10~6 

1.39 X 10-4 

•^obsd) ScC 

17.3 
77 

165 
394 

16.5 
16.5 
31.5 
43.3 
86.6 

177.5 
182 
144 
770 

ku l./(mol sec) 

8.00 X 106 

8.85 X 10« 
7.60 X 10« 
6.05 X 10« 

9 X 108 

1.68 X 10s 

7.9 X 107 

3.0 X HT 
5.7 X 106 

4.0 X 10« 
3.44 X 106 

3.13 X 10« 
4.71 X 10» 

constant value of k{ (defined by eq 10) as concentration 
of PPD is changed at constant pH (top of Table II) 
verifies the assumed dependence of kc on PPD con­
centration. 

The rate constant kt is dependent on the concentration 
and type of general-acid species in the system. This 
effect was determined using inert electrolyte (NaCl) to 
maintain constant ionic strength while the concentration 
of buffer was varied (Figure 4). Since early experi­
ments indicated a pH dependence of k{, pH was kept 
constant in the experiment of Figure 4. This figure 
shows the effect of phosphate buffer; other buffers 
behaved similarly. 

The dependence of kj on buffer ion concentration is 
analyzed by 

fcf = fcaH,0 + ^ H a O - ( H 3 O + ) + E ^ H x ( H X ) ( I 3 ) 

Baetzold, Tong / Redox Reactions of Oxidized p-Phenylenediamine Derivatives 
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5 x l O ( 

Percent phosphate buffer 

Figure 4. Dependence of SQ I formation rate constant on per 
cent of ionic strength due to phosphate buffer. Total y. = 0.188, 
pH 7.00, PPDI = 2.04 X 10-> M. 

o3 
\2 

PH 

Figure 5. Dependence of intercept of Figure 4 on pH for various 
anions: !,carbonate; 2,phosphate; 3,acetate; 4,oxalate. 

where the summation extends over each acid species 
(HX) from the buffer. The result (Figure 4) suggests 
that a proton from each acid species is involved in 
each transition state and remains in the products (eq 1). 
This effect is referred to as promotion by the acid 
species. 

The intercept of Figure 4 equals &a
H,o + k*Hi0 + -

(H8O+), according to eq 13. This was demonstrated 
by the plot of log intercept vs. pH for several buffers in 
Figure 5. The high-pH region corresponds to con­
tributions to the rate due only to fca

H!o. The curvature 
at low pH is due to the A:aH.o +(H3O

+) term. We 
evaluated ka

Hl0 and k*Ks0+ from Figure 5. 
The rate constants due to each buffer species are 

determined from slopes of Figure 4 and analogous 
plots for other ions. When a buffer has several reactive 
species, slopes at different ratios of buffer ions determine 
the rate constant for each species. Constants so de­
termined are listed in Table III. These rate constants 
fit a Bronsted-type relation 

£HX « CKHX)" 

with n ^ +0.5. 
The dependence of kt (eq 13) on concentration of 

acid species may be used with the equilibrium constant 
(eq 11) to determine the dependence of kh on buffer 
anions. We assume that KM depends only on total 
ionic strength, but not the type of ions in the system. 

*M,—« 

2 3 4 5 

pH 

Figure 6. Dependence of SQ formation rate constant on pH: 
O, azidel; •,azidelll. 

kb = 
kt 

KM(H+) 
kb

on(OH-) + 

kb 
H2O + 2>xb(X) (14) 

where kh
OH = k*Hl0/KMKW! kh

Hs0 = k*n,0+/KM, 
fcb

x = fc'W^M^Hx, and the summation includes all 
basic species (X) from the buffer. In these definitions 
Kw is the ion product of water and Kj1x is the ionization 
constant for species HX. 

Table III. Contributions to kt Due to Acid Species 

Acid species 

H3PO4 
HC2Or 
CH3COOH 
H2CO3 
H2PO4-
HCO3-
HPO4

2" 
H2O 
H3O+ 

&aHx, l.2/(mol2sec) 

6.1 X 1011 

3.1 X 10s 

2.0 X 10» 
3.1 X 109 

8 X 107 

1.5 X 107 

3.2 X 107 

1.0 X 10« 
1.4 X 1012 

pKa 

2.12 
4.28 
4.75 
6.37 
7.21 

10.25 
12.67 
14 

Figure 6 shows that the Michaelis reaction has two 
regions of different pH dependence in the phosphate 
buffer system. In the low-pH region the dominant 
terms are k{ = &a

H,o +(H3O
+) + fca

H,po,(H3P04) with 
the corresponding terms in the reverse reaction kb = 
&b

H!o + ^ H 2 P O 1 - ( H 2 P O 4 - ) . The high-pH region, 
where Figure 6 is pH independent, is consistent with the 
dominant terms kt = fcaH2o and kb = fcb

0H(OH_), 
The rate constants were evaluated from Figure 6 and 
are listed along with KM and KR of each PPD in Table 
IV for both pH regions. 

Activation Energy. The activation energy for the 
rate of SQ formation at low pH has been measured by 
Arrhenius-type plots. The observed rate constant is 
pH independent, as may be seen from eq 10 when PPD 
is fully protonated, since ks = /ca

H,o +(H3O
+) + £H.PO4-

(H3PO4) is proportional to (H+) in this region. The 
activation energy measured is given by 

d In k0 

d l / r 
AE = A£i - AHS (15) 

where A£i is the activation energy for reaction of QDI 
with protonated PPD and AHR is the heat of proton-
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PPD II III IV 

*f/(H+), 
l.2/(mol2 sec) 

kb, l./(mol sec) 

kt, l./(mol sec) 
M O H - ) , 

l.2/(mol2 sec) 

KR, l./mol 
JCM, l./mol 

2.0 X 1013 

6.3 X 104 

2.0 X 10« 
6.3 X lQu 

Low-pH Region 
1.0 X 1013 

1.0 X 10s 

High-pH Region 
5.0 X 10s 

5.1 X lQu 

Equilibrium and Ionization Constants 
1.0 X 10» 1.4 X 10s 

2.9 X 10s 9.8 X 10' 

4.0 X 1013 

4.0 X 106 

2.4 X 10« 
2.4 X IQi2 

3.2 X 10« 
1.0 X 108 

1.6 X 1012 

1.7 X 106 

1.6 X 10« 
1.7 X 10i3 

1.6 X 10» 
9.6 X 10«" 

• This value was measured by the technique of ref 3. 

Table V. Activation Energies and Heats of Protonation 

PPD 

I 
II 
III 
IV 

AE, 
kcal/mol 

6.5 
9.7 
3.9 
1.76 

AffR, 
kcal/mol 

- 9 . 4 
- 9 . 1 
- 7 . 0 
- 5 . 9 

AE1, 
kcal/mol 

- 2 . 9 
+0.6 
- 3 . 1 
- 4 . 8 

ation of PPD. The observed activation energy and the 
heats of protonation are listed in Table V. 

Mechanism. The reaction between QDI and PPD 
to form SQ is subject to promotion by general acids. 
This suggests a transition state where the acid is 
donating a proton as the electron is being transferred 
from PPD to QDI (X = anion of acid). 

* '-NH 

A type of transition state with aromatic rings of PPD 
and QDI in parallel planes is suggested by the activation 
energy data, since increasing substitution on tertiary 
nitrogen or near-primary nitrogen increases the acti­
vation energy. This transition state is consistent 
with a kinetic isotope effect, which is found at pH 
6.99 (^H,OAD,O = 2.03 ± 0.22). The transfer of a 
proton from the acid in the rate-limiting step is a 
possible explanation for this effect. 

C. Reactions of Ferrocyanide with Oxidized PPD. 
Reactions of QDI are frequently studied8-11 with the 
QDI produced by oxidation of PPD with ferricyanide. 
The equilibrium constant for the oxidation reaction has 
been reported,4 but no rate information is available. It 
is important to determine whether the ferrocyanide-
ferricyanide redox couple can influence reaction kinetics 
of QDI. This is examined by studying the rates of 
reaction of PPD and its oxidized forms with the Fe-
(CN)6

4--Fe(CN)6
3- redox couple. 

Photolysis of azide I in the presence of ferrocyanide 
produces QDI, which reacts by eq 16 to form SQ. 
The SQ is reduced by ferrocyanide in a slower reaction 
(stage II) to give PPD, as in eq 17. When Fe(CN)6

4-

(U) L. K. J. Tong and M. C. Glesmann, J. Amer. Chem. Soc, 79, 
592 (1957). 

QDI + H+ + Fe(CN)8
4- ! Z ± SQ + Fe(CN)8

3" stage I (16) 

SQ + Fe(CN)6'' ; P P D + Fe(CN)6
3- stage II (17) 

and Fe(CN)6
3- are present in large excess compared 

with the initial QDI concentration, the differential 
equation for SQ formation in the first stage is 

d(SQ) 
dt 

= Ac1(T)(H+)(Fe(CN)6
4-) -

Ar2(SQ)(Fe(CN)6
3-) (18) 

The solution to this equation, under pseudo-first-order 
conditions, is obtained by stoichiometry 

(T)0 = (T) + (SQ) (19) 

and the equilibrium condition 

m. = 0 = Ac1(H
+)(Fe(CN)6

4-)(T), -

Ac2(Fe(CN)6
3-)(SQ), (20) 

where (T), and (SQ), are the respective concentrations 
of QDI and SQ at the time (t() when SQ concentration 
is a maximum; (T)0 was defined before. At time t{ 
the system is in a state of pseudoequilibrium deter­
mined only by stage I; the slower reactions in stage 
II will be involved in determining the final equilibrium. 
Equations 19 and 20 are substituted into 18, which 
gives, upon integration 

d In [(SQ), - (SQ)] 
dt = Ac1(H

+)(Fe(CN)6
4-) + 

Ar2(Fe(CN)6
3-) = A:obsd (21) 

Appearance of SQ is by first-order kinetics (in accord 
with eq 21), and three types of experiments have been 
used to determine rate constants. 

1. The reaction involving Ac2 is negligible at low 
pH; we determine Ac1 = 2.69 X IQ12 l.2/(mol2 sec) by 
the slope of Acobsd vs. ferrocyanide concentration at low 
pH. 

2. At increased pH, the slope and intercept of the 
plot Acobsd vs. ferrocyanide concentration (Figure 7) 
determines Ac1 = 2.97 X 1012 l.2/(mol2 sec) and Ar2 = 
2.09 X 106 l./(mol sec), respectively. 

3. The plot A:0bsd vs. (H+) (Figure 8) determines Ac1 = 
2.72 X 1012 l.2/(mol2 sec) and Ar2 = 2.48 X 106 l./(mol 
sec) from slope and intercept, respectively, as predicted 
byeq21. 

Baetzold, Tong / Redox Reactions of Oxidized p-Phenylenediamine Derivatives 
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2 4 8 » IO"5 1.24 X lO" 4 

Concentration of ferrocyanide (m / l ) 

Figure 7. Rate constant for SQ formation from QDI I vs. ferro­
cyanide concentration at pH 6.23 and ferricyanide concentration 
= 5.52 X IO"6 M. 

9 5 5 X l O " 5 2 , 8 7 X l O " 4 

Concentration of ferrocyanide (m/L) 

Figure 9. Rate constant for SQ decay by reaction with ferro­
cyanide vs. ferrocyanide concentration at pH 6.23 and ferricyanide 
concentration = 4.69 X 10~6 M. 

ioooh 

|06-pH 

Figure 8. Rate constant for SQ formation from QDI I and 5.45 
X 10~5 M ferrocyanide vs. 106~J>H at 5.25 X 1O-6 M ferricyanide 
concentration. 

Consider the situation for decay of SQ by stage II 
when the equilibrium in eq 16 is not completely to the 
right. The differential equation for SQ decay is 

d(SQ) 
dt 

Zc1(HH-XT)(Fe(CN)6
4-) + 

^4(R)(Fe(CN)6
8-) - Ar2(Fe(CN)6

3-)(SQ) -
£3(Fe(CN)6<-)(SQ) (22) 

Since reactions in stage I are much faster than reaction 
17, the equilibrium is assumed to be maintained by 
reactions in stage I. 

(T) ^2(Fe(CN)6
3-) 

(SQ) fci(H+)(Fe(CN)6*-) ( 2 3 ) 

This relation and stoichiometry (eq 24) allow us to 
simplify and integrate eq 22 

(T)0 = (T) + (SQ) + (R) (24) 

to give 

- d i n ((SQ) - ( S Q ) J 
fcobsd = ^3(Fe(CN)6*-) + 

(Fe(CN)6
3-)2 

1 + tfR(H+) Zc1(H+) (Fe(CN)6*-)(l + ^ R ( H + ) ) 

dr 
Jt4(Fe(CN)6

8-) Zc2Zt4 

where (SQ)„ is the concentration of SQ at the end of 
the reaction. 

We observe SQ to decay by kinetics in accordance 
with eq 25. When the observed rate constant is plotted 
vs. ferrocyanide concentration at constant ferricyanide 
concentration (Figure 9) Jc3 and /c4/(l + ATR(H+)) 
are obtained from slope and intercept, respectively. 
We conclude that the term in the rate constant in­
volving both ferrocyanide and ferricyanide concen­
tration is negligible in this experiment. Rate con­
stants calculated by this method are listed in Table VI. 

Table VI. Rate Constants for Ferrocyanide-PPD I Reactions 

ki 

ki 

kz 
ki 

Measured Directly 
= 2.8 X 101! l.8/(mol2 sec) 
= 2.3 X 10« l./(mol sec) 
= 9.5 X IO4 l./(mol sec) 
= 9.2 X 10« l./(mol sec) 

Calcd Ratio of Rate Constants 

(fc/Aj), l./mol 

From From 
oxidation potentials experimental rates 

1.55 X 10« 1.18 X IO8 

6.75 X 10-3 1.03 X 10"2 

(25) 

The equilibrium constants calculated from rate data 
are compared with those calculated from oxidation 
potentials34 in Table VI. The oxidation potentials 
were measured under conditions of ionic strength and 
buffer type different from those used in these rate 
measurements. Therefore, only rough agreement is 
expected. This observed agreement supports the 
contention that we are measuring rates for reactions 
16 and 17. In addition, equilibrium considerations 
predict that /cifc4//c2/c8 = A:M. Using the experimentally 
measured rates, we calculate /ci/c4//c2/c3 = 2.3 X 10s 

as compared with the published3 value 2.9 X 108. 
The activation energies of the forward reactions in 

eq 16 and 17 are measured from Arrhenius-type plots. 
The activation energy for Zc3 is found directly to be 11.4 
kcal/mol. The activation energy measured for reaction 
16 involves a heat of buffer ionization since the rate is 
pH dependent. The heat of dihydrogen phosphate 
ionization (AH) is taken to be —1.5 kcal/mol from data 
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in ref 12. The Arrhenius plot has a slope given by 

d In k. obsd 

d i / r 
= AE1 + AH (26) 

which gives AiTi, the activation energy for reaction 
involving Jc1, the value 6.7 kcal/mol. 

Mechanism. The reaction leading to SQ formation 
in stage I is not subject to promotion by acids as 
observed for the Michaelis reaction (i.e., plots analogous 
to that of Figure 4 for this reaction have zero slope). 
In addition, a kinetic isotope effect (fcH!o/^D2o = 1.10 ± 
0.03) was observed at pH 5.62 by comparison of rates 
in normal and heavy water. Despite these observations 
a proton must be involved in the transition state as 
shown by the dependence of rate on (H+) in Figure 8. 

These observations are consistent with a mechanism 
involving SQ formation by atomic hydrogen transfer 
from protonated ferrocyanide13 through the transition 
state II. The observed isotope effect is consistent 
with this mechanism since the experimental pH region 
is above the pKa for protonation of ferrocyanide. 

The atom transfer would be slower, but the degree of 
ferrocyanide protonation greater in heavy water than 

(12) "Handbook of Chemistry and Physics," 45th ed, Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1964, p D-79. 

(13) I. M. Kolthoff, / . Phys. Chem., 39, 955 (1935). 

HN^ X CN 

s ®:NC-I-CN 

Et'Nst 

Fe 
NC-r-CN 

CN 

transition state II 

in normal water. Thus, a cancellation could occur 
giving the observed isotope effect near unity. 

The rate data in Tables IV and VI show that Fe-
(CN)6

4"" competes favorably with PPD to reduce QDI 
at pH below pKR. Above this pH the order of re­
activity is reversed; therefore, ferrocyanide should not 
exhibit any catalytic effects on the reduction of QDI in 
the alkaline region. The rate constants for oxidation 
of PPD by ferricyanide (k2 and kA in Table VI) limit 
the rate of nucleophilic reactions of QDI which may be 
studied when QDI is prepared by oxidation of PPD by 
ferricyanide in the presence of nucleophile. 
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Abstract: Laser-excited Raman spectra of retinals (trans, 9-cis, 13-cis), retinols (trans, 13-cis), and ?ra/w-retinoic 
acid in octanol solution are reported. The terminal group is easily identified by the frequency of the line at 1580— 
1590 cm-1, while the isomer is uniquely characterized by the lines in the 1100-1400-cm-1 range. The observed 
spectra are mainly contributed by the conjugated segment and not by the saturated part of the molecule. A dis­
cussion of possible mode assignments is also presented. 

The observation of intense, resonance-enhanced, 
Raman spectra1-5 of carotenoids6 in very dilute 

solution7 and in live tissues8 prompted us to investigate 
the Raman spectra of a number of vitamin A type 
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