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Electrochemistry of β-Ketoester Blocked p-Phenylenediamine*
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β-ketoester-quinonemethide-carbonate blocked p-phenylenediamine color developers are reducing agents, but are 100 to 230 mV more
resistant to oxidation than the free p-phenylenediamine (4-amino-3-methyl-N-ethyl-N-(β-methylsulfonamidoethyl)aniline). This re-
sistance renders the blocked developer significantly less active than the free developer. Over pH 3 to 9 the oxidation of these blocked
developers appears two electron, chemically reversible or quasi-reversible, and very analogous to the oxidation processes of the free
developer. Chemical irreversibility at higher pH and at low pH is assigned to deamination of the quinonediimine. The sulfonamidophenol
deriving from the quinonemethide timing group of the blocked developer is about 200 mV more resistant at pH 3 to oxidation than are
the blocked developers and is slightly less (25 mV) resistant at pH 11. The oxidation of this sulfonamidophenol appears two-electron
over pH 2 to 13.
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Introduction
It has long been recognized that compositions of photo-
graphic processing solutions can be simplified by incorpo-
rating certain useful compounds directly into the
photographic element. Complications arise, however, when
the incorporated compound has an untoward interaction
with one or more components in the photographic element
during coating or storage of the element. A route around
such unwanted effects is to block the compound chemi-
cally so that it is effectively inert during coating and stor-
age but becomes activated during processing of the
photographic element.1 Such activated compounds are of-
ten referred to as photographically useful groups (PUG)
and can consist of just about any type of compound or agent
that has a useful effect during or after processing. Ex-
amples include antifoggants, bleach accelerators, couplers,
development accelerators, developing agents, development
inhibitors, dyes, electron transfer agents, foggants, nucle-
ating agents, and silver ion ligands. The chemical
derivatization or group used to block or to delay the ac-
tion of such compounds is often referred to as a blocking
group or switching group. Such blocking may be invoked
for a variety of reasons. Dyes may be blocked so that their
hues or absorption envelopes are dramatically different
before and after unblocking. Development inhibitors may
be blocked with couplers, and optionally with intervening
timing groups, so that the chemical effect of inhibitor re-
lease is achieved in an imagewise fashion.2 Timing groups
serve to control and to modify the effective radius of diffu-
sion of such PUG because they tend to maintain aqueous
solubility and a chemical blocking action until the PUG is
ultimately released from any intervening timing group.
Unblocking is desired only when the element is placed in
a developer or other chemical activator solution. Prema-
ture unblocking, as might occur during storage at ambi-
ent pH and elevated temperature and humidity often leads
to deleterious sensitometric effects. Chemical means for
achieving selective blocking with efficient unblocking has
become an active area of research in photographic tech-
nology. The stability of the blocked compound during stor-
age and prior to exposure and processing is particularly
important.3 Also important is the rate of unblocking, once
activated, because if the unblocking rate is not commen-
surate with the time of the processing, no utility will be
realized.

Simple acyl groups have been found largely unsatisfac-
tory as blocking groups for PUG because the ratios of their
cleavage rates in processing solution to their rates of cleav-
age during storage are not large enough. Generally, acyl
blocked PUG that release the PUG readily in aqueous pro-
cessing solutions at 40°C and pH 10 by a base-catalyzed
hydrolysis also slowly release the PUG during storage.3

While coating and storage at pH 6 and processing at pH
10 differ by four decades in hydrogen ion concentration, a
hydrolysis at pH 10 with a half-life of 30 s will have a
half-life of about 4 days in the lower pH in the coating.
Hydrolysis kinetics in relatively dry coatings may not track
solution behavior, but yet the coated environment is still
one where nucleophiles such as hydroxide would be ex-
pected to have finite mobility. Thus, acyl blocking may be
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expected to be unsatisfactory if the PUG interacts with
the emulsion strongly.

A significantly improved method of achieving increased
storage stability of blocked PUG has been introduced re-
cently by Buchanan et al.3,4 This method uses a β-ketoester
blocking group that is only poorly base-catalyzed toward
hydrolysis but is readily released following dinucleophilic
attack. Examples of such dinucleophiles include peroxides,
hydroxylamines, and hydrazines. Mononucleophilic cataly-
sis, such as with hydroxide, carboxylates, alkylamines, or
sulfite, of the hydrolysis of these blocking groups is less
facile. Significantly increased stability on storage may be
obtained along with rapid unblocking in processing solu-
tions activated with dinucleophiles.

A key element of the β-ketoester linkage is the proximal
placement of two electrophilic groups. One such group is
attached to the PUG directly or through intervening tim-
ing groups. The second is more electrophilic than the first
and is separated from the first by a bond or intervening
atom that enables a nucleophilic displacement reaction to
occur with release of PUG on processing in the presence
of a dinucleophile.3 Structure I illustrates such blocking
with r intervening timing groups T between the β-ketoester
linkage and the PUG:

R1 C C PUG(T)C

O O

R2 R3

r

I

Substituents R1, R2, and R3 can be alkyl or aryl groups, R1

and R2 may join to form a ring, and the r (e.g., 0, 1, or 2) T
groups are individually releasable timing groups. In this
study, PUG is a color developer, 4-amino-3-methyl-N-ethyl-
N-(β-methylsulfonamidoethyl)aniline.

The incorporation of developers into photographic ele-
ments, thereby obviating the need for putting developers
in processing solutions, has a very lengthy history and
dates to the last century when Backelandt5 described the
preparation of photographic plates having developer coated
on the back sides. After exposure, the plates were dipped
into an aqueous ammonia solution and developer diffused
out of the backing and into the emulsion side effecting
development. Numerous problems arise in such systems,
including difficulties from aerial oxidation of the incorpo-
rated developer during storage. Such difficulties were ad-
dressed by Thornton and Rothwell,6 who described how
such back-coated plates could be improved by coating an
additional oxygen barrier layer over the developer-contain-
ing layer.7

It is now well known8 that the incorporation of conven-
tional color developers, such as p-aminophenols and p-
phenylenediamines, into sensitized photographic elements
containing silver halide leads to emulsion desensitization
and to unwanted fog. Reeves9 demonstrated that arylamine
developing agents could be blocked by reacting the pri-
mary amine group of the developing agent with salicylal-
dehyde to form the Schiff ’s base adduct. This adduct is
resistant to hydrolysis below pH 9 and hydrolyzes above
pH 9 to yield the amino color developing agent. Schleigh
and Faul10 described the blocking of p-phenylenediamines
where the primary amino group was blocked with trifluor-
oacetyl and the tertiary amino group was quaternarized
with an arylmethyl group. Bifunctional blocking of p-
aminophenols was also described10 where the primary
amino group was blocked with trifluoroacetyl and the phe-
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nol was blocked with an arylmethyl group to yield an ether.
Waxman and Mourning11 described phenoxy carbonyl
blocking of the primary amine of p-phenylenediamine color
developing agents for use in color diffusion transfer sheets
using auxiliary oxidants. The carbamates thus formed are
utilized to form dyes without liberation of the free p-phen-
ylenediamine. Subsequently, Hamaoka, Ogawa, and
Shimamura12 described the preparation and use of car-
bamate blocked p-phenylenediamines. Hamaoka and co-
workers formed arylsulfonylethyl carbamate esters of the
color developing agents. Silver halide desensitization, un-
acceptably slow unblocking kinetics, thermal instability
of blocked developer, increased fog, and/or decreased Dmax

after storage are negative effects that have prevented such
blocked developers from gaining practical use.

Utility deriving from this β-ketoester blocking of color
developers has been shown in a number of applications
such as image intensification processes,8 improved ther-
mal stability,13 decreased component interactions (optimal
layer placement),14 and improved stability in replenish-
ment.15 Acyl blocked PUG have been discussed by Ono et
al.1 and by Buchanan et al.16

We examine here the oxidation potential of the blocked
p-phenylenediamines II and III. We are interested in com-
paring their oxidative stability as silver halide reducing
agents relative to the corresponding (released) p-phen-
ylenediamine, color developer IV (CD-3, 4-amino-3-methyl-
N-ethyl-N-(β-methylsulfonamidoethyl)aniline).
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Blocked developers II and III exemplify β-ketoester-
quinonemethide-carbonate blocking of color developer IV.
Release of IV is initiated by nucleophilic attack on the β-
keto group by a dinucleophile. This attack is illustrated in
Fig. 1 for the case of the dinucleophile hydrogen peroxide.
Ionization is followed by nucleophilic attack on the remain-
ing acyl group to form a five-membered ring, releasing the
blocking group as a peroxo compound, and releasing the
PUG with attached timing groups. For the case of un-
blocked II and III, the ionized phenol then undergoes a
quinonemethide rearrangement as illustrated in Fig. 2 to
release the carboxy blocked color developer. This moiety
quickly decarboxylates in another first-order reaction to
release IV. This mechanism has been discussed at some
length previously.3,4
Texter et al.



The quinonemethide moiety, in aqueous alkali, readily
adds hydroxide at the methide to convert to the sulfon-
amidophenol V:

CH3SO2NH

CH2OHHO

V

Because V is a reaction product obtained from the
quinonemethide timing group subsequent to hydrolysis of
the β-ketoester linkage, we also examined the oxidative
stability of V. We used square wave voltammetry17 to mea-
sure oxidation potential of compounds II through V rela-
tive to the saturated calomel reference electrode (SCE).
We used cyclic voltammetry18 to also measure oxidation
potential of compounds II, IV, and V and to examine more
closely the mechanism of oxidation of these compounds.

Experimental
Syntheses. General syntheses of blocked p-phenyl-

enediamines, such as compounds II and III, starting with
color developers such as CD-3 (IV) and with timing group
moieties like V, are described by Buchanan et a1.3,4 and
Texter et a1.8 The synthesis of compounds II and III are
illustrated schematically in Fig. 3 and are described in
detail below.

2,2-Dimethyl-3-Oxobutyryl Chloride (s-ii). Ethyl ac-
etoacetate (65 g, 0.5 mole), t-butanol (200 mL), and tet-
rahydrofuran (200 mL) were placed in a 2 L, 3-necked
round-bottomed flask fitted with a thermometer, mechani-
cal stirrer, nitrogen inlet, and addition funnel topped with
an ice water condenser. The mixture was cooled to 0°C
and stirred vigorously under a slow nitrogen stream while
adding potassium t-butoxide (56 g, 0.5 mole) slowly, keep-
ing the temperature less than 20°C. A homogeneous solu-
tion resulted after about 5 min. Methyl iodide (32 mL, 0.5
mole) was added via the addition funnel while the tem-
perature rose to about 10°C. At 20°C the ice bath was re-
placed with a water bath at room temperature before
stirring the mixture for an additional 30 min while potas-
sium iodide precipitated. The mixture was cooled to 0°C
before adding more methyl iodide (40 mL) and then potas-

Figure 1. Dinucleophilic-activated unblocking mechanism. Hy-
drogen peroxide nucleophilically attacks β-keto group. Subsequent
enolization leads to second nucleophilic attack, formation of five-
membered ring, and release of blocking group.
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sium t-butoxide (56 g, 0.5 mole); the temperature was kept
below 30°C. The mixture was stirred at room tempera-
ture for 48 h and then diluted with about 1 L of water and
0.5 L of saturated NaCl solution before the mixture was
extracted with ether. The ether solution was washed with
0.1 N NaOH and then with 1 N HCl, dried over MgSO4,
and concentrated to an oil. The crude dimethylated ethyl
acetoacetate (64 g, 81% yield) had an NMR spectrum con-
sistent with the expected compound.

This crude dimethylated ester (64 g, 0.4 mole), NaOH
(48 g, 1.2 mole), water (320 mL), and a trace of indicator
dye (metanil yellow) were stirred for 18 h until a homoge-
neous solution resulted. Residual alkali-insoluble mate-
rial was removed by washing with a small amount of ether.
The alkaline solution was then cooled in ice water and
neutralized carefully with concentrated HCl (about 100
mL) until the indicator dye turned purple. Saturated NaCl
was added to the cold solution before extracting several
times with methylene chloride. The extracts were dried
over sodium sulfate, filtered, and concentrated at 30°C to

Figure 2. Quinonemethide rearrangement leading to ejection of
timing group.

Figure 3. Synthetic scheme for synthesizing blocked color de-
velopers II and III.
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yield the crude acid as an oil (50 g) that solidifies at ice
temperatures. NMR indicated a small amount of ethanol
was present in the crude acid. The acid was used immedi-
ately by reacting with oxalyl chloride (75 mL, 0.86 mole)
and a trace of triethylamine at room temperature for 24
h. The mixture was concentrated at 30°C using a rotary
evaporator with water aspirator vacuum. Excess oxalyl
chloride was removed by codistillation with methylene
chloride to yield crude 2,2-dimethyl-3-oxobutyryl chloride
(49 g, 82%). A portion of the crude (45 g) was distilled
through a 6-in. Vigreaux column under water aspirator
vacuum (bp 50 to 55°C) to yield purified colorless s-ii (30
g, 67%).

1-Methyl-2-Cyclohexanone Acyl Chloride (s-iii).
Commercially available ethyl 2-cyclohexanonecarboxylate
(1600 g, 0.4 mole) and 12.8 L 1 N NaOH were placed in a
22-L 4-neck round-bottom flask. The mixture was stirred
until the thick white slurry gradually thinned to a solu-
tion. The solution was cooled to –5 to 0°C with a metha-
nol/dry ice bath. Saturated aqueous NaCl (2135 mL) was
added with stirring. Aqueous HCl (1120 mL) was added
slowly through a dropping funnel while keeping the tem-
perature below 0°C. A precipitate formed, and the slurry
was stirred for an additional hour at 0°C. The product, 2-
cyclohexanonecarboxylate, was washed several times with
cold water and dried to yield 1336 g.

Methylene chloride (10.5 L) was added to a 22-L 4-neck
flask set in an acetone-methanol dry ice bath. The solvent
was cooled to less than –20°C, and 2-cyclohexanonecar-
boxylate (900 g, 6.33 mole) was added with stirring.
Diisopropylethyl amine (900 g, 6.96 mole) was added slowly
through a dropping funnel, keeping the mixture less than
–20°C. After completion of amine addition, chloromethyl
ethyl ether (694 g, 7.26 mole) was added through a drop-
ping funnel, keeping the mixture less than –20°C. Then,
the ice bath was removed and the mixture was allowed to
sit for about an hour. Aqueous 1 N HCl (312 mL) was then
added to the mixture. After separating the layers, ice wa-
ter (5 L) was added to the organic layer. The organic layer
was again separated, dried over MgSO4, and concentrated
while heating to 40°C at 29-mm Hg. Ethoxymethyl 2-
cyclohexanonecarboxylate (1259 g) was obtained quantita-
tively as an oil.

The newly formed ester, ethoxymethyl 2-cyclohexa-
nonecarboxylate (650 g, 3.25 mole), 500-mL tetrahydrofu-
ran, and 2485 mL t-butanol were placed in a 12-L 4-neck
flask set in a methanol/dry ice bath. The mixture was de-
aerated for 15 min by bubbling nitrogen below the surface
with stirring. The mixture was then cooled to 14°C and
potassium t-butoxide (365 g, 3.25 mole) was added, while
keeping the temperature in the range of 15 to 18°C. Me-
thyl iodide (1028 g, 7.24 mole) was added slowly through
a dropping funnel while maintaining the mixture at 15°C.
After addition was complete, the ice bath was drained and
the temperature was allowed to rise to 35°C before cool-
ing with a methanol/dry ice bath. About 5-L water was
then added to dissolve all the salts. The solution was trans-
ferred to a 22-L funnel and about 6 L of ether was added
with stirring. The aqueous layer was removed, and the
organic layer was washed three times with aqueous NaCl.
The organic layer was then dried over MgSO4 and concen-
trated on a rotary evaporator. After evaporation of the
ether, a vacuum pump was applied and nitrogen was
bubbled through the oil at 45°C to remove the t-butanol.
This yielded 651 g (93%) of the ethoxymethyl 1-methyl-2-
cyclohexanonecarboxylate as an oil. This product (651 g,
3.04 mole) was placed in a 5-L 4-neck flask with 1100 mL
of methylene chloride. Oxalyl chloride (1183 g, 9.31 mole)
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was added slowly, along with about 22 drops of water. The
mild exothermic reaction caused the temperature to rise
to 28°C. The mixture was stirred at room temperature
overnight. A trace of ester remained so two drops of water
were added and stirring was continued overnight, after
which the acid chloride s-iii was obtained as an oil after
concentrating the mixture to yield 538 g quantitatively.

3-Methylsulfonamido-4-Hydroxybenzyl Alcohol (V).
Commercially available 3-nitro-4-hydroxybenzyl alcohol
(16.9 g, 0.1 mole) was hydrogenated at (40 psi, 3 atm) 280
kPa in dioxane (300 mL) using 1 g of 5% Pd on carbon as a
catalyst. After filtering off the catalyst, the solution was
concentrated to form the aminophenol (3-amino-4-
hydroxybenzyl alcohol). A crystalline solid (10 g, 72%) was
obtained. This aminophenol (2.78 g, 0.02 mole) and 2,6-
lutidine (2.36 g, 0.022 mole) were mixed with p-dioxane
(40 mL). Methanesulfonic anhydride (3.48 g. 0.02 mole)
was added; after 30 min the mixture was diluted with ethyl
acetate and washed twice with aqueous NaCl (100-mL
saturated NaCl and 15 mL 1 N HCl). This washed mixture
was dried over MgSO4, and the ethyl acetate extract was
concentrated to yield a solid residue. This solid was crys-
tallized from ethyl acetate/heptane to yield V (3.2 g, 75%).

Alcohol b-ii. A homogeneous solution of triethylamine
(11.2 mL, 0.98 mole) and the benzyl alcohol V (10.9 g, 0.05
mole) in tetrahydrofuran (100 mL) was cooled to –20°C
under a nitrogen atmosphere. A solution of the acid chlo-
ride s-ii (7.5 g, 0.05 mole) in methylene chloride (50 mL)
was then added. The mixture was warmed to room tem-
perature for a few minutes, diluted with more solvent, and
washed with 0.1 N HCl. The organic layer was dried with
MgSO4 and concentrated to an oil of the benzyl alcohol b-ii
(17.5 g) that contained a small amount of solvent.

Alcohol b-iii. A homogeneous solution of pyridine (100
mL), the benzyl alcohol V (21.8 g, 0.1 mole), tetrahydrofu-
ran (13 mL), and triethylamine was cooled to –25°C in a
dry ice/acetone bath. A solution of the acid chloride s-iii
(17.5 g, 0.1 mole) in methylene chloride (100 mL) was then
added dropwise at –25 to –20°C. The mixture was warmed
to room temperature and stirred for 30 min, diluted with
300 mL methylene chloride, washed with 125 mL 2 N HCl,
and washed with 125 mL aqueous NaCl. The organic and
aqueous layers were then separated. The aqueous layer
was acidified to pH 2 and extracted with 100 mL methyl-
ene chloride. This extract/methylene chloride was com-
bined with the former organic layer and washed again
with 200 mL 2 N HCl and 100 mL aqueous NaCl. The
organic layer was separated and dried over MgSO4 and
concentrated to a viscous oil. This oil was placed under
vacuum at 1-mm Hg for 5 h to obtain 34.5 g of the benzyl
alcohol b-iii in nearly quantitative yield.

Chloroformate c-ii. The oil of alcohol b-ii (17 g, 0.052
mole) was stirred with methylene chloride (100 mL) and
phosgene (60 mL of toluene solution containing 0.125 mole
of CO(C1)2) for 2 h at room temperature. The mixture was
concentrated at 40°C under reduced pressure to 21.6 g of
syrupy c-ii. This product solidified in the refrigerator.

Chloroformate c-iii. The alcohol b-iii (34 g, 0.1 mole)
was dissolved in 300 mL methylene chloride. A 1.93 M so-
lution (120 mL) of phosgene in toluene was added, and
the solution was left to stand at room temperature for 4 h.
This solution was concentrated under aspirator vacuum
at 35°C to give a viscous liquid and concentrated further
in vacuo at 1-mm Hg through a dry ice trap for 5 h. The
Texter et al.



resulting c-iii (41 g) was obtained in nearly quantitative
yield as a tacky glass.

Blocked Developer II. Color developer (CD-3, IV) as
the sulfuric acid salt (14.5 g, 0.042 mole) was added to a
vigorously stirred mixture of methylene chloride (80 mL)
and 1 M aqueous sodium bicarbonate (125 mL) cooled to
0°C. After stirring for 5 min, solid chloroformate c-ii (8.2
g, 0.021 mole) was added to the cold solution and the mix-
ture was stirred for 30 min at 0°C. The organic phase was
separated, diluted with 100 mL of methylene chloride, and
then washed twice with 100 mL portions 2% HCl. The or-
ganic phase was then washed twice with 100 mL portions
of water, dried over MgSO4, and decolorizing carbon was
then added. The mixture was filtered through celite, and
the light yellow filtrate was concentrated to give 10.0 g of
II (76% yield) as a light yellow glass.

Blocked Developer III. Color developer (CD-3, IV) as
the sulfuric acid salt (66 g, 0.15 mole) was added cautiously
to a two-phase mixture of methylene chloride (150 mL)
and aqueous sodium bicarbonate (46 g in 300 mL water)
cooled to 0°C over a 20- to 25-min interval. A solution of
chloroformate (41 g, 0.1 mole) in 100 mL methylene chlo-
ride was added by pouring slowly into the stirred mix-
ture. After stirring for 40 min at 0°C, the mixture was
transferred to a separatory funnel. The organic layer was
separated and washed twice with 1.5 M aqueous HCl, us-
ing a little ethylacetate to break the resulting emulsion.
The organic layer was separated, dried over MgSO4, con-
centrated in vacuo at 10-mm Hg, and concentrated further
overnight at 1-mm Hg to obtain a tacky solid. This crude
product was dissolved in ethyl acetate, concentrated in vacuo
at 10-mm Hg, and concentrated further overnight at 1-mm
Hg to obtain III (18 g, 28% yield) as a tan-colored glass.

Electrochemistry. Square Wave Voltammetry.
Square wave voltammetry (SWV)17 was performed at 25°C
and at 71 Hz with 40-mV (Esw) ac pulse width and 4-mV
(∆E) step height, where a staircase in applied potential is
constructed from an ac square wave. The average poten-
tial is increased by the step height, ∆E, at the beginning
of each cycle. The amplitude of this cycle is Esw. This fre-
quency suggests that redox processes with time constants
longer than the period τ (2.2 ms) may tend to appear irre-
versible in these experiments. Net currents were obtained
by steadily increasing the average potential in the posi-
tive direction in steps of ∆E and by taking the algebraic
difference between measured forward and reverse cur-
rents. These currents are measured at different points in
the staircase potential.17,19 The forward current is read at
τ/2, at the conclusion of the potential-increasing half of
the cycle, and the reverse current is read at τ, after the
decreasing half of the cycle has been applied and immedi-
ately before the potential is again increased.

These measurements were performed with a BAS 100A
Electrochemical Analyzer with a Faraday cage and a PA1
preamplifier (Bioanalytical Systems, West Lafayette, IN).
A glassy carbon disk with an area of 0.071 cm2 was em-
ployed as the working electrode, and a platinum wire was
used as a counter-electrode. All potentials were measured
against a saturated calomel reference electrode (SCE).
Sample solutions were deaerated with water-saturated
ultrapure nitrogen and were maintained under a nitro-
gen blanket during measurement.

Aqueous solution pH was controlled using KCl/HCl,
phthalate/HCl, phthalate/NaOH, phosphate/NaOH, and
borate buffers in the various pH ranges. Buffer ionic
strength was maintained at about 0.1 M. Solutions of II
Electrochemistry of β-Ketoester Blocked p-Phenylenediamine
were prepared at 9.7 ± 0.5 × 10–4 M; solutions of III were
prepared at 1.01 ± 0.01 × 10–3 M; solutions of IV were pre-
pared at 9.8 ± 0.3 × 10–4 M; and solutions of V were pre-
pared at 1.00 ± 0.05 × 10–3 M.

Cyclic Voltammetry. Cyclic voltammetry (CV)18 was
performed using the same BAS 100A Electrochemical Ana-
lyzer, Faraday cage, PA1 preamplifier, and electrodes de-
scribed above for the SWV measurements. Measurements
were done on the same solutions as discussed above and
at scan rates of 50 to 500 mV s–1.

Results
Net currents from square wave voltammetry at pH 2 to

13 are illustrated in Fig. 4 for the oxidation of II at 25°C.
The data in Fig. 4 suggest four oxidation processes occur
over the –0.2- to 1.2-V (versus SCE) range, depending on
pH. At pH 2 pronounced oxidation at about 560 mV is evi-
dent and an indication exists of another oxidation at about
1.1 V. Examination of the forward and reverse currents
illustrated in Fig. 5 suggests that this 560 mV peak arises
from an irreversible process that becomes quasi-reversible
over pH 3 to 8, because the forward and reverse current
voltammograms (see Fig. 5) have similarly symmetric shapes.

This major peak at 560 mV at pH 2 shifts negatively in
potential to about 290 mV at pH 8 and appears to become
electrochemically reversible. The small 1.1-V oxidation
process at pH 2 appears in Figs. 4 and 5 to be irreversible;
the shape of the net current derives almost exclusively
from the forward-current voltammogram; the reverse cur-
rent voltammogram is featureless over the 0.8 to 1.2-V
interval. This 1.1-V peak becomes more pronounced and
shifts to lower potential as pH increases from 4 to 8. As
pH is raised to 9 and then to 13, this peak does not shift a
great deal and is centered approximately at about 790 mV.
However, the lower potential peak at about 336 mV (pH
7) becomes chemically irreversible as pH is raised, and a
lower potential, reversible peak appears at about 60 mV
(pH 9).

Cyclic voltammetry18 of II at pH 3.97 is illustrated in
Fig. 6. Potential was cycled between 0 and 800 mV at a
scan rate of 100 mV s–1. A single and well-resolved redox
peak is illustrated in Fig. 6 and exhibits both anodic and
cathodic peaks. Similar results were obtained over pH 2
to 10. However, above pH 8 and after an incubation time,
an additional redox peak was observed at more negative
potentials as illustrated in Fig. 7 for a solution aged about
an hour. This more negative peak is assumed due to a de-
composition product of II, most likely unblocked color de-
veloper IV (see discussion section).

Net currents from square wave voltammetry at pH 2 to
13 are illustrated in Fig. 8 for the oxidation of III at 25°C.
The same qualitative behavior seen in Fig. 4 for II is seen
here for III. The only difference between II and III is the
nature of the β-ketoester blocking group. This difference
appears not to affect the overall electrochemistry signifi-
cantly, although it is thought to affect the thermal stabil-
ity. The oxidation peak at about 580 mV at pH 2 in Fig. 8
appears irreversible. As this peak shifts to lower poten-
tial with increasing pH it becomes quasi-reversible. At pH
11 and higher this oxidation becomes irreversible again.
The behavior of this peak at higher pH differs qualita-
tively from the behavior of II, because this peak increases
in potential as pH increases above 11.

Net currents for voltammetry of color developer IV in
Fig. 9 show a single set of coupled oxidations over the 2
to 13 pH range. A sequence of two (one-electron) oxida-
tions is apparent in the double-peaked nature of these
Vol. 42, No. 2, March/April  1998     179



Figure 4. Net currents (square wave voltammetry) for compound
II versus pH (2 to 13). Concentrations of II at each pH were 9.7 ±
0.5 × 10–4 M.
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Figure 5. Forward (left arrows), reverse (right arrows), and net
(dashes) currents (square wave voltammetry) for compound II at
pH 2, 7, and 13; same conditions as in Fig. 4. These voltammo-
grams17 are not to be confused with cyclic voltammetry,18 where
current is obtained by cyclically scanning potential.

Figure 6. Cyclic voltammetry of 0.97 mM II at pH 4 and 25°C
(100 mV s–1 scan rate). The anodic and cathodic peaks are at 449
and 421 mV, respectively.
Texter et al.



voltammograms (pH 3 to 11). Inspection of the forward
and reverse current voltammograms (Fig. 10) suggests
these oxidations are chemically irreversible below pH 3,
become quasi-reversible over pH 3 to 9, and become less
reversible as pH increases above 9. This loss of chemical
reversibility above pH 9 is caused in part to the well-
known deamination reaction of quinonediimines.20–22 The
mean peak potential shifts from about 367 mV to about 4
mV over the pH 3 to 11 range.

Net currents for voltammetry of by-product V in Fig. 11
show an apparent two-electron oxidation process that re-
mains essentially irreversible. The main voltammetric
peak shifts from about 800 mV at pH 2 to about 60 mV at
pH 13. No distinct higher potential process is evident, ex-
cept at pH 13, where a voltammetric indication is given above
700 mV. A cyclic voltammogram of V at pH 8.3 in Fig. 12
also illustrates the irreversible nature of this oxidation.

Discussion
The pH dependence of the net current peak potential of

compound IV is illustrated in Fig. 13. Below pH 7 the peak
potential changes about 60 mV per pH unit and above pH
7 this slope decreases to about 30 mV per pH. This varia-
tion of potential with pH has been examined by Lee and
Brown23 in terms of the general reaction

R ↔ O + m H+ + n e– (1)

where R is the reduced species and O is the oxidized spe-
cies, m protons are lost on oxidation, and n electrons are lost
on oxidation. The theoretical half-wave potential (E1/2)-pH
profile may be written as in Eq. 2

    
E1/ 2 = E1/ 2

0 − RT
F

ln(10)
m
n

pH, (2)

where    E1/ 2
0 is the standard half-wave potential, R is the

gas constant, T is temperature, and F is Faraday’s con-
stant. At 25°C ln(10)RT/F is about 59 mV (59.15 mV).
Loss of the first electron leads to formation of the semi-
quinone cation radica1.23,24 This cation radical can be sta-
bilized for sufficient time to record visible absorption and
ESR spectra.23 Loss of a second electron leads to forma-
tion of the quinonediimine (QDI). The characterization
of the electrochemistry of p-phenylenediamines (PPD)
such as IV and the corresponding QDI are complicated
by precursor reactions,25 such as ionization, and by the
chemical reactivity of QDI, because QDI is so susceptible

Figure 7. Cyclic voltammetry of 0.97 mM II at pH 8 and 25°C
(100 mV s–1 scan rate) 1 h after solution preparation. Two redox
peaks are evident at about 90 mV and 280 mV.
Electrochemistry of β-Ketoester Blocked p-Phenylenediamine
Figure 8. Net currents (square wave voltammetry) of compound
III versus pH (2 to 13). Concentrations of III at each pH were
1.01 ± 0.01 × 10–3 M.
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to various nucleophilic reactions26,27 such as coupling,
deamination, and sulfonation.

Below pH 6.6, IV protonates at the tertiary amine posi-
tion.20,22 In this pH range IV undergoes a two-electron oxi-
dation (n = 2) and loses two protons on oxidation and
therefore exhibits a variation of –60 mV per pH unit.23,28

Peak potentials obtained by SWV contain convoluted ki-
netic effects and in general, may not be equated with half-
wave potentials. However, when voltammograms obtained
by SWV appear reversible or quasi-reversible, such peak
potentials may be good estimates of half-wave potentials.
The peak potentials obtained for IV and illustrated in Fig.
13 appear to obey this –60 mV per pH prediction for pH <

Figure 9. Net currents (square wave voltammetry) of compound
IV versus pH (2 to 13). Concentrations of IV at each pH were 9.8
± 0.3 × 10–4 M.
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7. The peak shapes of the voltammograms in Fig. 9 for pH
2 to 7 give a direct indication of the two-electron nature of
this oxidation process. Because the voltammograms clearly
have two components (peaks), the overall process must
involve at least two electrons.

Above pH 7 the peak potential varies approximately
at only –30 mV per pH. This change may be assigned to
the loss of one less proton on oxidation (m = 1) as a func-
tion of pH. This behavior is confirmed in the data of Fig.
13. Above this pH, the free developer IV is uncharged,
loses only one proton on oxidation, and exhibits a slope
of –30 mV/pH. The reversibility of these oxidation pro-
cesses as evidenced by symmetry in the forward and re-
verse currents, such as illustrated in Fig. 10 at pH 8,

Figure 10. Forward (left arrows), reverse (right arrows), and
net (dashes) currents (square wave voltammetry) for compound
IV at pH 2, 8, and 13; same conditions as in Fig. 9.
Texter et al.



Figure 11. Net currents (square wave voltammetry) of compound
V versus pH (2 to 1 3).

suggests that these peak potentials, Ep, should obey the
Lee and Brown model for half-wave potentials over the
pH range of 3 to 9. The main source of irreversibility above
pH 9 is owing to a following reaction corresponding to
the deamination20–22 of the oxidized product,
quinonediimine, VI . In this quinonediimine, the
sulfonamido proton has20 a pK of 9.5, whereas in the re-
duced form, IV, its pK is23 about 11.6. Because two pro-
tons are lost on oxidation above pH 9.5, the theoretical
slope of the half-wave potential should again be about –
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60 mV per pH. The peak potentials above pH 10 in Fig.
13 appear not to return to this theoretical slope of –60
mV per pH, but instead flatten, with the peak potential
at pH 13 approximately the same as at pH 11. This de-
viation is assigned to the irreversibility imposed by the
hydroxide-catalyzed deamination of VI, resulting in the
loss of the secondary amine VII and conversion of VI to
the corresponding quinonemonoimine.20–22,28 Tong20 found
that VI deaminates in alkaline solution with a second-
order rate (first order in VI and first order in hydroxide),
logk = 3.65, and that the ionized form of VI, with the
sulfonamido proton ionized, deaminates more slowly with
rate logk = 2.48.

Figure 12. Cyclic voltammetry of 2.09 mM V at pH 8.3 and 25°C
(100 mV s–1 scan rate). An (irreversible) anodic peak is evident at
about 600 mV, and a much smaller cathodic peak occurs at about
–40 mV.

Figure 13. Peak potential versus pH for color developer IV; po-
tentials taken from the voltammograms of Fig. 9. The line fitted
to the data below pH 7 has a slope of –60 mV per pH; the line
fitted to the data above pH 7 has a slope of –30 mV per pH.
Vol. 42, No. 2, March/April  1998     183



CH3

N
CH2CH3

CH2CH2NHSO2CH3

NH
+

VI

NH
CH3CH2

CH3SO2NHCH2CH2

VII

Tong also pointed out20 that VI could deaminate follow-
ing nucleophilic attack by water rather than hydroxide
and that the total deamination rate needed to be consid-
ered as the sum of these two parallel processes. However,
the primary “amine” is the imine attacked by the weaker
nucleophile water and the product after loss of ammonia
was the corresponding N,N-dialkyl-quinonemonoimine.
Lelievre, Henriet, and Plichon29 confirmed this behavior
in acid media for N,N-dimethyl-p-quinonediimine, and
Corbett30 characterized the deamination of p-
quinonediimine. Nickel, Kemnitz, and Jaenicke31 also char-
acterized this acid-deamination mechanism for variously
substituted quinone-diimines and the pH dependence of
the deamination of substituted quinonemonoimines. Nickel
et al. found a pH minimum around pH 6 in the overall
deamination rate. The deamination at lower pH increased
in rate with decreasing pH but leveled off at about pH 2.
In strong acid solution Nickel et al. propose that the pri-
mary imine = NH also protonates (= NH2

+) prior to nucleo-
philic attack by water. These studies show unequivocally
that the irreversibility imposed at low pH and illustrated
in Fig. 10 at pH 2 results from acid-catalyzed deamina-
tion following oxidation.

The pH dependence of the most prominent SWV peak
potentials illustrated in Figs. 4 and 8 for II and III, re-
spectively, are plotted in Fig. 14. The overall behavior of
II and III is very similar, except for the main peak (●● ,  ▲▲)
at pH 9 and above. The irreversible peaks in the neigh-
borhood of 1 to 1.0 V at pH 2 shift very similarly with
increasing pH. Most of the change occurs in the pH 4 to 8
interval when these peaks shift down about 200 mV.
Above pH 8 these peaks remain essentially stationary in
the range of 770 to 800 mV, although peak current in-
creases substantially with pH. Formal potentials for the
main oxidation of II were estimated by averaging the
anodic and cathodic peak potentials of cyclic
voltammograms, such as illustrated in Fig. 6. These po-
tentials (■■) are illustrated in Fig. 14. where they are in
reasonable agreement with the SWV peak potentials (●●)
over pH 3 to 8. The discrepancies at higher pH are as-
cribed to electrode kinetics and chemical irreversibility
resulting from the following chemical reactions, such as
deamination.

The disproportionately large currents and the irrevers-
ibility at pH 2 for II, illustrated in Figs. 4 and 5, may be
owing to some kind of catalytic irreversibility,19 where the
oxidation product has some sort of autocatalytic effect on
the oxidation mechanism. Alternatively, the electrode (oxi-
dation) kinetics may for some reason be particularly more
rapid at this low pH. This effect is not observed for III (Fig.
8). However, both II and III appear to exhibit irreversible
oxidations below pH 3. The main oxidation peak (200 to
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500 mV) appears reversible over the pH 3 to 8 range for
both II and III. Peak potentials for II (●●) and III (▲▲) ex-
hibit a pH profile in Fig. 11 somewhat similar to that for IV
illustrated in Fig. 13. The break point in Fig. 14 at pH 5
suggests the pK for protonation of the tertiary amine end
of II and III is about 1.5 to 2 pH units lower than in the
free developer IV. Over pH 5 to 8 both II and III exhibit an
approximately –30 mV per pH unit profile. Application of
Eq. 2 to this peak potential variation suggests m/n = 1/2.
This constraint strongly suggests that the oxidation we ob-
serve is two-electron and that only one proton is lost upon
oxidation. This view is consistent with the carbonate-blocked
structure of II and III, where only the carbamate proton is
available for loss upon oxidation assuming that the tertiary
amine does not protonate above pH 5. The two-electron oxi-
dation product of II is therefore hypothesized to be:

Figure 14. Peak potential versus pH for major (●●, ▲▲ , ■■) and
minor (●, ▲) oxidations of compounds II (●●, ●, ■■) and III (▲▲,
▲). Peak potentials (●● ,  ▲▲ , ●, ▲) taken from the SWV
voltammograms of Figs. 4 and 8 and (■■ ) from cyclic
voltammograms such as that illustrated in Fig. 6 for II. The
dotted lines have zero slope and illustrate the apparent pH in-
dependence of the respective peak potentials above pH 8. The
line fitted at the top to the minor oxidation peak potentials has
a slope of –60 mV per pH, as does the line fitted to the major
oxidation peak potentials at pH less than 5. The other line fit-
ted to the major peak potentials has a slope of –30 mV per pH.
The potentials (■■) estimated from the cyclic voltammograms
for II agree reasonably well with the SWV results (●●) over the
pH 3-8 interval.
Texter et al.
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A similar structure is obtained for the oxidation of III.
Above pH 8 the peak potentials for II flatten at about 310
mV. The peak potential for III continues decreasing at about
30 mV per pH to pH 11 and then increases markedly with
increasing pH. Comparison of forward and reverse currents
for this peak at the various pH suggests that this oxidation
in III is more reversible than in II at pH 9 to 11.

The reversible two-electron nature of this main oxida-
tion process is supported by the cyclic voltammetry, such
as the voltammogram illustrated in Fig. 6 for II at pH
3.97. At 25°C the curve shape of the anodic portion of the
potential sweep may be described by the equation32:

    
Ep − Ep / 2 = 59

n
, (3)

where n is the number of electrons transferred, Ep is the
peak potential (449 mV), and Ep/2 is the potential (421 mV)
at half peak height. In this case Ep/2 coincides with the
cathodic peak potential. This analysis yields a calculated
n of 2.1, in close agreement with the semiquinone to QDI
two-electron mechanism known for IV. The cyclic
voltammogram of II illustrated in Fig. 7 at pH 8 was ob-
tained after the solution was aged about 1 h. The multipeak
nature of the voltammogram illustrates the slow decom-
position of II in mildly alkaline solution. Although the
blocking group is activated with much greater alacrity by
dinucleophiles, mononucleophilic attack in solution of the
acyl blocking group is still an available pathway. The most
pronounced anodic and cathodic peaks yield an average
potential of about 280 mV, close to the 300 mV peak po-
tential illustrated for II in Fig. 14 at pH 8. The second
pair of anodic and cathodic peaks yield an average poten-
tial of about 90 mV, close to the 100 mV peak potential
illustrated in Fig. 13 at pH 8 for IV.

The high pH chemical irreversibility of this oxidation is
tentatively assigned to rapid deamination20 with base-cata-
lyzed loss of the secondary amine VII, as discussed above
for VI, and conversion of VIII to the corresponding
quinonemonoimine. The low pH irreversibility, such as ex-
hibited at pH 2 in Fig. 4 for II, is hypothesized to result
from acid-catalyzed deamination at the blocked end of VIII.

Inspection of the voltammograms for II in Fig. 4 shows
a weak oxidation at lower potentials (60 to –100 mV) over
the pH 8 to 12 interval. A similar very weak peak is dis-
cernible in Fig. 6 at pH 9 to 11 for III. These weak oxida-
tions are assigned to IV emanating from solution
instability of II and III, released most likely as a result of
solution base-catalyzed hydrolysis of the blocking group,
followed by switching and decarboxylation to IV (i.e., the
same reactions as with dinucleophilic attack, but slower
hydrolysis of the blocking group). The carbamate linkage
is likely not subject to hydrolysis in this weakly alkaline
environment, but its direct hydrolysis to release IV can-
not be ruled out at this time. Because these weak peaks
correlate with results obtained from IV and the main oxi-
dation process correlates with behavior expected for the
color developer part of II and III, the oxidation process
observed at higher potentials, 0.7 to 1.2 V, likely involves
the quinonemethide timing group.

The voltammograms in Fig. 11 for oxidation of the
sulfonamidophenol V appear essentially chemically irre-
versible over the entire pH range illustrated. The transi-
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tion in peak shape as pH rises suggests the occurrence of
two coupled electron processes. This is clear evidence of
two-electron behavior, because pronounced shoulders and
peaks are clearly visible. Average peak potentials shift from
about 700 to about 210 mV over the pH 3 to 11 range.
These peak potentials are plotted in Fig. 15. The approxi-
mately –64 mV per pH profile exhibited in Fig. 15 by com-
pound V suggests, according to the general equilibrium of
Eqs. 1 and 2, that this oxidation is one-electron with loss
of a single proton or two-electron with loss of two protons.
The application of this reversible model to these data is
tenuous because of the apparent irreversibility of this oxi-
dation. The cyclic voltammogram at pH 8.3 for V illus-
trated in Fig. 12 also appears irreversible, with the
cathodic peak at about –40 mV barely perceptible com-
pared to the anodic peak close to 600 mV. However, Brown33

has found this oxidation to be two-electron and essentially
reversible. We therefore assign this discrepancy to the elec-
trode oxidation kinetics. Brown has shown33 in studies of
1, 2- and 1,4-benzenesulfonamidophenols that quin-
oneimides are formed in a two-electron oxidation. We
therefore hypothesize the oxidation product of V to be a
two-electron oxidation product where the phenolic proton
and the sulfonamido proton are lost on oxidation. The ir-
reversibility of this oxidation process likely results from a
following chemical reaction. In alkaline solution hydrox-
ide may nucleophilically attack the ring in IX in two places.
It may attack the quinone carbon to form the hydroxy ad-
duct X. Formation33 of this adduct has been shown to oc-
cur reversibly. Hydroxide may also attack the amide carbon
ortho to the quinone to form XI. This attack leads to hy-
drolysis of the amide and the formation28,34 of the 1,2-dione
(XI) with release of methanesulfonamide. The hydrolysis
of related o-quinoneimines has been extensively studied
by Fujita.35,36 Hydrolysis of analogues of IX, where the
methyl group is replaced by a diffusible dye moiety, forms
the basis of diffusible dye release chemistry in some color
instant photographic systems.37

O CH2OH

CH3SO2N

IX

CH2OH

CH3SO2N

HO

O
_

X

O CH2OH

O

XI

The free color developer IV is clearly the best reducing
agent, because it has the lowest oxidation potentials. Aver-
age peak oxidation potentials for IV are 120 to 230 mV less
positive than those of the blocked species II and III over
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the entire pH range illustrated. This separation establishes
that this blocking of II and III effectively renders these
compounds significantly retarded in their redox activity
relative to the free developer IV. This oxidation of II and
III appears in all major respects to be analogous to the two-
electron oxidation of IV.

The blocked developers II and III are better reducing
agents than the sulfonamidophenol V for pH < 11. The
separation in oxidation potentials of about 200 mV at pH
3 decreases to nil at pH 11. At pH 11, IV is slightly lower
in first oxidation peak potential (25 mV) than II.
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