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Abstract

The concept of bioreductive alkylation as a mechanism of action of aziridinylquinoid anticancer agents has been
investigated by the use of electrochemical techniques. Properly substituted aziridinylquinones are activated by an
electrochemical step (reduction of the quinone function), followed by protonation of the aziridinyl moiety to the
alkylating species. The influence of substitution on quinone reduction, on protonation and on subsequent opening of
the aziridines (prior to and after quinone reduction} has been examined. A series of mono- and poly(l-aziridinyl)-
quinones has been synthesized and analyzed by direct current (d.c.) polarography. The half-wave potential (E, 72
value) of the quinone reduction and the pX,., and pK,,, (reflecting the ease of protonation at the mercury
electrode of one and two aziridinyl rings, respectively} were used in @ Hammett type QSAR analysis. A linear
relationship between E|,, and the electronic substituent constant o;, was obtained for simple quinones. Deviations
from linearity were observed, due to steric and /or resonance interactions which influence quinone reduction, with
amino- and halogen-substituted quinones. Unknown o values could be calculated. Relationships between pK .4,
and some physical-chemical parameters show that electronic and steric properties of quinone substituents affect
pK .- In addition, the formation of a hydrogen bond between the quinone substituent and the adjacent aziridinyl
ring (which may thwart aziridine protonation) and the presence of a methyl substituent at position 2 of the aziridine
(which facilitates protonation) are of importance. Results of this study have lead to a better knowledge of the
individual substituents with respect to their electronic and steric influences on quinone reduction and aziridine
protonation, which may be of importance if these processes play a decisive role in cytostatic activity as well as toxicity.

Keywords: D.c. polarography; Aziridinylquinones; Benzogquinones; FElectronic substifuent constants; Naphtho-
quinones; Quantitative structure—electrochemistry relationships
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The concept of bioreductive alkylation as a
mechanism of action of aziridinylquinoid anti-
cancer agents can be investigated by the use of

I Present address: Analytical Laboratories, EuroCetus B.V.,
P.O. Box 23023, 1100 DM Amsterdam, Netherlands,

electrochemical techniques [1,2} a comprehen-
sive description of this matter was given in the
previous papers of this series [1,2]. The main
points can be summarized as follows: according
to the concept of bioreductive alkylation, prop-
erly substituted quinones are activated by an elec-
trochemical step (reduction of the quinone func-
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tion), followed by one or more chemical steps
which lead to the formation of the alkylating
species, generally a quinone methide structure or,
in the case of an aziridinylquinone, an aziri-
dinium ion, which is known to be unstable and to
open rapidly upon nucleophilic attack. Hence it
can be hypothesized that reduction of the quinone
function facilitates protonation of the aziridinyl
ring. However, it has also been reported that
reduction decreases the reactivity of the aziridinyl
rings and thus deactivates the compound.

For a better understanding of the mechanism
of action of these compounds, a detailed electro-
chemical and chemical stability study of a series
of aziridinylquinones has been made. The influ-
ence of substitution on quinone reduction, on
protonation and on subsequent opening of the
aziridines (prior to and after quinone reduction)
has been examined.

Theoretically, quinone reduction 1s favoured
by electron-withdrawing substituents, which, how-
ever, make subsequent protonation of the azir-
idines more difficult; electron-donating groups
cause opposite effects and an optimum composi-
tion of the quinone substituents is required to
give a maximum efficacy of activation. It also
implies that a more negative half-wave potential
(E, /2 value), indicating a thwarted quinone re-
duction, is generally accompanied by an increase
in the pK, of the aziridinyl ring(s), which indi-
cates facilitation of aziridine protonation in the
hydroquinone. As a measure of these pK.,s, the
pK_, and pK ., values (reflecting the ease of
protonation at the mercury electrode of one and
two aziridinyl rings, respectively [2]), of a series of
mono- and poly(1-aziridinyl)quinones have been
determined by direct current {(d.c.) polarography.
As both quinone reduction and aziridine protona-
tion seemed to correlate qualitatively with the
electronic properties of the quinone substituents,
a quantitative structure—activity relationship
(QSAR) study was made,

The objective of nearly all QSAR studies is to
find a mathematical form of a relationship be-
tween a particular physical, chemical and /or bio-
logical property of the compound. This relation-
ship can then be used to predict that feature for
other compounds in the series. The theoretical
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treatment of substituent effects in chemical
and /or biological reactivity i1s extensively de-
scribed in the literature (e.g., [3—6]). Many pa-
rameters describing electronic (e.g., sigma con-
stants such as o, oy, 0,, 0%, 07 and ¢" and
the Swain and Lupton parameters F and R) and
steric properties (e.g., the Taft constant £  and
the Verloop parameters L and B,_,) of sub-
stituents have been defined. Generally, equations
describing the influence of electronic substituent
effects on a particular chemical reaction in rela-
tion to the unsubstituted parent compound are of
the type of the Hammett equation:

log(k/ko) =po (1)

where k 18 a rate or equilibrium constant of the
particular reaction of the substituted compound
and k, that of a reference compound, o is an
electronic parameter of the substituent of interest
and the reaction constant p indicates the sensitiv-
ity of the reaction to electronic effects.

The theoretical aspects of substituent effects
in aqueous organic polarography have been
extensively studied by Zuman [7]. The half-
wave potential of the unsubstituted compound,
(E, ,)y, is shifted to a new value, (E, )y, by
introducing a substituent X. This shift is influ-
enced by both electronic and steric effects of the
particular substituents and can be given by

551/2 = (E1/2)x — (El/z)H = PrOUX (2)

when steric interactions are excluded [7]. Equa-
tion 2 is & modified form of the Hammett Eqn. 1.
In Eqn. 2, oy is the electronic substituent con-
stant of substituent X. The constant py is the
reaction constant, which reflects the susceptibility
of the reaction to the electronic properties of the
substituents. Its value depends on the type of the
electroactive group R, on the temperature and on
the composition of the electrolyte, but is indepen-
dent of the kind and position of the substituents
[7]. It appeared that, within a series of struc-
turally related quinones, good linear relationships
can be obtained when 8E, ,, is correlated with o,
[7]. Deviations from such a linear relationghip
may occur when steric and /or resonance interac-
tions influence quinone reduction. This is particu-
larly the case with polysubstitution of the quinone
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TABLE 1

Structures of 1,4-benzoquinones and 1,4-naphthoquinones *

3
& 1 3
— — N\‘

Com-  1,4-Benzoquinones
pound Substituents E . PK..qo
) 3 5 6 (V)

1 H H H H 0.055

y CH, H H H 0.000

3 CH, H CH, H - 0.050

4 CH , H H CH, —0.055

5 CH, CH CH, CH, —{.160

6 CH, CH; CH, OH —(0.247

7 OH H OH H —0.379

8 OCH 4 H H H —{).043

9 OCH, H OCH, H —(.183
10 CH, H CH,CH, H ~(.041
11 Br H CH, H 0.025
12 Br H CH,CH- H 0.027
13 Br H CH,CH,O0CONH, H 0.042
14 CH, H CH,CH,OCONH, H ~{.035
15 NH, H NH, H —0.395
16 NHCH , H NHCH 4 H —(,511
17 N(CH,), H N(CH 4), H - (.319
18 NHCOCH 4 H H H (.001
19 NHCOCH, H NHCOCH , H —0.071
20 NHCO,CH,CH, H NHCO,CH,CH 4 H —
21 NHCH,CH,OH H NHCH,CH,OH H — (1L.500
22 CH , CH, R, H —0.303
23 CH, CH, R, H —(.311
24 OCrHl, CH, R, H -0,315
25 R, H R H - (3,439
20 R, H R, H -
27 Az H Az H —{.105 1.5
28 Az-me H Az-me H —{.115 8.1
29 Az Br Az Br —~ —
30 Az-me Br Az-me Br - —
31 Az Cl Az Cl —0,113 —
32 Az-me Cl Az-me Cl -0125 -
33 Az F Az |3 - {),087 7.2
34 Az-me F Az-me F — 10,093 7.9
35 A7z OCH, Az QCH, — 0,179 8.0
36 Az-me OCH, Az-me OCH, —-0.187 8.6
37 Az NH, Az NH, - ~
38 Az NHCH, Az NHCH , —{.415 8.5
39 Az-me NHCH 4 Az-me NHCH , -—{).400 9.3
40 Az NHCH,CH,0OH Az NHCH,CH,OH —0.385 9.5
41 Az NHCO,CH,CH, Az NHCO,CH 5CH 4 —(.149 8.3
42 Az-me NHCO,CH,CH, Az-me NHCO,CH,CH - - (3,145 8.9
43 Az N(CH,;)CH,CH,OH Az N(CH ;)CH ,CH,OH -~ (3,225 9.7
44 Az R Az R, —0.315 10.6
45 Az-me R, AzZ-me R, -(0303 11.1
46 Az C.Hs Az CoH: - -
47 Az CH, Az CH,CH, - (0,227 8.7
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TABLE 1 (continued)
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Com- 1,4-Benzoquinones

pound Substituents E]/g PK a2
2 3 5 6 (V)

48 Az CH 4 Az CH,CH,0OH - 0.209 8.6

49 Az CH, Az CH,CH,OCONH, ~(1L213 8.9

50 Az-me CH, Az-me CH.,CH,OCONH, ~ 0,235 9.7

51 Az CH, Az CH(OCH ,}CH,O0CONH, -0.182 8.6

52 Az Br Az CHj, ~0.185 8.7

53 Az-me Br Az-me CH, ~0,194 9,2

54 AzZ-me, Br Az-me, CH, - -

55 Az Br Az CH,CH, ~0.210 8.8

56 Az Br Az CH,CH,OCONH, ~0.201 8.9

57 Az Cl Az CH, ~0.197 8.5

58 Az AzZ Az H -0,171 8.0

59 Az Az Az F ~0,171 7.8

60 Az-me Az-me Az-me F ~0.195 8.2

61 Az Az Az Az ~ (1,245 7.7
1,4-Naphthoquinones 2y pK. .
; 3 V)

62 H H — (1145

63 OH H ~(.360

64 CH, H —(.186

65 CH,CH, H ~ (0,247

66 Br H —{}. 165

67 Ci H —0.172

68 NH, H —0.377

69 NHCH 4 H - (.431

70 N(CH ), H - (.374

71 NHCH,CH 4 H —{.425

72 NHCH,CH,OH H —0.429

73 NHCO,CH,CH, H -

74 N(CH,)COCH, H —0,147

75 R, H —{).435

76 R, H —(.439

77 NH, C —{).394

78 NHCOCH ,Cl C ~().157

79 NHCO,CH,CH , C —(.175

30 NHCO,CH ,CH, R, - (1L.377

81 NHCO,CH,CH, R, —(3.2009

82 Az H —(}.259 8.0}

83 Az-me H —(0.252 8.3

84 Az CI - (L.287 .0}

§5 Az NI, ~{).414 8.0)

86 Az NHCOCH —(}.285 8.2

87 Az NHCOCH,CI —{),26Y 9.1

88 Az NHCGO,CH,CH, —(),2K5 8.3

89 Az-me NHCO,CH,CH, — (3,261 8.1

90 Az N(CH 3)CO,CH ,CH 4 - (1,288 8.0

91 Az-me N(CH ;)CO,CH,CH , —(),283 8.0

92 Az CH,NHCO,CH,CH, - (1,317 0.()

" Half-wave potentials (£, ;) at pH 7.0 and, in the case of mono(1-aziridinyl)-1,4-naphthoquinones, their pK vuluu;, in cuse of

bis-, tris- and tetrakis(1-aziridiny})-1,4-benzoquinones, their pK .4, values, all obtained by d.c. polarography.
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moiety, as steric interactions between adjacent
substituents and /or the quinone carbonyl func-
tion readily occur. Substituents which may be
expected to cause such deviations from a linear
relationship include halogens and amino func-
tions [7-10].

In a first attempt to correlate the electrochem-
ical data obtained with electronic substituent con-
stants, it was decided to use o, in a Hammett-type
correlation study, in analogy with [7]. In addition,
the Swain and Lupton parameters F (describing
the inductive-field component) and R (describing
the resonance component) were used as elec-
tronic parameters. In this paper, results of these
Hammett-type regression analyses are presented
for a series of 54 benzoquinones and 30 naphtho-
quinones (Table 1). An attempt has also been
made to describe the pK, ., values of a series of
bis(1-aziridinyl)benzoquinones quantitatively via a
Hammett-type approach, using electronic (o) and
steric ( MR) substituent constants, combined with
a parameter which describes the ability to form
hydrogen bonds (HB,) (see Procedures, MR =
molar refractivity, as a measure for the molar
volume).

It is expected that the results of this study will
lead to a better knowledge of the individual sub-
stituents with respect to their electronic and steric
influences on quinone reduction. Predictions
about E,, and/or pK,., values may be of
importance for the biological activity of azir-
idinylquinones when quinone reduction and/or
aziridine protonation play a decisive role in cyto-
static activity and toxicity.

EXPERIMENTAL

Chemicals

Compounds 1, 4, §, 7, 62, 63, 64 and 67 (Table
1) were obtained from Aldrich Europe (Janssen
Chimica), 2 from Merck (Darmstadt) and 3 from
ICN Pharmaceuticals (New York). Compound 6
was prepared according to [11], 8 and 9 according
to [12], 10, 13, 14, 46—-49, 52, 55 and 56 as
described in [13], 11 and 12 as in [14], the amino-
quinones 15, 16, 17 and 68 analogously as re-
ported in [15], [16], [17] and [18], respectively, 69,

70 and 71 as reported in [19] and 18 and 19 as
described in [20] and [21], respectively. The syn-
theses of 20, 22, 23, 26, 53, 54, 57, 74, 76, 80, 81,
90, 91 and 92 have been described in [22], and are
available from the author on request. Compounds
21, 24 and 25 were prepared according to {23],
[24] and [25], respectively, the aziridinylquinones
27-32 and 82-84 as described in {26}, 33, 34, 38,
39, 44, 45, 539 and 60 as described in {27], 35 and
36 as described in [28], 42 as described in [29], 50
as described in [30], 61 as reported in [31], 65, 66
and 72 according to [32], [33] and [34], respec-
tively, 73 and 75 as described in [35] and [36],
respectively, 77 and 78 according to {37], 79 and
89 according to [38], 85 and 87 as reported in [39]
and 86 according to {40]. The synthesis of 88 has
been described previously [2].

Compounds 37 and 43 were a gift from Dr. J.S.
Driscoll (Drug Research and Development Divi-
sion of Cancer Treatment, National Institutes of
Health, Bethesda, MD), 40 (BZQ) from Dr. E.V.
Wilman (Institute of Cancer Research, Cancer
Research Campaign Laboratory, Sutton), 41
(AZQ) from Dr. JA. Kelley and Dr. V.L.
Narayanan (Drug Synthesis and Chemistry
Branch, National Cancer Institute, Bethesda,
MD), 51 (carboquone) from Dr. H. Nakao
(Chemical Research Laboratories, Sankyo, Tokvo)
and 58 from Dr. K. Brandau and Dr. E, Muller
(Bayer, Pharma Research Centre, Wuppertal).

Apparatus

The apparatus used for the determination of
the electrochemical parameters of interest, viz.,
the half-wave potential of the quinone reduction
(E, ;) for all compounds and the pK ., and
pK.... values of the subsequent protonation of
the aziridinyl ring(s) of the aziridinylquinones,
was as reported previously [1,2]. Multiple linear
regression analysis was done by means of the HP
08820A Statistical Library program on an HP 310
microcomputer, equipped with an HP 7475 A3
plotter (all from Hewlett-Packard).

Procedures

Small structural changes can lead not only to a
shift in £, ,, but also to changes in the number
of waves observed, the pH dependence of E, ),
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the number of electrons consumed and the char-
acter of the waves. This has been clearly demon-
strated by electrochemical studies of simple
amino- and aziridinylquinones [1,2]. For an ade-
quate comparison of half-wave potentials within a
series of structurally related compounds, the re-
duction mechanism has to be identical, 1.e., the
overall electrode reaction, the structure of the
electroactive species, the number of electrons
transferred, the type of electrode process (re-
versible, irreversible), similarity in pH depen-
dence of the half-wave potential, etc. When these
conditions are fulfilled, structural effects on shifts
of the half-wave potential can be treated quanti-
tatively [7].

To obtain well developed waves that permit an
accurate determination of the half-wave potential
(+2-5 mVY), a concentration of the compound of
ca. 0.1 mM and a slow scan rate (2 mV s~') are
required, Further, the current and the half-wave
potential should be measured under the same
experimental conditions and the potential of the
reference electrode should be calibrated (e.g., by
measuring the half-wave potential of the thallium
ion, which is —0.455 V, almost independent of
pH and composition of the supporting electrolyte,
and by introduction of a correction value when
required).

It 1s preferable for structural correlation stud-
ies to compare half-wave potentials of quinones
that are determined under conditions at which
they are all independent of pH. Usually this will
be the case under extremely acidic conditions (at
pH < pK 2 [1]), where protonation of the quinone
function in the buffered solution occurs, or under
extremely alkaline conditions (at pH > pK,'?),
where the product of reduction is no longer pro-
tonated and, in the case of reduction of quinones
in aqueous media, an ee mechanism occurs {1].
Experimentally, this condition cannot be fulfilled,
owing to decomposition of the quinoid compound
or interference by oxidation of mercury [1,2].
Consequently, a pH value must be selected at
which half-wave potentials of the whole series of
compounds may be compared. However, com-
pounds containing substituents that may partici-
pate in acid-base equilibria, e.g., amino and hy-
droxy groups, may influence the number of pro-
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tons involved in the electrode reaction and conse-
quently affect the pH dependence of L, ;. As a
result, a pH value must be chosen at which the
plots of E,, vs. pH of all compounds show
parallelism. For this reason, pH 7.0 was selected.
The procedures used for the verification of paral-
lelism in the E, ,2 vs. pH plot, the measurement
of E,,, at pH 7.0 of all quinones and for the
determination of pK._., and pK,., of the
aziridinylquinones were as reported previously
[1,2].

The physico-chemical parameters used were
the electronic parameters o, and o, and the

m P

corresponding Swain and Lupton parameters F
and R:

F=1.36960, — 0.3730, ~ 0.009 (3)
R=o,—F (4)

the steric parameter MR and a parameter de-
scribing the ability to form hydrogen bonds, HB,
(includes both the H-acceptor and the H-donor).

Values of substituent constants are given in
Table 3 for all relevant substituents. Values of
well known substituents are tabulated in [5], with
the exception of HB, values, which were ob-
tained from [41] and electronic parameters- of
OCH, and N(CH,), functions, which were ob-
tained from [4] (marked ® in Table 3). Non-tabu-
lated values are estimated (marked ¢, mainly HB,
and MR values), or calculated (marked 9, some
0,, 0n, F and R values) for less common sub-
stituents. Unknown o, and o, values were deter-
mined from regression Eqns. 5 and 6 and Eqns. 7
and 8, respectively, which relate E, , of several
well established benzoquinones with o, and o,
constants (see Results). From these o, and o,
values, F and R values can be calculated by
Eqns. 3 and 4 {5].

In a first approach to estimate the ability to
form hydrogen bonds, the method developed by
Yang et al. [41] was employed for this series of
compounds. Only the possible ability of the first
two atoms of the substituent(s) to form hydrogen
bond(s) with the carbonyl function of the quinone,
with the hydroxy group of the hydroquinone
and /or with other (viz., aziridine) substituents (as
donor or as acceptor) was taken into account,
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without considering the strength of the hydrogen
bond formed. Each possible hydrogen bond
formed increases the HB, value by 1. For equi-
scalarity reasons, MR values were divided by 10
in the correlation studies. Values listed in Table
3, however, are the original data. QOccasionally an
indicator variable I is used, which discriminates
between a l-aziridinyl (/ = 0) and a 2-methyl-1-
aziridinyl substituent (I = 1).

Regression analysis of the data results in a
statistical evaluation of the fit. Relevant statisti-
cal data given with the regression equations in
the text are the number of compounds used (n),
the square of the correlation coefficient (»2), the
standard deviation (S.D.) and the distribution of
variance ratio (F). The last parameter should not
be confused with the Swain and Lupton F value.

RESULTS

The structures of the 1,4-benzo- and 1,4-naph-
thogquinones that were examined in this study,
their half-wave potentials (E,,,) at pH 7.0 and
for mono(l-aziridinyl)-1,4-benzoquinones their

pK. .4 values and for bis-, tris- and tetrakis(1-
aziridinyl)-1,4-benzoquinones their pK .4, values
are presented in Table 1.

Determination of unknown substituent constants
On the basis of compounds 1-5, 10, 11, 15, 16
and 17, being simple quinones with well estab-
lished and reliable o values, regression equations

were calculated using only the sum of a, of all

substituents (o, .., Eqn. 5) and when o, was
included as well (Eqn. 6):

By p= 0.320( + 0.013)«:'91mt + 0.049( 1-0.011)
= 10; r? =0.987; S.D.=0.024; F = 607.34;
Fy 80099 = 25.42 (5)
E; ,»=0.356( £0.025)0;, (
— 0.103( £0.065) 0y, 1o + 0.053( £0.010)
n=10; r*=10.990; S.D.=0.022; F = 382.96;
F39,0909 = 21.69 (6)

A plot of Eqn. 5 is given in Fig. 1 (line a). The
value of the reaction constant ppg in Eqn. 5 of
0.320 corresponds fairly well with the values of
0.30 and 0.35, reported by Zuman [7] for similar

025 r (a)
Ew (W] | '
10 2~ X
0.00 | n
2 B (b)
62
l S x 64 ® 73 56
’0 67
-0.25 } 17 &%
X 63 58
< ® o 70 ¢
i 15 e 77
69 71
- 0.50 x
16
| U RO U
- 0.75 L - ‘
= 2 3 3 S 3
oN ™ A Q — —
' | ’ Up, tot e

Fig. 1. (a) Plot of £, ,, at pH 7.0 vs. 0y, of benzoquinones (X) 1-5, 10, 11 and 15-17. Regression line corresponds to Eqn. 3.
(b) Plot of E; ,, at pH 7.0 vs. 0y, of naphthoquinones (@) 6271 and 77-79. Regression line corresponds to Eqn. 9. Numbers

correspond to Table 1.
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series of compounds, determined in acidic and
alkaline agueous solutions, respectively.

Combination of Egn. 2 with Egns. 5 and 6
results in

0L, 4p= (El/z)’x — (E]/R)H = 0.3200, ,,
SE]/Z = 0?3560.pltﬂt - 0'10361‘11,1:’{}1

(7)
(8)

By analogy, Eqns. 9-12 were calculated for a
series of thirteen naphthoquinones with well
known o, and o, values (62-71, 77, 78 and 79):

P

E, ,=0.265(+0.032)d, , — 0.205( £0.015)

n=13; r*=0.865; S.D.=0.044; F=70.59;
£ 11,0999 = 19.69

E, , = 0.381(£0.053) 0, o
— 0166( = 0'066)Um,t0t — 0167( T 0020)
n=13:r*=0.917; S.D.=0.036: F =55.31;

(%)

F 10,009 = 14.91 (10)
6E1/2= (Elfz)}{_ (El,/z)[—l=0'2650-13,tﬂt (11)
5E1/2 s 0'3810-13,“}1: - 0.166 Um,tﬂt (12)

A plot of Eqn. 9 is given in Fig. 1 (line b). The
value of the reaction constant pyg of 0.265 is In
good agreement with the value of 0.29 deter-
mined for a series of naphthoquinones in
ethanol-water mixtures [7].

Equations 5~12 make it possible to determine
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Substituents present only in the benzoquinone
series

Reliable o values can be calculated for sub-
stituents present only in the benzoquinone series
bv using Egns. 7 and 8.

Substituents present only in the naphthoquinone
series

It can be concluded from Fig. 1 that the corre-
lations of the half-wave potentials with o, are
better for the compounds in the benzoquinone
series than in the naphthoquinone series. There-
fore, when determined by Eqgns. 11 and 12, values
of substituents only present in the naphtho-
quinone serics will be less reliable than and less
comparable with those of other substituents ob-
tamned by Eqgns. 7 and 8. Consequently, it was
decided not to use Eqgns. 11 and 12 to calculate
the unknown o value of a substituent. It was
further assumed that the electronic effect of the
“unknown” substituents on reduction of the
quinone moiety may be approached by closely
related substituents:

~CH,NHCO,CH,CH,
_N(CH,)COCH, by -NHCOCH,

. ~-N(CH ;)CO,CH,CH
o, and o, values of other substituents X by (CH,;)CO,CH,CH,
measuring E,,,. The Swain and Lupton con- by -NHCO,CH,CH,
stants F and R can then be calculated with Eqgns.
3 and 4. -R, by -R,
TABLE 2
Electronic parameters of some substituents *
Substituent ) o, O Oy © ar;] b a*p“ c RV Fe R R
CH,NHCO,CH,CH, —0.03 —0.15 ~0.11 ~0.22 ~0.01 -013  -010  -009
NHCH,CH,OH - (.30 - 0.79 —0.87 ~1.07 -(),10 — (.69 — (.77 —().38
N(CH ;)COCH 0,21 - 0.01 0.00 —{(.01 0.28 — (.02 — (.26 (.01
N(CI'I 3)COZCHECI'13 0.11 - 0.08 s 0.15 — O.ll 0¢14 - 0.08 - 0.28 - 003
Az —0.09 ~ (.30 ~ 0,25 —0.43 —0.04 -1{).26 —{}.21 - (.17
Az-me —0.09 -0.27 ~-(.27 - 0.40 - (.03 —0.23 ~{).24 ~ (.17
R, ~{.26 ~ .73 —0.77 —1.09 —(0.08 —{.62 —{),69 - 0.47
R, —().26 -~ (.75 —0.77 ~1.11 —0.08 - {),62 — .69 — (.49

" Values calculated from £, ,, values at pI-IHiO except where noted. ° Eqn;m 7 and 8 and Eqns. 3 and 4. ° Eqns. 11 and 12 and

Eqns. 3 and 4 (see text and Table 1),
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Substituents present in both the benzoquinone
and the naphthoqguinone series

The difference in pgq and pyq rTESUltS IN
different values of o for substituents present
both in the benzoquinone and in the naphtho-
quinone series. Comparison of o, o, F and R
values of several such groups, either calculated
using Eqns. 7 and 8 (marked ® in Table 2), 11 and
12 (marked ©) and 3 and 4 or estimated (marked
b of the functions described above) has been
made and the data are given in Table 2. It can be
concluded from Table 2 that all o values deter-
mined from the benzoquinone regression line
(marked °) or estimated based on reasonable

TABLE 3

Physico-chemical parameters of functional groups ®

WikinF- ik — gl

assumptions, are less negative than those calcu-
lated from the naphthoquinone line (marked ©).
Consequently, F values obtained from the latter
equation are more negative and R values more
positive. These differences are a result of the
lower value of pyq (0.265), as compared with pgq
(0.320). It was decided to calculate the unknown
o values of a substituent present both in the
benzoquinone and in the naphthoquinone series
by using Eqns. 7 and 8, because of the quality of
this fit and because of the reasonable conformity
of the values of some substituents with values-
reported in the literature (e.g., o, for Az —0.22
(4], 0, for Az —0.07 [4], o, for R; —0.90 [S], o,

Substituent O 0 F R HB, MR

H 0.00 0.00 0.00 0.00 0 1.03
Br 0.39 0.23 0.44 —-0.17 0 8.88
Cl 0.37 0.23 0.41 —-0.15 0 6.03
F 0.34 0.06 0.43 —0.34 0 0.92
O~ —0.47 ~0.81 ~0.35 —~0.49 1°¢ 1.82 ¢
OH 0.12 ~0.37 0.29 ~ (.64 2 2.85
OCH, —-0.10° —0.12 " —0.10® —0.02° 1 7.87
CH, —0.07 —0.17 —0.04 —-0.13 0 5,65
CH,CH, —0.07 -0.15 —0.05 —0.10 0 10.30
CH ,CH,0H —0.06 ¢ ~0.16 ¢ —0.03 ¢ —0.13 9 0° 11.84
CH,CH,0OCONH, ~0.04 ¢ —0.11 ¢ —-0.02 ¢ —0.,09 ¢ 0° 21.18 ©
CH(OCH,)CH,OCONH, ~0,01 ¢ ~0.07 ¢ 0.00 ¢ -0.07 ¢ 1¢ 28.02 ©
CH,NHCO,CH,CH, ~0.03 © ~0.11°¢ —0.01 ¢ —~0.10 ° 2 © 25.80 ©
C,H; 0.06 ~0.01 0.08 —0.08 0 25.36
NH, —0.16 —0.66 0.02 ~0.68 3 5.42
NHCH, -0.30 —0.84 —0.11 —0.74 2 10.33
NHCH,CH, ~0.24 ~0.61 —0.11 —0.51 2 14,98
NHCH,CH,OH -0.30 ¢ —-0.87 ¢ -0.10 ¢ —0.77 ¢ 2 16.23 ¢
NHCOCH , 0.21 0.00 0.28 —~0.26 3 14.93
NHCOCH,CI 0.17 ~0.03 0.23 —0.25 3¢ 19.77
NHCO,CH,CH 0.11 ~0.15 0.14 —(.28 3¢ 21.18
N(CH ,), -0.15 ® —0.63 " 003 ° —0.66 P 1 15.55
N(CH)COCH 0.21 0.00 © 0.28 ° —0.26 © 2 ¢ 19.58
N(CH ;)CH,CH,OH —0.06 ¢ -0.19 d - 0,02 1 —{0,17 ¢ 1°© 20.85 ¢
N(CH ;)CO,CH,CH, 0.11°¢ ~Q.15 ¢ 0.14 —0,28 © 3¢ 25.80 ©
Az ~0.09 ¢ —-0.25 —0.04 4 ~0.214 1°© 13.53
Az-me —0.09 ¢ —0.27 ¢ ~0.03 ¢ —0.24 4 1¢ 18.15 ¢
R, —0.26 ¢ —0.77 ¢ —0.08 ¢ —0.69 ¢ 1°¢ 22,79 ¢
R, —0.26 © ~0.77 © —-0.08 ° ~0.69 © 1°© 22.79 ¢
R, 0.47 0.37 0.50 —0.09 1° 19.51

" Values obtained from [5] excépt where m:ﬂ;f::d;;-HJ’.%’1 values from ref. [41] ;:cept where noted. ® From [4]. © Estimated values.

PaP—

d Calculated from Eqgns. 7 and 8, resulting in calculated values of F and R from Eqns. 3 and 4 (see text and Table 1).
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for CH,CH,OH — 0.06 [5]). All values used in
the following regression analyses are those given
in Table 3.

Relationships between E, ,, and electronic sub-
stituent constants

Unfortunately, not all guinones could be ana-
lysed electrochemically in aqueous media. Addi-
tion of a virtually clear stock solution (5 mM in
N, N-dimethylformamide) of quinones 20, 26, 37,
46 and 73 to the aqueous phosphate buffer led to
crystallization of the compound, resulting in no
or only small currents, even when a 1 + 1 mixture
of N,N-dimethylformamide and buffer was used.
Compounds 29, 30 and 54 show anomalous be-
haviour in the medium pH range, possibly owing
to chemical decomposition. Consequently, 54
benzoquinones and 30 mnaphthoquinones re-
mained for regression analysis. Parallelism in the
E, , vs. pH plots of these compounds at pH 7.0
was verified and observed for all quinones, except
for 7 and 63. The reduction mechanisms at pH
7.0 of these compounds differ from those of the
other quinones because, owing to acid-base reac-
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tions of the hydroxy group(s), additional protons
are mvolved. In the quinoid form, 7 and 63 are
deprotonated at pH 7.0 to the di- and monoan-
ion, respectively, as the pK, values of the hy-
droxy groups are 2.71 and 5.18 for 7 and 4.00 for
63 [42]. When at pH 7.0 the E, ,, values of these
compounds must be compared with those of the
other quinones, O~ must be considered to be the
actual quinone substituent instead of OH and,
consequently, parameters of O~ were used in the
correlation studies.

A linear relationship may be obtained within a
series of structurally related quinones when E, ,,
is correlated with o, [7]. Deviations from a linear
relationship may occur when steric and /or reso-
nance interactions influence quinone reduction
(e.g., [7-10]). In principle, steric interactions may
be expected to occur with many of the polysubsti-
tuted quinones examined in this study (e.g., 29-61,
77-81 and 84-92). Excluding these compounds
would leave only 28 benzoquinones and 17 naph-
thoquinones for a correlation study. In a first
attempt to correlate half-wave potentials with
electronic substituent constants, it was decided to

0.25 ‘-
o
~
E v (V)t /«"'/
BLx (a)
0.00 t 7 X
. g x
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| %X Vrf :2xx31
6 + ‘ %ﬁx
-0.25 ¢ as X X
X x A
0 44 . {./
39)&){ x.-"'/
38 //
- 0.50 QL"R
///‘ 16
P
,/'/
.0.75 &< — —t :
B S ? S B S 2
y o - ~— - o Q
Gp, tot —p»

Fig. 2. Plot of E, , at pH 7.0 vs, a,,,,, of 54 benzoquinones with corresponding regression line (Eqn. 13). Numbers correspond to
code in Table 1 and indicate compounds for which the E, s> deviates significantly from the original regression line for ten
benzoquinones {(dashed line, Eqn. 3).
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correlate Lk, , values of all 54 benzoguinones As mentioned previously, amino and halogen
and 30 naphthoquinones with o, or F and R. substituents may affect the half-wave potential of
When the measured £, /2 value of one of the 84 polysubstituted quinones through both electronic
quinones examined in this study deviates signifi- and steric interactions, which results in deviations
cantly from that calculated by Eqn. 7 or 11, a from the linear relationship between £, , and g,
steric interaction may be involved which i1s not obtained for simple quinones |[7-10]. Indeed, this
covered by o,. ' can be observed in Fig. 2. It is clear from Fig, 2

1,4-Benzoquinones. Results of correlations be- that mainly 38-40, 44 and 45 In the left part and
tween £, ,, and o, of ten simple benzoquinones 9, 31, 32 and 55-57 in the right part of the plot
as presented in Eqns. 5-8 were shown in Fig. 1 deviate strongly from the original regresssion line
(line a). Regression analysis of the data of all 54 (Egn. 5). Exclusion of the aminoquinones 38, 39,

1,4-benzoquinones resulted in Eqns. 13 and 14. A 40, 44 and 45 leads to
plot of E, ), vs. g, Of these compounds is given E, ,,=0.253(+0.015)0, , — 0.014( £+ 0.012)

in Fig. 2. |
n=49; r*=0.854; S.D.=0.051; F =275.40;
E,,,=0.192(+0.014)0, , — 0.043( £ 0.014) F, 40090 = 12.61 (15)
n=>54; r*=0.786; S.D.=0.065; F = 190.69; Exclusion of more amino- and/or halogen-con-
F, 400090 = 12.61 (13) taining compounds (31, 32, 43, 52, 53 and 55-61)

results in Eqn. 16, which is a significant improve-
ment over Eqns. 13 and 15:

El/Z = 0.158( I 0.028) F[Ot + 0.201( I 0.018) ‘Rtﬂt

— 0.036( £0.017) E, ,,=0.274(£0.014) 0, o + 0.014( £ 0.012)
n=>54; r*=0.789; S.D. = 0.065; F = 95.33; n=237 r*=0.921; S.D.=0.043; F = 408.20;
F2,40,0.999 = 8.2 (14) F 30,0.999 = 13.29 (16)
0.25 r f’,(a)
,./'/
E - (V)T ' % ../'f
X _,,-""’
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Fig. 3. (a) Plot of E, ,, at pH 7.0 vs. 0;,,,, of 37 benzoquinones (X} with corresponding regression line (Eqn. 16). Dashed line

represents the original regression line for ten benzoquinones (Eqn. 5). (b) Plot of E, sa at pI T0VS. 0 101 of 30 naphthogquinones
(®) with corresponding regression line (Eqn. 17). Dashed line represents the original regression line for thirteen naphthoquinones

(Eqgn. 9).
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A plot of E, , vs. o, is given in Fig. 3 (line a).

1,4-Naphthoguinones. Results of correlations
between E, ,, and o, of thirteen simple naphtho-
quinones as presented in Eqns. 9-12 were shown
in Fig. 1 (line b). Regression analysis of the data

of all 30 1,4-naphthoquinones resulted in Eqgns.
17 and 18.

E, ,,=0.243(+0.021)0, ,, — 0.208( +0.010)

n=230; r*=0.832; S.D.=0.041; F=138.58;
F1,23,0.999 =13.50 (17)

E, ,,=0.176(+0.030) F, + 0.290( £0.029) R,

—0.181( +0.016)

n=230: r*=0.855; $.D.=0.039; F=179.85;
F 2,27,0.999 = 9.02 (18)

Comparison of Eqns. 9 and 17 shows that no
significant deviations occur on extension of the
number of compounds from 13 to 30. A plot of
E, ;5 v8. 0, is given in Fig. 3 (line b).

10t

Relationships between pK ..., PK..gqn and some
physico-chemical parameters

A second interesting electrochemical parame-
ter which can be obtained from d.c. polarography
of aziridinylquinones is their pK ., value, deter-
mined from the i vs. pH plot of the compound
and reflecting the ease of protonation of the
aziridine at the mercury electrode, after prior
reduction of the quinone moiety [2]. In d.c. analy-
sis of 3-substituted 2-(l-aziridinyl)- and 2-
(2-methyl-1-aziridinyl)-1,4-naphthoquinones, no
clear relationship between pK,.4 and the o, value
of the 3-substituent can be observed, probably
owing to the inaccuracy of the pK, ., values de-
termined (Table 1).

However, d.c. analysis of quinones having two,
three or four aziridinyl rings shows, that in the
intermediate pH range two aziridines are nearly
simultaneously protonated at the mercury elec-
trode. It can be concluded from the data in Table
1 that this process is influenced by the electronic
propertiecs of other substituents. A quantitative
study on the influence of electronic effects on this
process therefore seemed indicated.

R.J. DRIEBERGEN ET AL,

Not all aziridinylquinones presented in Table 1
exhibit unambiguous { vs. pH plots. Especially
the dibromo and dichloro derivatives 29-32 and
compound 54 showed deviations from the regular
pattern of waves. In addition, 46 could not be
analysed, owing to solubility problems. Conse-
quently, 28 compounds remained for which the
pK, .4 Values were determined. The relation-
ships between the pK .4, values of these com-
pounds and E; , of the quinone reduction pro-
cess at pH 7.0, o, of the substituents at positions
3 and 6 (0,34) and MR of the substituents at
positions 3 and 6 are demonstrated in Fig. 4 and
can be described by Eqns. 19, 20 and 21, respec-
tively (N.B.: read MR/10 for MR and HB, for
HB in the following equations):

DKI'GCIZ = - 6.337( . 1.601) E1/2 + 7.338( 1 0.364)

n=28; pé = 0.376; S.D.=0.706; F =15.66;
F1,26,0.999 = 13.74 (19)

PK gy = — 0853( -+ 0.229) On36 8328( + 0166)

ewrrd

n=28: r*=0.348; S.D.=0.721; F =13.86
(20)

DKI'E‘.CIZ — 0.449( s 0.092) MR3,6 + 7.688( 1 0.237)

n=28 r:=0.478; S.D.=0.645; F=23.82
(21)

It is clear from these results that both elec-
tronic and steric properties of quinone sub-

stituents affect pK . ,,. Combination of o, and
MR leads to

PK g = —0.468( £0.223) 04
+0.343( £ 0.100) MR ; ¢
+ 7.728( +0.224)

n=28; r*=0.556; S.D.=0.607; F=15.68;
I3 25,0.999 = 9.22 (22)

It can be hypothesized that the formation of a
hydrogen bond between the quinone substituent
and the adjacent aziridinyl ring may thwart aziri-
dine protonation. Further, the presence of a
methyl substituent at position 2 of the aziridine
facilitates protonation [2]. As a consequence, the
introduction of parameters describing these ef-
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Fig. 4, Plots of pK o vs. () E, +2 ol quinone reduction at pH 7.0 and (b) o, and (c) MR /10 of substituents at positions 3 and 6 of

a series of 28 azirid iny{benzoquinones. Data obtained by d.c. polarography. Numbers correspond to Table 1 and regression lines to
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fects into the correlation study (i.e., HB, and I)
is expected to mmprove the regression equation.
Indeed, this can be observed in Eqn. 23:

pK,p = —0.784( £0.144) 0 5 4
+0.538( £0.066) MR ; 4
—0.320( +0.051) HB; ;
+0.563( +:0.148) I + 7.441( +0.145)

n=28:r?=0.856:5S.D.=0.360; F=34.22;
Fy 230,990 = 6.69 (23)

The measured pK .4, values of 51, 61 and 60
deviate significantly (> 2 S.D.) from those calcu-
lated with Eqn. 23. Exclusion of these compounds
results 1n Eqn. 24:

DK gy = —0.737( £0.096) 7., 4
+0.575( £0.045) MR, ,
~0.327( +£0.034) HB,
+0.571( £0.104) I + 7.475( +0.097)

n=25r2=0.941; S.D.=0.239; F = 80.16;
Fy 210,990 = 6.95 (24)

DISCUSSION

Substituent effects on quinone reduction

Substitution in quinoid compounds generally
leads to linear shifts of £, , with the electronic
properties of the substituent [7]. The compounds
in this study contain virtually all alkyl, amino
and /or halogen substituents. Therefore, regres-
sion analysis was performed on ten benzo-
quinones and thirteen naphthoquinones contain-
ing simple alkyl, amino, alkylamino and halogen
substituents with generally accepted o, values
[5]. To avoid steric interactions, only mono- and
2,5-disubstitution was taken into account. For the
benzoquinones a good linear fit was obtained
between o, , and E, , values determined under
standardized conditions (Fig. 1a, Eqns. 5 and 6,
r?=099). The correlation in the naphtho-
quinone series was less good (Fig. 1b, Eqns. 9 and
10, r* = 0.87). The o, values of substituents which
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were not available as yet were either calculated
from Eqn. 7 using the half-wave potential of the
simplest quinone containing the substituent of
interest, or were estimated by comparison with
electronically similar substituents. These values
are in fact “optimum” values for electrochemical
correlation studies of (poly)substituted 1,4-
quinones when E, , (and hence o,) has been
influenced by additional effects (see below).
With o, F and R values of all 54 benzo-
quinones, partly obtained from these experiments
and partly from the literature, new regression
equations were made (Eqns. 13 and 14). These
equations show a reasonable correlation of E, ,
with o, ., and with a combination of F,, and
R, (r?=0.79), considering the number and type
of compounds and substituents used. However,
comparison of Eqns. 5 and 13 reveals a decrease
in ppn from 0.320 to 0.192 on extension of the
number of compounds from 10 to 54. It is clear
from Fig. 2 that aziridinylquinones containing
amino functions (e.g., NHCH,, NHCH,CH,OH
or l-pyrrolidinyl) or halogen substituents (Br, Cl)
are responsible for this phenomenon. These com-
pounds deviate strongly from the original linear
relationship (Eqn. 5) obtained from simple mono-
or disubstituted quinones. Deviations from a lin-
ear relationship between o, and E,, are
mainly caused by steric interactions, e.g., between
the substituent and the carbonyl function of the
quinone moiety [7]). This results in loss of copla-
narity and, as a consequence, in a decrease in
conjugation and thus in a more negative value of
E,| ,,. Analogously, steric hindrance of a. sub-
stituent with resonance properties (e.g., NHR) by
a vicinal substituent (e.g., aziridine) may prevent
the resonance etfect, which requires coplanarity
of the substituent with the quinone moiety, from
being exercised and consequently an FE, , value
1s found that is more positive than would be
expected from the individual electronic proper-
ties of the substituents (e.g., [9]). Furthermore,
halogen-substituted quinones may sometimes re-
veal anomalous, inexplicable behaviour during
polarographic analysis in aqueous buffer solu-
tions, in addition to the steric effects described
above [7,8,10]. Exclusion of most of these com-
pounds results in a good linear relationship (Eqn.
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16), which corresponds much better with Eqgn. 5
(Fig. 3a). It cannot be explained why 9 deviates
from this relationship.

Extension of the number of naphthoquinones
mcluded 1n the regression analysis from 13 to 30
did not result in significant changes (compare
Eqns. 9 and 17). Either steric interactions in the
naphthoquinone series are less pronounced or
they have already influenced the original linear
relationship (Eqn. 9) obtained from simple substi-
tuted quinones. Other parameters used in regres-
sion analyses (e.g., 0., ., E,, Verloop values or
HB,) yielded worse regression coefficients.

Up to now, electrochemical QSAR studies of
1,4-benzo- and naphthoquinones have been rela-
tively limited. Zuman [7] has presented relation-
ships of a series of quinones with, in general,
electrochemical data collected from the available
literature. Variations in the experimental condi-
tions used obscure these correlations. Because
the reaction constant py, (Eqn. 2) depends
strongly on the composition of the electrolyte,
only a few compounds could be compared at the
same time. Other papers reporting on E, ,~o
relationships of 1,4-quinones also present regres-
sion equations using a limited number of com-
pounds [8-10,44]. The results of the present cor-
relation studies, however, show that also for a
large number of compounds E, 5 May be linearly
correlated with the sum of o, of all quinone
substituents, provided that steric interactions do
not mterfere.

Unknown o values of several substituents have
been determined, analogously to the methods de-
scribed in the literature (e.g., [7,9,10]). Some criti-
cal remarks must be made here. As £, ,, and
hence the calculated o, values may be influenced
by other than electronic effects (steric effects,
hydrogen bond formation), which may be typical
for and restricted to 1,4-quinoid compounds, the
calculated o, values should preferably only be
applied in the polarography of compounds of the
1,4-quinoid type when such additional effects are
expected, e.g., in the case of polysubstitution.
Several effects are represented in such ¢, values.
They no longer correspond to the original Ham-
mett constants, because these reflect only elec-
tronic properties of the substituent, but may be

regarded as o, values. In a similar way, calcula-
tion of E,, values of 1,4-quinocid compounds
from a regression equation and known o values
might lead to erroneous results, because these
additional effects may not be included in ¢. In
conclusion, the non-critical use of E;, values
and/or o, values in a study of substituent effects
on the ease of reduction of quinoid compounds,
without investigating the reduction mechanism
and pH dependence, the possibility of additional
(i.e., steric effects and the validity of o, values
reported in the literature, will easily lead to erro-

neous results.

Substituent effects on aziridine protonation of
the hydroquinone

An additional complication in the electro-
chemical correlation studies of aziridinylquinones
1s that relationships of pK,,, Wwith physico-
chemical parameters may be questionable. This
polarographically determined pK value reflects
the ecase of protonation of the aziridine(s) at the
working electrode, after the quinone has been
reduced to the hydroquinone. In this study, the
mercury electrode was used as a working elec-
trode. In a study dealing with the electrochemical
properties of AZQ at a glassy carbon electrode,
the aziridinyl reduction wave could not be .ob-
served at all, indicating that the type of electrode
is very important [45]. Further, pK .4, is influ-
enced by adsorption [2] and consequently it does
not correspond with the true pK, value of an
aziridinyl ring of the hydroquinone. With
polyaziridinylquinones, the pK .4, value obtained
from the i vs. pH plot gives a kind of overall pK,
because under the conditions used In d.c. po-
larography, differential-pulse polarography and
cyclic voltammetry at least two aziridines are vir-
tually simultaneously protonated, even for asym-
metric bis(1l-aziridinyl)quinones, In summary,
from a thermodynamic point of view the pK, 4,
values cannot be compared with a standard pK,
value, which 1s directly related with the changes
in standard free energy during protonation, as
required for a linear free energy approach. How-
ever, 1t 1s assumed that shifts in the average, true
pK, value of the aziridines of the hydroquinone



272

on substitution of the quinone moiety and /or the
aziridinyl rings coincide linearly with shifts in
pK .., thus allowing a Hammett-type approach.

For a small group of aziridinylbenzoquinones
(27, 33, 35, 41, 43, 44, 47-49, 51, 52 and 55-57) a
good linear relationship between E,, of the
quinone reduction process and pK, .4 Of subse-
quent protonation and reductive opening of the
aziridines can be obtained (equation not given
here; r* = (.88). However, increasing the number
of compounds deteriorates the linear regression
fit, as can be concluded from Eqn. 19 and Fig. 4a.
An analogous relationship is found, taking o, of
the substituents at positions 3 and 6 as a variable
(Egn. 20, Fig. 4b). It could be concluded from the
residual analysis of the regression fit (not given
here) that the deviations between the measured
and the calculated pK, 4, become more positive
with increasing pK,.p. Hence measured values
are generally too high with large values and too
low with small values of pK .,, and the introduc-
tion of a second parameter, which may correct for
these phenomena, is required. Surprisingly, a lin-
ear relationship was found between pK..; and
MR, with a positive coefficient for the steric
variable (Eqn. 21, Fig. 4¢). This indicates that the
larger the substituent, the easier the aziridines
are protonated. An explanation for this phe-
nomenon might be that the substituent forces the
aziridine out of the plane of the quinone moiety,
thus disturbing the vinylogous amide structure.
This empirically determined relationship may be
used to correct partly for the deviations obtained
n the regression fit with o,. Indeed, a more
random pattern in the residual plot is observed
(not given here), the square of the correlation
coefficient is enhanced from 0.35 to 0.56 and the
standard deviation is smaller when pK . ,, i8 cor-
related with o5 4 and MR, (Eqn. 22).

The above-described combination was further
extended by the parameter HB,, which describes
the ability of the substituent to form hydrogen
bonds. This process was hypothesized to be of
importance, as a hydrogen bond between the
aziridine nitrogen (as acceptor) and a donor part
of the substituent will stabilize the unprotonated
form of the aziridinyl ring and thus a decrease in
its pK .4 value is expected. The introduction of
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this parameter significantly improves the regres-
sion equation (equation not given here; r = 0.77).
The negative sign of its coefficient indicates a
decrease in pK, 4, with an increase in HB,,
which is in accordance with the hypothesis.

The fourth parameter used in the regression
analysis of pK .4, is an indicator variable I, which
distinguishes the compounds with methyl-sub-
stituted aziridinyl rings (/ =1) from those with
non-methylated aziridines (7 = 0). It was decided
to use this variable as it includes all effects (elec-
tronic and steric) of the methyl group on protona-
tion of the aziridines. These effects can also be
described by a Taft ¢™* value and an additional
steric parameter, which extends, however, the
number of variables. Further, there is no varia-
tion in the contribution of this group. Hence, a
combination of all effects into one indicator vari-
able seemed better., Comparison of Eqns. 22 and
23 exhibits a significant improvement of the re-
gression fit (7% = 0.86), which is further improved
by exclusion of compounds 51, 60 and 61 (Eqn.
24: r? = (0.94), Why these compounds deviate from
this relationship is not clear. Using Eqn. 24 the
pK,.., values of the reference compounds 27 and
28 (0,35 = 0.00) can be calculated and are found
to be 759 and 8.16, respectively, which corre-
sponds very well with the measured values of 7.5
and 8.1, respectively.

Summarizing these results, it may be con-
cluded that electrochemical properties of quinoid
compounds, i.c., reduction of the quinone moiety
In aqueous media, may be well described by o,
Regression equations have been developed that
can be used to calculate E,, values of a new
quinone when all o, values are known (Eqns. 16
and 17). Deviations may be a result of steric
interactions or of a different reduction mecha-
nism. Unknown o, values may be determined
from Eqn. 5. As several effects (steric effects,
hydrogen bond formation) may be represented in
such “new” o, values, they no longer correspond
to the original Hammett constants. Application of
these “new” values (which may be regarded as o,
values) should therefore preferably be restricted
to the polarography of 1,4-quinoid compounds.

Equation 24 offers the possibility of predicting
the pK,.4 value of a new bis(1-aziridinyl)-1,4-
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benzoquinone which may be of importance for
the cytostatic activity of the compound.
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