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If we let the subscripts “r’”’ and “p” represent
reactant and product molecules, then the difference
in polarographic half-wave potentials, AE,/, for
aqueous and 509, dioxane solutions is

AEy, =

—07;009 (log %‘: aq. — log %—5’; diox.> (11)
Substituting C/S values for activities in equation
(11) for aqueous solutions and assuming that the
solubilities of both reactant and product molecules
are large and approximately equal in 50%, dioxane
solutions, the following expression results

AEy/,, = —0.059 (log—o—"r3 ag. — log 1 diox.> = 0.07 volt
(12)

The experimental value is approximately 0.07 volt
in the pH range of 2 to 5.

In the case of crotonaldehyde and crotonyl
alcohol, the solubilities are 15 g. and 16.6 g. per
100 g. of water, respectively. Thus, the half-wave
potentials in 509, dioxane and water should be
approximately the same. Experimentally, this
was found to be the case.

Relation between Structure and Half-wave
Potential.—The second paper in this series® deals
with the quantitative relation between structure
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and polarographic half-wave potential, thus only a
few qualitative remarks will be made here.

The half-wave potential is dependent only on
the structure of the reactant molecule and is in-
dependent of the product molecule.® Knowing
this to be the case, we make the following observa-
tions: (1) A positive inductive or permanent
polar effect, such as is demonstrated by the methyl
group in acetophenone, benzalacetone and cro-
tylideneacetone makes reduction more difficult.
(2) Resonance or tautomeric effects in general
make reduction easier. This effect is demon-
strated by the polyene aldehyde series, CH,-
(CH=CH);CHO, where j is 1 through 5. These
compounds and their Ej/, values are listed in Table
I as compounds 3, &, 9, 10 and 11. It will be
noted that the Ef/ value becomes less negative as
7 increases from 1 to 5. (3) Some electron rich
groups, such as phenyl, when adjacent to the
carbonyl group, may be polarized in such a manner
that reduction is more difficult than would be pre-
dicted on the basis of the tautomeric effect alone.
As would be expected from a consideration of the
distances involved, this effect is much more pro-
nounced in benzaldehyde than in cinnamaldehyde.
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Polarography of Carbonyl Compounds.

II. A Theoretical Relationship between

the Polarographic Half-wave Potentials and Structures of Carbonyl Compounds

By DaLE M. CouLsoN aND WiILLIaM R, CROWELL

A quantum mechanical relation between the structures and polarographic half-wave potentials of carbonyl compounds is

presented.

The previous paper! in this series presented
polarographic data for a number of conjugated
unsaturated carbonyl compounds. In that paper,
the effects on the half-wave potential of pH, solvent
and structure in the carbonyl compound were dis-
cussed. The present paper presents a quantum
mechanical theory showing the quantitative rela-
tionship between the structures and half-wave
potentials for the compounds in Table I.

As a starting point, the assumption is made that
carbonyl compounds of type I are reduced at the
dropping mercury cathode by a one-electron, one-
proton process. The evidence for this mechanism

CHy—(CH==CH);—CHO + H* + e~ >
I
CH;—(CH=CH);—CHOH (1)
11

was presented in the previous paper.! At a given
pH value the half-wave potential for Equation (1)
is a function of the structures of the reactant and
product molecules only, if all other factors are
held constant. For convenience in the previous
paper, the E./, vs. pH curve for each compound for
509 dioxane solutions was extrapolated to a pH

(1) D. M. Coulson and W. R. Crowell, Turs JourNaL, 74, 1290
(1952).

of zero. The half-wave potential at a pH of zero
is designated as EY, in Table I.

In the following discussion, the reactant molecule,
I, is treated as an approximately linear harmonic
oscillator as Lewis and Calvin? did for the prediction
of the absorption spectra for the diphenylpolyenes.
The product molecule, II, is treated as a free-
electron gas model similar to that presented by
Kuhn? in his prediction of absorption spectra of
certain cyanines.

The Reactant Molecule.—The polyene aldehyde
I is considered to be composed of j 4 1 harmonic
oscillator units, each unit oscillator being com-
posed of the two m-electrons of the double bond.
It is also assumed that the sigma bonding electrons
do not make a significant contribution to the oscil-
lator. For the best coupling of these unit oscillators
to form an approximately linear oscillator through-
out the length of the compound, the configuration
should be all trans.

As a first approximation, it is assumed that all
of the unit oscillators are identical. That is, the
ethylenic and carbonyl groups are assumed to act
as identical oscillator units. According to Lewis
and Calvin,? it takes very little perturbation to

(2) G. N. Lewis and M. Calvin, Chem. Reys., 25, 272 (1939).
(3) H. Kuhn, Helv. Chim. Acta, 81, 1441 (1948); 32, 2247 (1949).
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TABLE 1

0
EXPERIMENTAL AND CALCULATED Ei/, VALUES

Compound Expt.
1 CH;—(CH=CH),—CHO 0.8671°
2 CH;—(CH=CH),—CHO .636°
3 CH;—(CH=CH );—CHO .494°
4 CHy—(CH=CH),—CHO .393°
5 CH;—(CH=CH );—CHO .329°
6 CHy=CH—CHOt 7531
7 CH;—(CH=CH );—CO0—CH; 7100
8  Benzaldehyde® .8821
9 Acetophenone 1.011t
10  Cinnamaldehyde? 0. 508!
11 Benzalacetone .665!1
12 Mesityl oxide .96°

13 Acetaldehyde

- ES, 5. S.€.E., volts AES/pa R manse
Caled. Eq. (16) volt keal,
0.866 —-0.001 12.1
.635 - .001 17.4
.495 .001 20.7
.398 .005 23.0
.329 .000 24.5
(CHy = —041)  ..... 8.2
0.713 0.003 15.7
(phenyl; =0.54) ..... 5.2
1.044 0.033 8.8
(phenyl, =0.80) ..... 11.7
0.670 0.005 16.8
1.02 0.06 10
.39 L
1.1097

14 Formaldehyde
a E‘x’/, expt. — Ei/ycaled.

of Blout and Fields, private communication and THIs JoURNAL, 70, 930 (1948).
/ Not experimentally determinable,

determination. ¢ Estimated from Pasternak’s data.4

cause all of the units to oscillate in phase. Thus,

the classical law
v =5 \/ 7 (2)

is obeyed by the reactant molecule I. In Equation
(2), v is the frequency, f is the restoring force
constant and A is the mass of the oscillator.
Since

v = 2E/h (3)

where E is the energy of the w-electron system and
k is Planck’s constant.

=k S
E—47r4\/%

The assumption is made that the restoring force
constant, f, along the length of the unsaturated
chain is the same as that for each unit of the
coupled oscillator. The mass, M, of the whole
oscillator is (27 4 2)m, where m is the mass of the
electron. Thus, the energy of the m-electron
system of a polyene aldehyde, as an approximately
linear harmonic oscillator, is

E—— 2M\/J+1

Substituting & for the quantity yp ‘;_

J+1 \/

where #’ is the total number of double bonds in the
polyene aldehyde molecule. Each double bond
is considered to be a unit oscillator rather than the
individual electron, since in the ground state of the
molecule the electrons have paired spins in accord-
ance with the Pauli exclusion principle. Thus,
they act in pairs and each pair occupies a given
quantum level,

The Product Molecule.—The product molecule,
II, resulting from the polarographic reduction of I,
has an odd number of m-electrons and is therefore
a free-radical. It was found by Kuhn? that certain
dye molecules containing chains of w-electrons could
be treated as though the m-electrons constituted

(4)

(5)

E. =k (6)

b Consult the paragraph dealing with resonance energies for the meaning of this term,

¢ Data
4 Model compound for a group constant

a ‘‘free-electron-gas’” in a “‘one-dimensional box.”
It is reasonable to assume that the ‘“‘odd” (un-
paired electron) may be found any place along the
unsaturated chain, a condition that makes the
analogy between the free radical and a free-electron
gas quite reasonable, The ‘“one-dimensional box”
1s the atomic skeleton of the molecule. The -
electrons occupy the lowest available V quantum
levels, one in each level,

For a particle in a one-dimensional box the po-
tential function

Vix) =0if0<x<e (M
and

Vi) = oifx<0orx>a (8)

where ¢ is the length of the box and x is the posi-
tion of the particle along the length of the box.
The Schroedinger wave equation for the particle
in a one-dimensional box is

d*y

e T 85 (9
where m is the mass of the particle, % is Planck’s
constant, and E is the energy of the particle.
In the region 0<x<a, the general solution of
equation (9) is a sine wave with an integral number
of nodes in the box. Introducing the quantum
number, N, as the number of nodes, the wave
length becomes 2a/N. The normalized -function

is given by
_ |2 . =Nx
Y= \/ E sin ——-a

where N = 1, 2, 3,..., and the energy of the N'th
quantum level, Ey, is given by
h2 N2 Y
3rdirs k a2 (1)
If we let M represent the mass of an electron and
a the length of the unsaturated chain we have
NN
I¥2j 3~ "N T Ik
where &’ is equal to h2/8M, a is equal to (2j 4+ 3)L,
2j + 3 is equal to N and L is the length of a
methine group. The total length of the unsatura-

[E— V(x)ly =0

(10)

Ex =

Ex =& (12)
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ted chain is one bond length greater than the
number of atoms in it. Likewise there are 27 4+
3 electrons in the free-electron gas since two nomn-
bonding oxygen electrons are included. Thus the
ratio N2/(2j 4 3)? is unity.

Calculation of the Half-wave Potential.—The
difference between the energy levels of the product
and reactant molecules at unit hydrogen ion activ-
ity is equal to the polarographic half-wave poten-
tial on an “‘absolute” potential scale Ly . for the
carbonyl compounds under consideration. Thus.

By =FEy — E/ = kL= eN1/n (13)

There are constant terms in equation (13) that
are unknown, therefore this equation is not useful
assuch. However, if an arbitrary zero point on the
potential scale is chosen, this equation may he
used to calculate the half-wave potentials referred
to this arbitrary zero point. For convenience the
potential of the S.C.E. will be taken as the zero
point. The half-wave potential with reference to
the S.C.E. becomes

Efy =k — EN1/n' (14)
where k” is the constant term in equation (13)
plus the “‘absolute” potential of the S.C.E. Figure
1 is a graph of E?, values vs. n’ or \/1/7’ for
the first five compoundsin TableI. The valuesof "

and k from the E9, vs. 1/’ plot are +-0.406
and +1.800, respectively. Thus, the relation
between EY, and n’ becomes

EY, = (0406 — 1.800/v/7) volts vs. S.C.E. (15)

for compounds 1 through 5 in Table I. The dis-
agreement between the calculated and experi-
nmental #, values is AEY, in Table L.

At
2 = 1.0
| A
! v
: / ! 2 8
g ! o L
® // <
8 / 7 104
L
0.2 0.4 0.6 0.8 1.0

—Ey,° vs. S.C.E,, volts,
Fig. 1.—A, E1,,° vs. n'; B, Ei,° vs. (n/) 7',

Generalization of the Theory.—Equation (13)
is applicable only to the polyene aldehydes.
0

However, if 3 C; is substituted for »’, the equation

7
becomes quite general.

ESs, = (0.406 — 1.800/v/ZC;) volt vs. S.C.E. (16}
where C; is a group constant representative of the
7’th group in the molecule. Equation (16) is

generally applicable to carbonyl compounds reduced
by the one-electron, one-proton process.
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The reduction mechanism involves the addition
of a proton to a negatively charged oxygen atom
and an electron to a positively charged hydrocarbon
part of the molecule. This process may be formu-
lated as a stepwise process

5 6o

R—C—0 + o~ = R——‘C.——O“ + H* —> R—C—O0H
i i b
111 IV Vv
(17)
or
de 6o

: + :
R—C-~0 + H* =2 R-C~-OH + ¢~ 22 R--C--0Ol
| ; |
(1 f 1
11 Vi v
(18)

which may be summarized by Equation (1).

On the basis of Equations (17) and (18) it is
obvious that the reduction potential depends on
two factors: (1) the relative ease with which an
electron may be added to the hydrocarbon part of
the molecule; (2) the relative ease with which the
oxygen atom may be protonated. These two steps
must, however, be considered as a concerted proc-
ess. The first step in Equation (18) is merely an
acid-base reaction which can be studied inde-
pendently., Such an investigation is being carried
on at present and will be reported in a later paper.
The potential associated with the second step in
reaction (18) shows the relative electron density
on the hydrocarbon portion of the protonated
molecule and is also subject to independent meas-
urements. Assuming that the free-electron gas
picture is representative of the product molecule,
V, the potential of the second step in reaction (18)
is a measure of the sum of the inductive effects
and independent of the tautomeric effects. This
was shown to be the case by Equation (12), in
which the N’th energy level was not a function of
the length of the unsaturated portion of the mole-
cule.

In the present paper no attempt will be made to
delineate between I- and T-effects. The manner in
which the group effects and group constants were
derived is not in itself sensitive to the type of
effect, but rather merely integrates all of the effects
into a single constant characteiistic of the group
fo1 Equation (1) at a given pH value. However,
it is quite clear that the effect of a methyl group is
primarily inductive.

Determination of Group Constants.—The sum-
mation of group constants for a given molecule
may be determined graphically or by the use of
Equation (19).

>Ci

1.800 2]2 (19)

= Lo - &,

On this basis the Z(; for crotonaldehyde is 2.00 by
definition. The Z(; for acrolein with a E.J, of
—0.753 volt is 2.41. Thus if hydrogen is assigned
a value of zero the methyl group constant becomes
—0.41 and the carbonyl group constant becomes
+1.41. From Fig. 1 or Equation (19) the Z(
for benzaldehyde is 1.95 and Chhenyt is +0.54.
Due to the polarizability of the phenyl group, the
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T-effect is partially canceled in benzaldehyde.
Thus, Cpheny is different in cinnamaldehyde than in
benzaldehyde. The Z(; for cinnamaldehyde
is 3.21. Therefore, the Cprenyt not adjacent to
carbonyl is +0.80. Using the group constants
summarized in Table II, Ej,, values may be cal-

TaBLE 11
GRrouP CONSTANTS

—CH=CH— 1.000
>C=0 1.41
H— 0.000
CH— —0.41
Phenyl, adjacent to carbonyl 0.54
Phenyl; removed from carbonyl by

one double bond 0.80

culated for other compounds composed of the
groups for which C; values are known. For aceto-
phenone the ZC; is 0.54 for the phenyl group plus
1.41 for the carbonyl group minus 0.41 for the
methyl group or 1.54. Substituting this value
in Equation (16) or consulting Fig. 1, EY, caica.
is —1.044 volt vs. S.C.E. Similar calculations
were made for the remainder of the compounds in
Table I. The excellent agreement between the
experimental and calculated Ef), values is shown
in the fourth column of Table I and may be taken
as evidence that the theory is essentially correct.

. . CHa
Mesityl oxide, >C=CH——CO——CH3 has two
CH;

methyl groups on a single carbon atom, thus the
inductive effect of each one is partially canceled
out by the other. Assuming bond angles of 120°,
the vectorial effect of the two methyl groups is
simply
2(~-0.41sin 30°) = 2(—0.41 X 1/5) = —0.41 (20)

This is probably too large since the bond angle
between the methyl groups is probably somewhat
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greater than 120° due to electrostatic repulsion
between the methyl groups and attraction between
the more electronegative oxygen atom and each
of the methyl groups. On the basis of this over-
simplified picture, the calculated Eij, for mesityl
oxide is —1.02 volts. The experimental valie
is —0.96 volt on the basis of Pasternak’s* data for
489, ethanol. This agreement is undoubtedly
within the uncertainty of the experimental value.
If the group constants are simply added without
considering this cross-conjugation effect, the pre-
dicted E3/; value is —1.24 volts.

Resonance Energies.—Formaldehyde and acet-
aldehyde are taken as reference compounds since
they are the first members of the aldehyde and
methyl ketone series. If a phenyl group is
substituted for one of the hydrogen atoms in
formaldehyde, benzaldehyde results. The differ-
ence between the formaldehyde and benzaldehyde
half-wave potentials is 0.227 volt, which corres-
ponds to an energy of 5.2 kecal. Therefore there is
5.2 kecal. resonance energy between the benzene
ring and the carbonyl group. Similar calculations
for the other compounds give the resonance energies
listed in the last column of Table I. The polyene
aldehydes, crotylideneacetone, acetophenone, benz-
alacetone and mesityl oxide ate considered to be
derivatives of acetaldehyde. The remainder of the
compounds in Table I are taken as derivatives of
formaldehyde.

These resonance energies were derived from the
data for polarographic reductions in 509, dioxane
solutions and may not be exact for the gaseous,
pure liquid, or solid state of the compound. As
noted in the previous paper,! different results are
obtained for pure aqueoits solutions due to the low
solubilities of some of the organic compounds.

(4) R. Pasternak, Helv. chim, Acta, 81, 753 (1948).
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Neighboring Group Interaction in the Reduction of
2,2’-Dinitro-4,4'-bis-(trifluoromethyl)-biphenyl

By SipNEY D. Ross AND IRVING KUNTZ

The sodium sulfide reduction of 2,2’-dinitro-4,4’-bis-(trifluoromethyl)-biphenyl proceeds stepwise to yield 2,2’-dinitroso-
4,4’-bis-(trifluoromethyl)-biphenyl, 3,8-bis-(trifluoromethyl)-benzo(c)cinnoline-5-oxide and 3,8-bis-(trifluoromethyl)-benzo-

(c)cinnoline.

Catalytic hydrogenation results in a mixture containing 2,2’-diamino-4,4’-bis-(trifluoromethyl)-biphenyl in
addition to the above benzo(c)cinnoline and benzo(c)cinnoline oxide.

The mechanisms of these reductions are discussed.

The deamination reaction on 2,2’-diamino-4,4’-bis-(trifluoromethyl)-biphenyl yields either the benzo(c)cinnoline or a mix-
ture of the benzo(c)cinnoline and 4,4’-bis-(trifluoromethyl)-biphenyl, depending on the reaction conditions.

In a series of excellent papers Winstein, et al.,’
have thoroughly dealt with the role of neighboring
groups in replacement reactions. On low tempera-
ture catalytic hydrogenation of 2,2'-dinitro-4,4’-
bis-(trifluoromethyl)-hiphenyl, I, we obtained prod-
ucts which indicated a comparahle interaction of
either the 2,2’-nitro groups or of reduction products
derived therefrom. To elucidate the nature of this

(1) S. Winstein and E. Grunwald, TH1s JourNar, T0, 828 (1948).
This paper presents a general theory of neighboring groups and re-

activity and contains extensive references to the detailed work in
this field. '

interaction, we have studied both the catalytic and
chemical reduction of I.

With tin and hydrochloric acid, I, prepared by
modification of the procedure of Bradsher and
Bond,? is smoothly reduced to 2,2’-diamino-4,4’-
bis-(trifluoromethyl)-biphenyl (II). With sodium
gulfide and alkali the major products formed are
3,8-bis-(trifluoromethyl)-benzo(e)cinnoline (III), 3,-
8-bis(trifluoromethyl) - benzo(c)einnoline - 5 - oxide-
(IV) and 8,8-bis-(trifluoromethyl)-benzo(c)cinno-

(2) C. K. Bradsher and J. B. Bond, ibid., T4, 2659 (1949),



