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PART I

CORRELATION OF POLAROGRAPHIC REDUCTION
POTENTIALS OF ORGANIC CARBONYL COMPOUNDS WITH REACTIVITY
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I. INTRODUCTIOR

Half-wave potentials obtalned from polarographic studies
have been shown to have thermodynamic significance when
reversible ayatemsl are being studied.2 However, in organiec
chemiatry the reversible systems are limited to a few

2b,3 In such reversible systems

quinone-hydroquinone types.
the half-wave potentials determined in well-buffered solutions
are equal to the standard reducstion potentlals of the compounds
in guestion. However, no satisfactory thermodynamic treat-
ment hags been developed for the irreversible reduction of
organic compounds.

A large number of organic compounds which are irreversibly
reduced at the dropping mercury electrods have been studied.<®sd
Because early investigators in this fileld did not realize
the significance of hydrogen ions in the electrode reaction

and carried out their studies in unbuffered solutions, their

wrk 18 of doubtful value. Different methods of determining

l. A reverslble system 1z defined as one in which the products
of reduction (or oxidation) at the dropping mercury electrode

are oxidized (or reduced) at the same potential at which they
were formed.

2. (a) I. M. Kolthoff and J. J. Lingane, "Polarography," Inter-

science Publishers, Inc., New York, 1941 (b) 0. H. Muller in

A. Weissberger, "Physical Methods of Organic Chemistry,"

gglé II, Chap. XXIII, Interscience Publishers, Inc., New York,
46,

3. 8. Wawzonek, Anal. Chem., 21, 61 (1949).
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the reduction potential from the polarogram were used by
these investigators, making comparisons difficult. The
latter difficulty has been met by establishing & standard
practice of reporting the half-wave potentisl.

Inveatigntora,‘ by observing the change in reduction
potential of an snalogous series of compounds, have been
able to formulate electronegativity series for various groups
attached to the same reducible funoction. Such series, howsver,
turn out to be a function not only of the substituent groups

but also of the nature of the parent functional group. For

I
example, 1f GHa-C- is tsken as the parent group the redustion
potential is shifted to more positive values by the introduction

of varlous groups, the effect increasing in the fellowing order:

0
l
~CHy ( -CH,-C-CHy ( -CHOHCHy ( =CgHg { =CHy-G-CgHg { -g-CHs
9

I
However, 1if ceaac- 1s taken as the parent the following order
is observed:
I i

~cy ( -CgHg ( -CH oF CgH, ( ~CH G-, { =CH,-C-Cgly

0

[

{ -&-ﬁ

Strong evidence has been advanced to show that the first

0
|
~CgHs ¢ "‘J‘csﬁs

product in the polarographic reduction of a carbonyl ecompound

4. M. Shiketa and I. Techi, Coll. Cgzech. Chem. Commun., 10,
368, (1938). -
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is a radical which subsequently dimerizoa5 as followa:
i K, OH
R-C-R' + e + H¥ &= R-C-R! I
OH OH
2R-%-R'-——>R-O-R' 11
R-C=R!
H

The first step is probably reversible and the second
irreversible. The potential, then, at which an slectron is
added to the carbonyl group would be dependent on the fres
energy change for reaction I and the rate of dimerization
of the free radical. The former depends strongly on such
factors as the polor (dipole) interaction between the sub-
stituent groups and the carbonyl group and the relstive
amounts of resonance energy in the carbonyl compound and the
free radical. Therefore it should be informative to discuss
variations in half-wave potentials for s series of compounds
in terms of these variables.

These changes in intramolecular intersctions should be
somewhat ansalogous to those observed in many resctions of
carbonyl compounds.’ This change can be shown in the alkaline
hydrolysis of esters which is belleved to procede by the

5. R. P‘.Bt@rnﬂsk, Helv. Chim. Act" ?_1_, 753 (1948)0
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following mechaniam:

0 Kz 0o
[ - l

R-C-OR' + OH &«—— R-G|-OR' ITI

OH

o X 0
| 5 | -

R-C-OR & R.C-0H + OR! v
I
OH

0 K 0

[ _ 4 no_

Re=C~0H + OH &——2 R-C=0 + H_O

2 v

The reaction is rendered essentially irreversible by the
magnitude of K4 and 1t 1s bellieved that most of the variation
in rates of saponifiocation arise from variations in KB' As
shown by equations I and III the resonance energy of the
carbonyl group is lost in both cases. The free radical,
however, still retains resonance energy of its own through

contributions of the following types of structures:

+ .
CH t0=H
|
R“'C‘R ' > R—C-R '

and additlional forms if R is conjugated.
HammettG has shown that for many reactions on side chains

of meta and para substituted bengense derivatives the rate or

6. L. P. Hammett, "Physical Organic Chemistry," McGraw-Hill
Book Compeny, Inc., New York, 1940, p. 186.
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jonization constants cen be represented by the following

equation:
log k¥ - log x° = PS (1)

where k° and k are the rate or ionization constants for the
unsubstituted and substituted derivatives respectively, P 8
constant for the partioular réaction, and g, a conatant for
the substituent. He alsc has shown that the failure of the
method when applled to ortho substituted benzene derivatives
and aliphatic compounds can be correlated with the intrusion
of entropy effects of a considerable magnitude.

Since the hydrolysis is somewhat analogous to the polaro-
graphic reduction of carbonyl compounds it should be possible
to correlate ¢ with the half-wave potential.

It 18 of particular interest in light of the proposed
mechanism of polarogrsphic reduction that Walling et a1.7
have successfully applied the Hammett equation to the rates
at which growing polystyrene free radicals add to meta and

para substituted styrenes in copolymerization experiments.

CH + CH= C '
6 5§HGHER xCGH 4 H CHQ —> X BH 49303212 VI

This reaction bears a conaidersble eimilarity to resction I

for the polarographic reduction of carbonyl compounds. One

7« C. Walling, E. R. Briggs, K. B. Wolfstirn and F. R. Mayo,
_{o _&__m. Chem. S006., 2_9., 1937 1948)0
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might expect that the rate of dimerization of the radicals
would vary very little from one compound to another since

it 1s likely to be diffusion controlled. Therefore, some
support for the mechanism might be galned if, as 1a actually
the case, the Hammett equation can be shown to spply to the
apparent reduction potentisls of a series of sultably
substituted benzaldehydes and phenyl ketones.

Hixon and thnla have developed & theory in which groups
are assigned a finite value called the "electron-sharing
ability" which is calculated from the basic dissociation
constants of amines by the equation

0.08x

= .20 -0.7 2
log, K (e 5) (2)

where x is the electron-sharing ability.

Hixon et al.B’9 have further shown that when these

8. R. M. Hixon and I. B. Johns, J. Am. Chem. Soc., 49, 1786
(1927).

G (a) Je¢ Be Alllzon and R. M. Hixan., io &o Cheme. 300., -5-_0.,
168 (1928); (b) I. B. Johna, W. D. Peterson and R. M. Hixon,

J. Phys. Chem., 34, 2218 (1930); (¢) I. B. Johns and R. M. Hixon,
Tvi1d., 34, 2228 (1930); (d) L. C. Cralg and R. M. Hixon,

Yo . m‘mo §9.9..’ 55’ 4387 (1951)3 (Q D. P. Starr, H. Bulbrook
and R. M. Hixon, ibid., 54, 3971 (1832); (f) L. D. Goodhue and
R. M. Hixon, 1ibid., 56, 1329 (1934)3 (s; I. B. Johns and

R. M. Hixon, Ibld., 58, 1833 (1934); (h) L. D. Goodhue and

R. M. Hixon, Ib1d., B7, 1688 (1938); (1) E. L. Carr, I. B. Johns
and R. M. Hixon, 1bid., 60, 891 (1838); (j) P. E. Ware and

R. M. Hixon, ibid., 80, I?82 (1938); (k) P. A. Landee, "Relation-
ship Between the Eleciron-Sharing Ability of Radicals and the
Association of Organic Compounds." Unpublished Doctoral
Dissertation, A.moa‘g Iowa, Jowa State College Library, (1938);

(1) P. S. Martin, "Some Factors Affecting the Raman Frequencies
of the Carbon-Mercury Bond." Unpublished Doctorsl Dissertation,
Ames, Iowa, Iowa State College Library, (1938).

»
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values of x sre plotted against acid dissoeclation constants,

stability of organomercurial nitrates, and other physical

and chemical properties a smooth curve results. Over the

range which Hammett's ,g treatment 1s valid a correlation

will be made between his treatment and that of Hixon and Johns.
At the outset of this study i1t was thought that the same

type of correlatlon as mentioned above might be made by the

polarographic redustion of organomercuric iocdides. In this

work large maxima which could not be suppressed were obtained.

Because of these maxima the polarograms ocould not be interpreted.
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II. POLAROCGRAPHY OF CARBONYL COMPOUNDS

A Hiatoriocal

In the last 20 yesars polarography has enjoyed phenomenal
growth and wide acceptance in the sclentiflc field. This
is indicated by the large number of papers that have been
publiahed.lo These papers include theory, instrumentation
and application in a wide variety of flelds. A large number
of review papers have also appesared in the literature.

The technique of polsrography is well described in
Eolthoff and Lingane's book, "Polarography”2 and also in
the review by Muller.ll The fundemental circuit and the
method of measuring the small current change is also

discussed by these same suthors. Lingunel2

has reviewed
the various commercial instruments now available on the market
as well as the different types of cells which have been con-
structed for special purposes.

The study of organic compounds 1s complicated by the

fact that very few are soluble in water and other solvents

10. "Leeds and Northrup Bibliography of Folarographic
Literature,” Leeds and Northrup Company, Philadelphia, 1950.

ll1. 0. H. Mnllor, lo gm. m’ m_, 65’ 111. 172, 227,
320 (1940).

12, J. J. Lingane, Anal. Chem., ?__]_.., 45 (1949)0
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must be uased. Mixtures of water and organic solvents such
88 alcohol, acetic acid, dioxane, glycerol, and ethylene
glycol have been used. The shape of the wave, the wave
height and the half-wave potential changes with changes in
solvent. The nature of the supporting electrolyte, the
hydrogen-ion concentration, and temperature also csuse chenges
in the deta obtained. In many cases the shape, height and
position of the wave are changed i1f other reducible species
are present in the solution. All these varlations are
adequately discussed in the various review articles availablo.2’13
During the early work on reduction of organic compounds
1t was thought that in acid solution the reduction was brought
about by atomic hydrogen and in basic solution by the atomio
metal formed from the cation in solution. It has been shown
that in the intermedlate aclid range (pH 2.5 to §) many
carbonyl compounds give two waves of equal height; at higher
PH values these two waves coalesce giving one wave. The
helght of this wave is equal to the combined height of the
two waves at lower pH values. This indicates that the
diffusion current 1s independent of the hydrogen-ion concen-
tratlon. Therefore the reduction could not be by atomic
hydrogen. Further, it could not be by atomic alkall metal
in basic solutions since the same type of wave with approx-

imately the same height was obtained with ammonium fons.

13. (a) O« H. Muller, Chem. Review, 24, 95 (1939); (b)
S. Wawsonek, Anal. Chem., 21, 61 (1949); (c) S. Wawszonek,
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It was further shown that each wave in the acld range
required one Faraday per mole. For the first wave the
resctions given in equaticns I and YI were postulated.
In the second wave since a total of two Faradays are
required the following process has been postulated:

0

| +

R«C-Rt + 2H + 26 ——> R R'CHOH Vi

Pastornak,s by controlled electrolytic reductions has
given strong evidence to support the mechanism given in
equations I and II and the process in equation VII. At a
pH of 1.3, benzsldehyde gave a half-wave potential of -0.08
volts against a normal calomel electrode. At a pH of 8.6
‘the half-wave potential of the one wave was -1l.45 volts.
With a benzaldehyde solution of pH 1.3 electrolyzed
employing a rapldly stirred mercury electrcde with a
potential of 1.2 volts, hydrobenzoin was the only product
1solated. With a pH of 8.6 and a potential of 1.5 volts,
both hydrobenzoln and benzylalcohol were isolated.

Esrlier Toknokal4 had arrived at similer conclusions
by studying the reduction of benzaldehyde ever the pH range
of 1 to 14. From the wave helghts and the diffusion constants,
Tokuoka showed that two Faradays were rsquired for the re-

duction of each mole of benzaldehyde. From these data he

14, M. Tokuoka, Coll. Czech. Chem. Commun., 7, 392 (1935).
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concluded that the first wave in the acld range wes due to
a one electron reduction to hydrobenzoln and the second
wave, reduction to bengzylalcohol.

Shikata, the first to reduce an organic compound

15 was also the first to formally atate

polarographically,
that the reduction potentisls of carbonyl compounds depended

on the electronegativity of the groups combined with the
0

carbonyl group.l6 In ocompounds of the type R-g—R', the R!'
group could be varled and when these were reduced polaro-
graphically he found that as the electron withdrawal by R!
increased the reduction potential was shifted to a more
positive potential. Shiketal® extended this study teo the
reduction of substituted nitrobenzenes and found quaelitatively
that the reduction potential of the nitro group was dependent
on the substituent in the benzene ring. From this study the

following order of electronegativity was observed:

—N02> ~0E > -MA,

Shikatea summariged these results by aaying:le
e o « the electrolytic reduction potential closely
depends on the electronegativity of the groups combined
with the reducible group of the organic compound and
that the more electronegative the substituted group,
the more reducible is the compound group.

15. M. Shiketa, Trans. Faradsy Scc., 21, 42 (1925).

16. M. Shikats and I. Tachi, Coll. Czech. Chem. Commun., 10,
368 f%ggg;, Je Chem. Soc. Japan, 33 B34 (159327; c. Aoy 27,
220 .
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Semerano and Chisinil7 studied the reduction of
benzaldehyde and substituted btenzaldehydes in 50% cihanol
golutions O.1 N 4in ammorndium chloride. Semerano and his
atudertc employed the applled I. M. ¥. at the point of
maxinum curvaturel® of the current voltage curve (tangent
at 35° 16') as the reduction potential. The observed
reduction potential for a selected Jew of thelr polarographic

determinations taken from their paper17

19

is shown in Table 1.
Winkel and Proske™ studied the reduction potential of
a large number of ketones and aldehydes in O.1 N ammonium
ochloride, lithium chloride, snd potassium chloride. Their
reduction potential, which they later cselled depolarigation
potentiul,go was taken as the potential where a line drawn
through the residual current and a line through the steepest
portion of the rising current intersect. Table 2 is a
compilation of their data. These were all run using O.1 N
sammonium c¢hloride as the supporting electrolyte.

They found that saturaeted aliphatic ketones were not
reducible at the dropping mercury electrode using 0.1 N

potassium chloride or 0.1 K lithium chloride as a supporting

%7. 3?. Semerano andé A. Chisini, Gaszz. chim. ital., 63, 802
1933).

18. G. Semerano, Gazz. chim. itel., 82, 618 (1932).

19. (e) A. Winkel and G. Proske, Eer., 69B, 693 (1936);
(b) A. Winkel and G. Proske, ibid., 69B, 1917 (1936).

20. A. Winkel and G. Proske, ibid., 7iB, 1785 (1938).




Table 1
Reduction Potentlals of Substituted Benzaldehydes
in 504 Ethanol with O.1 N Ammonium Chloride
as the Supporting Electrolyte

(Semerano and Chisinil?)

Obgerved
Compound Concentration reduction
potential*
K
o-Chlorobenzaldehyde 1.06 x 10 -1.111
K
m=Chlorobenzaldehyde 1.09 x 10 =1.161
i
p-Chlorobenzaldehyde 1.09 x 10 -1.198
3
o-Methylbenzaldehyde 1.61 x 10 -14237
S
Benzaldehyde 1.50 x 10 -1.251
3
m~Methylbenzaldehyde 1.64 x 10 -1.285
3
p-Methylbenzaldehyde l1.54 x 10 ~142886
R
o-Hydroxybenzaldehyde 1.63 x 10 «1,3086
i
p=-Methoxybengaldehyde 0.92 x 10 -1.387

»
Measured agalnst a normal calomel electrode.



Table 2

Depolarization Potentlala of Benzaldehyde and Acetophenone

and Their Mono-Substituted Derivatives in 0.1 N Ammonium Chloride

{Winkel and Proske

19)

Depolarigzation
Compound Anode potential Step
potential vs. - height alcohol
S. C. E. 5
(.10~ amp.)
Acetophenone 0.087 v =le44 v 5.3 1.0
p-Methylacetophenone 0.080 -1l.48 5.8 1.0
p-Chloroscetophenone 0.0864 -1.39 5.5 2.0
o-Chlorobenzaldehyde 0.077 -1.07 3.9 2.5
m-Chlorobenzaldehyde 0.080 -1l.12 4.7 2.5
p~Chlorobenszaldehyde 0.078 -1.18 4.8 2.5
m-Bromobenzaldehyde 0.070 -1.19 5.5 3.4
p~-Bromobenzaldehyde 0.0686 -l.2) 5.5 3.4
Benzaldehyde 0.076 -1.27 5.2 2.5
o-Hydroxybenzaldehyde 0.078 -1l.28 5.3 2.5
m-Hydroxybenzaldehyde 0.079 -1.21 5.7 2.5
p-Bydroxybenzaldehyde 0.073 «1.38 5.2 2.5
p-Methoxybenszaldehyde 0.077 -1.33 5.6 2.5
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electrolyte. This 1s in disagreement with previous workers

2
in the field.4' 1

They found, however, that alpha halogensated
ketones could be reduced. The depolarization potential
becomes more positive as the electronegativity of the

halogen decreased, i. 6., from chlorine to iodine. These
waves were probably due to the reduction of the halogen rather
than the reduction of the carbonyl groups since benzyl bromide

22 A1s0 it has

and benzyl chloride give well defined waves.
been found that dichloro- and trichloro-scetic acids are
reduced st the dropping mercury electrode giving one and

two waves respectively while monochlorocacetic acid and

acetic acid are not reduced at -2.0 volts.23 It was found

also that two electrons were required for each wave and these
waves were independent of the pH.

Winkel and ?roakalg give evidence that there is a relation
between reduction potential and the Raman and ultraviolet
absorption spectra. They show that as the reduction
potential of a carbonyl group becomes more positive its
absorption maxima move in the direction of longer wave lengths
and its Raman frequencies become smaller.

In thelir study it was shown also that the depolarization

potential of organic compounds is influenced by the concentration

2l. G. Semerano, Gazx. chim. ital., 62, 959 (1932).

?i. I;. Pasternak snd H. Halban, Helv. Chim. Acta, 29, 190
946 ). - —

23. P. Elving and C. Tang, J. Am. Chem. So0c., 72, 3244 (1950).



of the reducible substance, the concentration and type of
supporting electrolyte, temperature, and the hydrogen-ion
concentration. The effect of the first three is small but
the pH effect is quite large.

Adkins and Cox<%

studled & large number of aldehydes
and ketones at the dropping mercury electrode. In this

work the measured potential is the half-wave potential of
Hoyrovaky25 which 1s the presently accepted practice. These
studles were made using as a supporting electrolyte O.1 N
potassium chloride and 0.2 N tetramethylammonium hydroxide.
A selected few of the compounds studied by them is shown

in Table 3.

The first semiquantitative study of the effects of
substitution on the reduction of benzaldehyde was that of
Baker, Davies and Hemming.26 They reduced para substituted
benzaldehydes in Macllvaine's buffer solutions, 0.1 N tetra-
methylemmonium bromide and Q.1 N potassium chloride. They

employed the method of Winkel and Proske®C

to determine the
depolarization potential. This method was chosen because

of its simplicity and because they encountered maxima which

24. He Adkins snd F. COZ, -‘I. _A_mo Chem. 3000, _6_9, 1161 (1938)0

25. J. Heyrovsky and D. Ilkovie, Coll. Czech. Chem. Commun.,
7, 198 (1935).

23. J. Baker, W. Davies, and M. Hemming, J. Chem. Soc., 1940,
692. -
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Table 3
Half-wave Potentialas of Aldehydes
in 0.2 ¥ Tetramethylammonium Hydroxide, 50% Ethanol

{(Adkins and 00124)

Compound E ys. Hg pool
3
Acetaldehyde -1.87
n-Butyraldehyde -1.90
Bengzaldehyde -le34
Anisaldehyde -1.46
p-Hydroxybenzaldehyde «1.75
o-Hydroxybenzaldehyde -1.81
o~Hydroxyacetophenone -l.84
Acetophenone -1,52

p~Bromoacetophenone «1.52
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would make the measurement of half-wave potentials difficult.
Table 4 gives their results. The depolarisation potentials
are referred to the normasl hydrogen electrode.

These investigators raetionaligzed their results by
considering the inductive and tasutomeric effects of the
para substituent. They consider the order of these effects
to change by the demand placed on them. Thus, when consider-
ing the alkyl groups, the order of their gbilities to supply
electrons to the polarizable carbonyl group changes with
change in hydrogen ion concentration. Their predicted order

of inoreasing depolarigzation potentlal in acid solution is

H (e = Bu == BEt (pe”
in neutral solution

B < Pr? (H = Bt Mo
and in slightly alkaline solution

E (Bw = Pr” ~ Bt (de

As seen from Table 4 the order found agrees well with that
predicted.

It would appear that the order of the ability of these
groups to act as slectron sources would not change appreciaebly
by the demand placed on them. It seems then that this order

should be the same regardless of the hydrogen-ion concentration.



Depolarization Potentlals of 6.867x10

Table 4
-3

M p-Substituted Benzaldehydes,

RCgH CHO, in a Solvent 33.3% Ethyl Alcohol
{Baker, Davies, and Hemmingza)
Ground R Anode
electrolyte 8 > potential
Cl H Me Et Pr Bu OMe NMe , 1
: - Oba. Corr.
Buffer, 2
pH 1.4 «0.59 «~0.64 =0.66 -0.66 -0.70 «0e87 <072 ~0.63 -0.008 0,328
Buffer,
pH 4 a «0.95 =1.02 -1.038 -1.02 «1.078 <1.08 -1.09 <1.07 0.031 0.367
b =1l.24 =1.27 -1l.31 «1e3156 -1.40 ~l.48 =1.39 '
Buffer, pi 7 «1.06 -l¢l4 -1.155 -1.l14 ~1e11l8 =1l¢1l1 =1.22 =1.176 0.044 0.380
Buffer, pH 8 -l.11l ~ls19 -1e24 -1.22 -1e22 -l.22 0.034 0370
O.1N NM04Br
‘ 8 «lel2 <119 <=1.25 =l.24 -1l.24 =le25 =131 =1.38 -0.139 0,197
b «le66 <1.74 =1.96 -1.99 -2.095 <2.11 -2.16 -2.18
O.1¥ KCl ~leld =1.20 =1.25 =1l.28 =125 =125 =130 -=1.40 =0.008 0.328

a. First wave, b.

second wave.
1. Measured against a O.1 N calomel

2. Clark and Lubs standard.

electrode.
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Also the differences in depolarization potentials of the
para alkyl aldehydes should be small. The observed
differences were small and within experimental error.

These investigators purposely avoid discussing the
p-dimethylamino group and state that its anomalous behavior
is probably due to its "ionogenic" character.

During the period 1941 to 1950 no series of substituted
benzaldehydes or phenyl alkyl ketones have been studied. In
thias period most of the organie polarographic work was on
natural products, analytical determinations and reinter-

pretation of older 'ork.ISb
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B. Exgerimontal

1. Apparatus

A Sargent Model XXI visible recording peolarograph was
used for recording all polarograms of carbonyl compounds.
All polarograms were recorded against a mercury pool in a
Heyrovsky, Erlenmeyer style electrolysis vessel. The
potential of the mercury pool was messured sgainst a commerclal
saturated calomel electrode (Beckman, No. 4970). This
electrode was introduced directly into the cell and the
potential measured with a Leeds and Northrup student type
potentiometer. The accuracy of the commercial calomel
eleotrode was checked against a saturated calomel electrode
with a known potentlal of 0.246 volts at 25° and found to
agree within 0.002 volts. All measurements were made at
26 ¥ 0.1°., It was found that stray currents from the water
bath affected the polarograph to a slight degree even when
both were grounded well. To eliminate any error from these
currents the constant temperature bath was turned off during
the polarographic and other potentiometric determinations.

All solutions on which polarographic déterminations
were made were purged of oxygen by bubbling nitrogen through
the cell for 8 to 10 minutes before meking polerographiec
measurements. The commercial nitrogen was purified by means

of an alkallne pyrogallolsulfuric ecid train. Before entering



the cell the nitrogen pasaed through a solution of solvent
and supporting electrolyte of the seme concentration as
that being used in thekelectrolysis vesael.

The same capillery was used in all studies. This
capillary under a pressure of 685.5 centimeters of mercury
hed & drop time of 4.02 seconds and the mass of mercury
flowing, m, was 1.453 mg./sec. measured in e solvent and
supporting electrolyte (33.3% alcohol - 66.7% MacIlvaine
buffer solution) the same as that used in making polsro-
graphic measurements. These measurements were made with an

2 | 2 -
open circuit. The value of m® t% 1s 1.618 mg.® sec. é.

2. Benzaldehyde and Substituted Benzaldehydes

a« Purification and Preparation of Materlals

Ethyl Alcohol. Commerclal absolute ethyl alcohol was

refluxed with 10 grams of silver nitrate and 3 grams of
potassium hydroxide per liter for three hours to remove any
aldehydes present. The flssk was then fitted with a
Vigreaux column and distilled. A forerun of 100 milliliters
per liter of alocohol being distilled was discarded and
approximately the same amount left in the distilling flask.
Eight hundred milliliters of the distillate was then refluxed
with 1 grem of magnesium and 0.5 gram of iodine. It was then
distilled and used 1n making solutions for polarographic

analysis. All operations were carried out under an atmosphere



of nitrogen. After the first preparation of the alecchol
it was found thst the treatment wlth magneslium was not

necessary.

MacIlvaine's Buffer Solution. This solution was prepared

exactly as given in Lan3927 for a pH of 7. The pH was adjusted
to exactly 7.00 with a Beclman Model G pH meter.

Benzaldehydes. Benzaldehyde, p-chlorobenzaldehyde,

p-methylbenzaldehyde, m-methylbenzaldehyde, and anisaldehyde
were commercial samples purified by the method of Fiesor.za
The liquids were disasolved in ether and washed with small
portions of a 5% scdium csrbonste solution until no precipitate
formed upon acidification of the wash solution. The ether
solutions were then washed twice with water and dried over
anhydrous sodlium sulfate. Dissolved oxygen was removed from
the ether solution by means of nitrogen. Distillations were
then carried out in an atmosphere of nitrogen with the first
one~third and the last one-third of the sldshyde being
discarded. The purified benzaldehyde had a boiling point

of 1768°, p-methylbenzaldehyde 198°, and m-methylbenzaldehyde

92° (19 mm.). The melting point of p-chlorobenszaldehyde was

27. N. A. Lange, "Handbook of Chemistry," Sixth Edition,
Handbook Publishers, Inc., Sandusky, Ohio, 1946, p. 1099.

28. L. F. Fleser, "Experiments in Organic Chemiatry," Second
Editlion, D. C. Heath and Company, New York, 1941, p. 224.
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45-46°, and that of anisaldehyde was 0.8°. The solids,
p-hydroxybengaldehyde, p-nitrobenzaldehyde and m-nitro-
benzaldehyde, were also comuerclal samples. The p- and me
nitrobenzaldehydes needed no Lfurther purification as thelr
meiting points, 105-106° and 56-58° respectively, sgreed with
the literature values. The melting polnt of pe-hydroxybenzal-
dehyde was 114-115° efter recrystallization from water. The
m-chlorobenzaldehyde was prepared by the method of Organilc

29 gna its melting point was 12~13%  All samples

Synthesis
except m-chlorobenzaldshyde were used within two hours

after purification.

b. Polarographlic Studies

The liquld aldehydes were welighed as rapidly as
poasible in a small besker and lmuedlately trsnsferred to
8 100 milliliter volumetric flaask with the purified absolute
alcohol and made up to volume. The solld aldehydes were
weighed directly on welghing paper and treatsd in a simllar
manner. Sanples were pipetted fron these solutions iats
20 m111iliters of the MacIlvaine buffer mixture. The final
solutions in all cases contained 10 milliliters of sleohol
to 20 m1lliliters of the buffer mixture. To this 30 milli-
liters of solution was added two drops of a 2.1% methyl orange

solution as & maximum suppressor. The apparent pH of this

29. A. He Blatt, "Orgenic Synthesis,”™ Collsctive Volume II,
Rovi;ed Edition, John Wiley and Sons, Inc., New York, 1943,
Pe Q.
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mixture was measured with & Beckman Model G pH meter and
found to be very close to 7.7 in sll cases. Approximately
5 milliliters was used in meking polarogreghic anslyala.

The resistence of the cell was measaured employing a
6-volt battery, 1000 cycle micrchummer, Kohlrausch slide wire,
standard resistance box and a sensitive vacuum-tube voltmeter.
The resistance of the cell was found to he &80 : 80 ohme.

For & current of 12 microumperes the IR dropr across the cell
woulc be 0.007 volts. This is the meximum current obtsined
for all sldehydes with no other reducible group present.
However, the correction at the helf-wave potential would be
4 of this value. The IR drop correction has been applied
only in the case of the nitro compounds.

Table & 18 a typical sample of the data obtalned.
Results obtsined from other compounds were treated in &
similar menner and a summary of the data 18 given in Table 6.

Benzeldehyde, p~chlorcbenzaldehyde, m-chlorobenzaldehyde,
anisaldehyde and p~hydroxybenzaldehyde gave well-deflined waves.
¥ith p-hydroxybenzaldehyde the diffusion current blended into
the wave cf that of the supporting electrolyte, thus making
exgct measurements somewhat difficult, the diffusion current
line not being parallel t> thse residuel current line. This
would make the diffusion current lowsr than the true value.

The curves for the meta snd para isomers of tolusldehyde

gave an indication of a slight meximum as the rising portion



Table S

Polarographic Investigations of m-Tolualdehyde
in MacIlvaine's Buffer Solution of pH 7, 33.34 Ethyl Alcohol

E Anode potential E% 7 Depolarizstion
R c trati (8 1) Reading Deviati potential
un oncentration g poo eading o;r:m on (S.C.E.) (Hg pool)
average Found Devilation
from

average
1 6.77110'3H -1.552 0.112 0.001 ~1.440 0.033 -~1.452
2 6.77110’3M -1.533 0.119 0.008 ~1.414 0.007 -1.440
3 5.59:10‘5m -1.528 0.130 0.019 «1l.398 0.009 -1.453
4 3.39x10"°n -1.515 0.112 0.001 -1.403  0.004 -1.450
5 3.45:10'5M -~1.480 0.068 0.043 -1.392 0.0156 -1.388
6 Se 45x10"5x «l.520 Q.127 0.016 -] e 393 0.014 ~1.433
Average 0.111 0.018 -1.407 0.014 =1.436
0.111

-]le325 v

(SOCOE.)

-9~



Table § - (continued)

Run Concentration Step height Sensitivity Diffusion current
in mm. Microamps. x liters
/mmole
Found Deviation
from
average
-3
1 8.77x10 ¥ 217 0.150 4.80 0.13
3 3.39x107M 171 0.100 5.05 0.12
4 3.39:10’3M 163 0.100 4.81 0.12
5 5.45x10°3M 172 0.100 4,98 0.08
-
8 3.45x10 M 178 0.100 $.08 0.15

Average 4.93 0.11




Table 6

Half-wave Potentials (S. C. E.) and Diffusion Currents of Substituted

Bengaldehydes in MacIlvains's Buffer Solution, 33.3% Ethyl Alcohol

E. vs. S.C.E. Anode potentiel Diffusion current® Depolar-
. tSub; % 1zation
stituen Average Average Average Average Average Average p?gegtéa}
reading deviation reading deviation reading deviation s
m=01 -leB17 0.008 0.133 0.003 3409 0;04 =1:234
p—CHa -1.384 0.007 O¢111 0.039 5:13 0.15 -~14311
p-C1l -1.392 0.042 0.098 0.036 5.35 "0.18 -1.309
mpCHS -1.407 0.014 0.111 0.016 4:93 0.11 =1.325
H ~1.463 0.004 0.088 0.:001 5.23 0.16 -1.387
p-Gﬂso ~1.509 0.009 0.121 0.011 - 8408 0.19 -1+4405
p-CH -1.56%7 0.001 0.139 3.98 .12
P—Noz a -0.523 0.001 g.128 8.85 0.11 ~-0.455
b «1.407 0.002 0.128 )
¢ -1.575 0.002 0.128 ; 7.78 0.37
m-NOz a -0.616 0.008 0.128 8.50 D.21 -0e¢ 551
b -l¢445 0.006 0.128 374 0.04

*Hieroampa. x liters/mmole.

=8~



of the curve wes steeper than in the other compounds
measured and the break from the rising portion of the
curve into the diffuslon current was not as sharp but more
of a gradual change.

The Ilkovie equaticnso

z
3

]
Id = 806 n D% Cm¥F to

which has been verified expefimentally gives the relation
of the diffusion current in microamperes (Id) to the drop
time of mercury in seconds (t), concentration in millimoles
per liter (C), mass of the mercury flowing per second (m),
the number of electrons (n) involved in the reduction of
one moleculs, and to the diffusion coefficient (D) of the
electroactive material in ome 2 leo.'l. For the compounds
in which the aldehyde group only 1s reduced, n is conastant
snd m% t'lé is very nearly constent for any given solvent
snd supporting electrolyte. Then if the current for a
glven concentration is caslculated, the only variable 1ls the
diffusion coefficlent. One would expect this not to be
greatly different for the series of aldehydes studled and
a8 it 18 the square root of the diffusion coefficient that
enters into the equation one would expect the diffusion
current for a given concentration of the aldehydes to be

relatively conatant. Thls 1s qualitatively true for these

compounds .

30. D. Ilkovic, Coll. Csech. Chem. Commun., €, 498 (1914);
see also 2a, pe l.
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As shown in Teble 8, two waves were found for
menitrobenzeldehyde and three for p-nitrobenzsldehyde. The
second and third waves for the para compound were nearly
blended together. A comparison of the wave heights with
those of the other aldehydes which are reduced in a two-
electron step gives a strong indication that the firast wave
in both cases is a four-electron reduction. By the same
reasoning the second and third waves each require two
additional electrons per molecule.

Baker, Davies and Hemming,®

using the same solutlons
a8 used in these studles, found that the anode potential
was g8 constant. They measured the potentisl with a O.1 N
calomel electrode. Their value when calculated to the
saturated calomel elecirode gives an anode potential of
0.139 volta. As seen in Tables 6 and € the anode potential
was found to vary and in most cases to be lowsr than 0.139
volts. The variation found is probably due to the junction
potential between the calomel electrode and the alcohol
solution. This is indicated by the fact that the reduction
potential would change with time, generslly decreasing. The
values for p-hydroxy-, m-chloro- and the nitrobenzaldshydes
were made with a new Beckman electrode which did not change
as rapidly with time. It 1s probably only fortuitous that
the low hslf-wave potentlial found for m-methylbenzaldehyde,
determination number &, Table 5, against the mercury pool

coincides with the low value found for the anode potential.
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The junction potential cannot be evaluated so it is doubtful
whe ther the measurements against a ssturated calomel electrode
have much more significance than those measured against the
mercury pool. However, it is common practice to report

half-wave potentials against the saturated calomsl electrode.

3+ Acetophenones and Substituted Acetophenones in

Buffer Solution

8+ Purification and Preparation of Materials

Ethyl Alcohol and MacIlvaine's Buffer Solution. Ethyl

alcohol was purified and MacIlvaine's buffer solution was
prepared in the same manner as that used for the study of

benzaldehydes.

Acetophenones. Acetophenone, p-chlorcacetophenone and

pemethylacetophenone were commercial samples purified by
distillation through a semimicro vacuum-jacketed column.
The boiling points of the purified compounds were 220, 232
and 223° respectively. The p-bromoacetophenone, p-amino-
acetophenone and m-nitroacetophenone were Eastman Kodak
white label compounds which had melting points of 45-49°,
102-105°, and 76-78° respectively and were used without
further purification. The m~aminoacetophenone was Eastman
practical grade material. It was purified by dissolving
in dilute sulfuric acid and filtering. The filtrate was
neutralized with 10% sodium hydroxide and the resulting
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precipitate flltered off, wazhed with water and dissolved
in hot 50% ethyl alcohol. The ethyl slcochol solution was
then decolorized with Norite A, and allowed to orystallize.
The crystals were removed by flltretlion and washed with
water and dried. The melting polint of the puriflied materlal
was 92-94°,

The Fries reaction31

was uged to prepare p-hydroxy-
acetophencne. The product was purified by vacuum distillstion
and had & melting point of 106-107°. The p-methoxyscetophenone
was prepared from the p-hydroxy compound by the Willismson
synthesis. To s solution of 5.9 grams of sodium hydroxide

in 100 milliliters of water was added san excess of methyl
iodide (35 grams), 30 milliliters of dloxsne and 20 grams

of p-hydroxyacetophenone and the solution refluxed for

two hours. At the end of this time the basic solution was
extracted with ether and the ether extract dried over
anhydrous calcium sulfate. The ether and dioxane were then
removed by distillation at atmospheric pressure and the
residue distilled under reduced pressure. The distillate

was then recrystallized from Skelly A. The yield of pure
product with a melting point of 34-36° was 4.5 grems.

b. Polarographic Studies

All samples were welghed to be sxactly 0.0l molar when

31. A. H. Blatt in R. Adems, "Organic Reactions," Vol. I, John
Wiley and Sons, Inc., New York, N. Y., 1942, p. 342.



dlluted with the purifled slcohol to 100 millillters in o
standerd volumetric flask. Exesct welighing of the liquids was
sccomplished by adjusting the amount of sample in the welghing
beaker with & medicine dropper drawn out to a fine capillary.
In all cases, samples for polarogrephic anslyais were nmade
by pipetting 10 milliliters of the master solution into
20 milliliters of the buffer solution. Two drops of a 0.1%4
methyl orange solution were then added as in the case of the
aldehydes. The apparent pH of the sleochol solutlion was read
with the Beckman pH meter and found to be close to 7.7, in
go0od agreement with the pH found for the aldehyde solutions.

All polarograms gave an indicstion of a double wave as
geen in the typlcal polsrograme obtalned shown in Figuresl
and 2. The method of determining the step helght 1is alao
indicated in these same figures., The breask between the
first and second wave wsa determined by visual inspection
and & horizontal line drawn through this point. As seen
in Table 8, the helights of the two waves are approximately
equal except for p-bromoacetophencne. 1In this case the
height of the first wave was probsbly incresased dy a
maximun which blended into the second wave. This explanation
is postulated becsuse it 1s the only case in which the step
heights for the twe waves are not spproximately equal.

Por some compounds, those In which the half-wave potential

was more negatlive than sacetophenone, it was difficult to get
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a wave height, and consequently a half-wave potentilasl,
because the second wave blended into that of the supporting
electrolyte. 1In these casss only the first wave is given.

Table 7 1s an average sample of the data obtained. The
observed values are given as well as the deviation from the
sverage value. Table 8 1s & sumary of the results obtained
reported as averages.

With me-nitroscetophenone it was found that methyl
orange would not suppress the maximum obtained on the first
wave. This maximum was completely removed by the addition
of a small amount of gelatin. The concentration of the
gelatin was less than 0.01% in the final solution. The
step heights in this case indicate that the first astep 1ia
& four-electron reduction and that two more electrons are

added at the second step.

4. Polarographic Rune Employing Tetramethylammonium

Hydroxide
An attempt was msde to reproduce the work of Adkins and
Gox.z‘ These authors report that the cation of 0.2 N tetra-

methylammonium hydroxide in 504 ethanol starts to reduce in
the neighborhood of -2.1 volts measured sgainat the mercury
pool. It was found that with the sample employed that

reduction occured at approximately -1.8 volts. A sample of

tetramethylammonium hydroxide prepared in these laboratoriolaz

32, This sample was furnished kindly by Dr. H. Diehl of the
anaslytical department.



Table 7

Polarographlie Investigation of p-Chlorcacetophennne,

3.33x10™° M, in MacIlvaine's Buffer Solution of pH 7, 33.3% Ethyl Alechol
E Anode potentisl E. vse. S
N o 3¢ U Eo
5 v8e 3¢ Co Ho 4 Depclaw-
va. ization
Run Hg pool | Deviation Wave 1 Wave 2 potentiel
Heasured from va.o
Wave 1 Wave 2 everage L, . .4 Deviation Found Deviation Hg pool
) from from
average avsrage
1
1)
la «1.823 =1.770 C«119 0.010 -1.504 0013 -1.681 0.009 -1.56%7 f
D «l.826 =1,768 0.119 4.010 -1+ 507 0.010 -17649 0.011 =1.570
2 & «l.825 =1.764 0.114 0.005 -1e511 0.006 «1+.850 0.01C -1.568
b ~1.620 -1.763 0.114 0.005 -1.515  0.002 -1.849  0.011 -1.533
3 a =1.822 21.77C 0.093 0.011 ~1:524 0.007 -1 872 0.012 -l <540
b -1l.624 =1.773 0.09c 0.011 «-1.526 0.009 ~1.6756 0.015 -1¢550
€ =1.630 <1.770 0098 0.011 -1¢532 0.018 -le872 0.012 ~1ls585
Average 0.109 «00% -1+517 0.009 -l.880 0.012 -1s 563

*To determine the depolarization potential vs. 8. C. E. the average anode
potentisl was added to the sversge depolarization potential va. Hg poole.



Table 7 - (continued)

g

Diffusion current

Microamps. x liters/mmole

Step
helght in
gﬁ. Wave 1 Wave 2
Deviation Deviation
Run Wave 1 Wave 2 Sensitivity Found from Found from
average average
la 121 92 0.080 2.91 0.08 2.21 0,11
b 125 89 0.080 3.00 0.14 2.14 0.04
2 a 126 84 0.080 3.03 0.17 2.02 0.08
b 128 82 0.080 3.08 0.22 1.97 13
3 a 113 97 0.080 2.72 14 233 023
b 110 82 0.080 2.64 0.22 1.97 0.13
] 109 86 0.080 2.2 Q.24 2.08 +04
Average 2.88 17 2.10 .




Table 8

Summary of the Polarographic Reduction
of Meta- and Pars-substituted Acetophenones
in MacIlvaine's Buffer Solution of pH 7, 33.3% Ethyl Alcohol

B Depolar-
3 Average Anode Average id Average lzation
Compound vs. deviation potential deviation deviation potential
8.C.E. microamps.
x (S.C.E.)
liter/mmole
p~Amino 6 =1.720 0.013 0.091 0.009 4.38 0.02 -l.614
p-Hydroxy a =1.704 0.010 0.124 0.002 2.12 0.11 ~1.664
p-Methoxy a -1.667 0.022 0.11¢ 0.021 2.28 0.17 -1.599
p~-Methyl e -1l.651 0.013 0.098 0.015 1.86 0.08 «1.565
b =1.804 0.014 0.096 0.016 1.92 0.11
H a =1.582 0.008 0.108 0.007 2.72 0.12 =1.533
b =1.716 0.006 2.29 0.08
m-Amino [+ -1.549 0.031 0.1086 0.014 4.83 0.29 -1.564
p-Chloro a =1.517 0.009 0.117 0.003 2.86 0.17 ~1.454
b =1.660 0.011 0.117 0.003 2.10 C.11
p-Bromo a =1l.463 0.008 0.133 0.007 3.40 0.03 -1.408
b -1.601 0.0086 0.133 0.007 l.78 0.02
m-Nitro* a =0.628 0.008 0.132 0.009 9.14 0.08 -0.583
b =1.828 0.009 0.132 0.009 4.77 0.32
a - First wave
b - Second wave
¢ - Combined waves
# - Corrected for IR drop

-6e~



was tried and the ssme reductlion potential was observed.

In Table 9 are found the results of the runs made employing
Q0.2 ¥ tetraméthylammonium hydroxide as a supporting
electrolyte in 50% ethanol and those of Adkins and Cox

employing the same conditlons.

Table ©

Half-wave Potentials of Carbonyl Compounds
in 0.2 N Tetramethylammonium Hydroxide, 50% Ethanol

E, vs. mercury pool

Compound = 24
Found Adkins and Cox
Benzaldehyde ~l.28 v -1l.34 v
Acetophenone -1.45 -1l.652

Bengzophenone «1.38 -le38




III. ATTEMPTED POLAROGRAPHY OF ORGANOMERCURIC IODIDES
A. Hiatorical

Little work has been done with synthetic organometalliec
compounds probably because of the instability of many of them
in aquecus solvents. Working in non-squeous solvents in-
creases the resistance of the cell thus decreasing the
accuracy with which the half-wave potentlals can be
determined.

Triethyllead chloride has been studied polarographically
snd found to undergo a valancé chsnge of 1.83 Tetrasethyllead
is not reducible even at ~2.0 vclts.34 Organolead compounds
seem to be the only organometallics that have been studied

at the dropping meroury electrode.

33. L. Riccobonl, Gagz. chim. 1ital., 72, 47 (1942).

34. K. A. Hansen, T. D. Parks and L. Lykken, Anal. Chem.,
22, 1232 (1950).




B. Experimental

1. Preparation and Purification of Materiasls

Dioxane. This material was refluxed with metallic

35

sodium =~ under an atmosphere of nitrogen for 24 hours or

longer then distilled.

Pyridine. Technical grade material was refluxed over-
night with potasslium hydroxide pellets and distilled.

Tetra-n~-butylammonium Iodide. This material was pre-

pared by the reasction of tri-n-butylamine with n-butyl

1odide.>% The melting point was 145-144°.

n-Butylmercurlie Jodide. This compound was prepared by

making the Grignard reagent from n-butyl 1odifle and treating
this with mercuric 1odido.56 The melting point reported
1s 117° and that found was 114°.

Phenylmercuric Jodide. This compound was prepared by

the reaction of phenylmasgnesium lodide with mercuric lodide

37

in dry ether, m. p. 271°, 1it.,” 269°.

36. H. A. Laitinen and S. Wawzonek, J. Am. Chem. Scc0., 64,
1765 (1942). - T

36. C. S. M&rvel, C. Go Gauerke and E. L. Eill, Jeo Am. Chem.
Soc., 47, 3009 (1925). See also R. L. Shriner and R. C. Fuson,
"The Systematic Identification of Organic Compounds,” Second
Edition, John Wiley and Sona, Ine., New York, 1940, p. 188.

37. E. Krause and A. von Grosse, "Die Chemie der Metalle
orgenischen Verbindungen," Verlag von Gebruder Borntraeger,
Berlin, 1937, p. 149.



ErChlorophenylmerouric Jodide. A good yield of this

compound was obtained by adding a solution of 3.12 grams
of p-chloroiocdobenzene in 50 milliliters of dry ether dropwise
to 1.0 gram of magnesium turnings in 100 milliliters of dry
ether. This was allowed to stir for a couple of hours and
then filtered through a cotton plug into an sgitated
suspension of 5.3 grams of mercuric lodide in 50 milliliters
of dry ether. The ether was then evaporated over a steam
bath. The residue was washed first with water than alecohol.
It was then extracted with hot pyridine and flltered. Water
was added to the filtrate until the turbidity which formed
on addition redissolved with difficulty. The white shiny
flakes which precipitated on cooling were filtered off gnd
again precipitated from a pyridine-water mixture. After
the second recrystallization the crystals were washed with
95% ethyl alcohol, then with ether and dried in & vacuum
deslccator, m. p. 244°.

p~-Chlorophenylmercuric iodide was also prepared by
starting with p-bromocchlorobenzene. The Grignard was prepared
and treated with mercuric lodide as sbove. The p-chloro-
phenylmercuric halide was then treated with potassium
iodide in a pyridine-water solution and allowed to cool.
The resulting white needles gave no aotive halogen test with
aleoholic silver nitrate. The melting point, 242°, agreeos
with the literature melting point for di-p-chlorophenyl
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mereury."’s A mixed melting point with the p-chlorophenyl-
mercuric lodide from above showed a depression of 26°. When
1.00 gram of these needles was treated with 1.08 grems of
nercuric iodide in boiling slecohol and allowed to ccol, white
shiny flakes precipitated which gave & melting point of
242-244%, Mo depression in melting point was observed when
this compound was mixed wlth that prepsred from p-chloro-

iodobenzens.

Anal. Caled. for GGH4H30113 Hg, 45.9. Found: Hg, 45.6.

p-Tolylmercuric Iodide. To prepare this material the

same procedure was used as that to prepsre n-butylmercuric

jodide. The literature values reported for this compound

0° 39

are 22 and 213%.%9 That found was 211°.

Bengylmercuric Iodide. Dibenzylmercury was prepared

by the method of Jdones and Werner®! with an overall yield of
18%. To prepare benzylmercuric iodide § grams of dibenzyl-
mercury and 6 grams of mercuric ilodlde were dissolved in
boiling ebsolute ethanol and allowed to c¢ool. The pale
yellow flakes which precipliteted were recrystallized from

38. E. Krause and A. von Grosse, ibid., p. 178.
39. E. Dreher and R. 6‘330, Anne., 15“ 173 (18'70)0
40. W. Steinkoph, ibid., 413, 310 (19017).

4l. L. W. Jones and L. Werner, J. Am. Chem. 8oc., 40, 1287
(1918). - T



w$ B

95% ethanol. A yield of 7.0 grams of pure product with a
melting point of 115-117° was obtained.

S-Methyl-2-iodomercurifuran. The method of Gilman and

wright42 was used to prepare S-methyl-2-chloromercurifurane.
From this compound 5,5'~dimethyl-2,2'-difurylmercury, which
has not been previously reported, was prepsared by two methods.
In one method 10 grams of S-methyl-2-chloromercurifuran was
treated with excess potassium iodide in 500 milliliters of
bolling ethanol to which water was added until the solution
Just remsined clear. On cooling some learge flekes formed
and some colloidsl material remained in suspension. The
suspension was removed by several decantations using 50%
ethancl. The largse erystals remaining in the flask were
then reorystallized from slcohol. These crystals, which had
a melting polnt of 89-91°, gave an active halogen test with
alcoholic silver nitrate, 80 the potassium lodlde treatment
was repeated. No colloidal materisl was encountered in the
second potassium 1odide treatment. White lesflets with a
melting point of 104-108° were obtalned which gave no
active halide test with alecoholic silver nitrate.

G1lman and Wright%® prepared 2,2'-difurylmercury by the
reaction of sodium thiosulfate with 2-ghloromercurifuran in

& water solution. This same procedure was used to prepare

42. H. Gilman and G. F. Wright, io An;. Chem. SOO., §_§, 3302
(1933).



§,5'-dimethyl-2,2'-difurylmercury. To a solution of 25
grams of sodium thlosulfate in 100 milliliters of water

was added 0.08 mole of S-methyl-2~chloromercurifuran. The
mixture was shaken vigorously for & few minutes and then
allowed to stand overnight. The solild material was then
removed by filtration under reduced pressure and washed
thoroughly with water. This residue was extracted with boil-
ing alcohol end filtered. Water was added to the filtrate
to ald precipitation and the resulting solution allowed to
cool. The resulting white flakes wers recrystallized from
an aloohol-water mixture. A yleld of 16.0 grams (89%4) with
& melting point of 1035° was obtained. A mixed melting
point with that previously prepared by the first procedure
gave no depression.

1. lode for C 56.4. d 55.0.
Ana Caled. for 1651002333 Hg, 4. Founds; Hg, o

To prepare the desired S-methyl-2-iodomercurifuran,
3 grams of the previously prepared §,5'-dimethyl-2,2!'-difuryl
mercury and 3.73 grams of mercuric iodide were treated with
sufficient boiling 964 ethanol to effect solution. This
was allowed to stand at room temperature overnight.
Crystallization had not taken place but a small amount of
collolidal material had settled and this was removed by
filtration. The solution was warmed again and water added.
On cooling a orude yield of 6.2 grams (92%4) was obtained.

It was agaln reerystallized from an slcohol-water mixture
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end 3.9 grams (58%) of pale yellow flakes with a decompo-
sition point of 96° was obtained.
Anal. Calod. for GBHEOEgI: Hg, 49.2. Found: Hg, 49.l.

The 5,5'-dimethyl-2,2!'-difuryl mercury and S5-methyl-2-
fodomercurifuran are unstable compounds, both turning dark

after standing for a few weeks.

2. Polarographic Studies

The polarograph used in these studles is discussed under
carbonyl compounds. The characteristics of the dropping
electrode and the resistance of the cell were not determined.
All determinations were made at room temperaturs.

Due to the insoluble nature of orgsnocmercurlals a high
ratio of an organic soclvent to water had to be used. The
reduction of the organomercuric i1odides listed above was
attempted in a solvent consisting of 80% of the freshly
prepared dloxane and 20% water with 0.1 M tetra-n-butyl-
ammonium lodide as the supporting electrolyte. A small wave
was observed for S-methyl-2~lodomercurifuran with a half-wave
potential of =1l.95 volts, p-tolylmercuric icdide gave no
wave and phenylmercurlc 1odlde gave a maximum starting at
zero voltage. The only well-defined wave was that of the
the n~butyl compound and was at a potential of -0.35 volts.
The latter determination was made employing methyl red as a
meximum suppressor. This suppressor appeared to be the most

offective in the dioxane atudies.
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Pyridine, 756%, in water also was used as a solvent.
The curve for p-tolylmercuric iodide in Figure 3 is typlcal
of the maxima obtained with this compound, phenylmersuric
iodide, p-chlorophenylmercuric lodide, and S-methyl-2-
iodomercurifuran. The curve for the n-butyl compound,
Figure 3, was readily reproducible. Little difference in
the curves was obtained when methyl red, methyl orange,
gelatin or no maximum suppressor wes used.

The current-voltage curves of mercurous and mercuric
fons show very prominent maxima. In water solutions these
maxima are easily suppressed by various dyes or gelatin.
When a mercury pool anode is used the current-voltage curves

start immediately at an applied potential of sero.43 In

these studies then the curves must have been due to the
reduction of a species of mersury since the curves rose
sharply from zero applied potential. The diffusion current
for the compounds which showed maximsa in the pyridine solution
was very close to 2 microamperes per millimolar concentration
in every case, indicating the equilibrium concentration of

the reducible species was nearly the same for these four

compounds.

435. Ref. 2a, p. 287.
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Figure 3. Polarograms of 5x10"3 M p-tolylmercuric iodide
(a) and n-butylmercuric lodide (b) in a solvent 75% oyridine water,

0.1 M tetra- n—butylammonium iodide.



IV. DISCUSSION

A. Correlation of Polarographic Reduction Potentials with

Bemmett's LS Treatment
It has been mentioned that the equation
log k - log K’ = yX (1)

is valid for many series of reactions in which the members

of a series differ only by a meta or pars substituent in

a benzene derivative. If 1t 1as assumed that the rate of
dimerization of the free radicals, squation II, 1is
essentially the same for all the compounds in any one series,

reaction I may be treated by the above equation giving
log K - log K° = pg (3)

where X and K° are the ratios, a a for the
’ >gon/ >c=0"8"

substituted and unsubstituted carbonyl compounds respectively

in equilibrium with some common reference electrode. For a

reversible reduction this ratio 1s related to the half-wave

potential if the hydrogen electrode is taken as a reference

n FE% = 2,303RTlogk (4)

When this equation 1s solved for log K and substituted into



equation 3 it becomes

B, - E% = 2.:;331' ps (5)

and as n is constant for any series, 2.300ET may be incorporated

in the resction constant o snd equation § is simplified to

B% - Eg = otg (8)

where R% and E;_are the half-wave potentials of the
substituted and unsubstituted compounds respectively. It

will be shown empirically that squation 6 is valld for the
polarographic reduction of meta and para substituted phenyl
carbonyl compounds.

Flgure 4 1s a plot of the half-wave potentisls of
substituted benzaldehydes against the g values lilsted in
Table 8. The agreement with a straight line is good except
for the m~ and p-methyl substituted compounds. These compounds
developed slight maxima which would move the half-wave
potentials to more positive values.

When the half-wave potentials of the first wave for
substituted scetophenones were plotted in a similar manner
(Figure §) it was found that a straight line was obtained
with the same slope as that obtained with the substituted
benzaldehydes except that the m- and p-amino derivatives fall

below the line, both by approximately the same amount. These
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Figure 4. Half-wave potentlals of m- and p-substituted
benzaldehydes (see Table 6) in MacIlvaine's buffer solution

of pH 7, 33.3% ethyl alcohol as a function of the substituents'
¢ values.
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Table ¢

Values of the Substituent Constants g,ahd x

* ey
Substituent g x
p-mg «-0+860
p=-OH -0.341% 2,93°
p-CEsG -0.288 3.00
p,(cna)zx -o.zosb

0870
p-t.C‘H9 =0.197
p-cH8 =0.170 3 .40
P~0255 «0.181

- - [ ] 5

p-1i Canv 0.151
m,-CH3 «-0.089 3.88
H 0.000 3.98
p~Cl +0.227 4.65
p-Br +0.232 4.90
n=-C1l +0.378 §.10
m-Br +0.391 5.10
m-NO8 +0.710 5.74
p-ND2 +0.778 5.90
0=-C1l 5. OOd
6-0R 6.42

*The o values are from Hammett, Ref., 6, p. 188, except
a, J. D. Roberts, E. A. MoElhill and R. Armstrong, J. Am. Chem.
Soc., 71, 2923 (1949), and b, Ref. 45.

Tho X values are from Goodhno, Ref. 9L, h, except o,
calculated by equation 11 using - log K = 4.48 and ¢, by equation
2 using - log K = 2.97.
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Figure &. Half-wave potentials of the first wave of
m- and p-substituted acetophenones (see Table 3) determined
in MacIlvaine's buffer solution of pH 7, 33.3% ethyl alcohol
as a functlion of the substituents' o values.
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deviations will be discussed later. The slope of the line
found is -0,325 when the voltage axis 1s taken ss the ordinate
and the ¢ axis as the abscissa. For acetophenones (Figure §)
the intercept on the ¢ axis 1s «1,58 volta, When these

values are substituted into equation € 1t becomes
E% ® «1.58 + 0,328 (7)

By the use of this squation the values in Table 10 have been
calculated and compared with the observed values.

To show that the equation
o
E, + B = 0,32 8
% 3 WSR2E (8)

iz genersl for mete and para substituted phenyl carbonyl
compounds the work of other investigators, who reduced a
sufficient number of compounds of the type studied here to
make a comparison possible, hss been plotted., The lines in
these plots have besn drawn in order to fit the gresatest
number of points and still have a slope of 0,328,

Semersno and chisinil7 used as the reduction potential
the point at which a tangent of 35° 16! tousched the current
voltage curve. Since this point changes with concentration
and galvenometer setting, the values taken from their data
(Table 1) and plotted in Figure 6 have been so chosen that

they have approximately the same concentration. 8Since this

precaution has been taken the difference betwesn the half-wave
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potential and reduction potential should be essentially

constent for the different compounds.

Table 10

Comparison of Observed and Calculated Half-wave
Potentials vs. 3. C. E. for Substituted Acetophenones

Subetituent Eﬁ vé. 8. Ce Ee
Calculeted Observed

p-Mi, ~1.79 v 178 v

p-CH ~1.69 -1.70

DuCHaﬁ «1.87 -1.67

p-CH -1.64 -1.65

m-NH ~1.83 -1.55

2
" -1.68 -1.58
p-Br =1.51 ~1.46
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Figure 6. HKeduction potentials of m- and p-substituted
benzaldehydes (see Table 1) in 0.1 M NH Cl, 5075 ethyl alcohol
as a function of the ¢ values of the suBstituents.



Reduction potentisls were reported by Winkel and Proskelg

snd Baker, Davies and Hemming.26 This method of measurement
has the ssme limitations as those mentioned above. The
latter investigators used the same concentrstion of the
reducivble species in all their polarographic studles. In
Figure 7 the data reported by Winkel and Proske for the
reduction of substituted benzaldehydes have been plotted
against g and the agreement is good except for the m- and
p-bromobengzaldehydes. The anomalous behavior of these
compounds may be due to the higher alcohol content in the
solvent.

The data of Bagker, Davies and Hemming gliven in Table 4
for the polarographlc reduction of para-substituted benz-
aldehydes are shown as a function of ¢ in Figures 8-12. 1In
all cases 1t 1s the depolarization potential of the firast
wave or the one wave observed that haé been related to g.

In buffered solutions of pH l.4, 4, and 7 (Figures 8, 9, and
10) the para alkyl groups, -CHa, -CBHS, -1-0337, and -t-c4ﬁg,
fall alightly below the line as was noticed with m~ and p-
methylbenzaldehydes (I'igure 4) studied in these lgboratories.
When tetramethylammonium bromide and potasaium chloride were
used as the supporting electrolytes (Figures 11 and 12) these
groups fall within the experimentel error of the polarographic
determination. |

In Figures 8 to 12 two values of g have been plotted for
the dimethylamino groupe Those marked (a) are for the g
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Figure 7. Depolarizatlion potentials of m- and p- .
substituted benzaldehydes (see Table 2) in 0.1 M NH,Cl, 2.5%
alcohol (3.4% for m- and p-Br) as a function of the g values
of the substituents.
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Flgure 8. Depolarization potentials of p-substituted
benzaldehydes (see Table 4) in a Clark and Lubs standard of ,
pH 1.4, 33.3% ethyl alcohol as a function of the substituerits'
o values; (a) Hammett, (b) Gilman and Dunn. '
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Figure 9. Depolarization potenttlals of the first wave of
p-substituted benzaldehydes (see Table 4¢) in YacTlvailne's buffer
solution of pH 4, 33.3% ethyl alcohol as a function of the
substituents' o values; (a) Hammett, (b) Gilman and Dunn.
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Figure 10. Depolarization potentials of p-substituted
benzaldehydes (see Table 4)-in MacIlvalne's buffer solution
of pd 7, 33.3% alcohol as a function of the substituents'

o values; (a) Hammett, (p) Gilman and Dunn.
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Figure 11. Depolarization potentials of the first wave
of p-substituted benzaldehydes (see Table 4) in 0.1 N tetra-
methylammonium bromide, 33.3% alcohol as a function of the
substituents' o values.
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Figure 12. Depolarization potentials of p-substituted
benzaldehydes (see Table 4) in 0.1 N KCl, 33.3% alcohol as a
function of the substituents' ¢ values; (a) Hammett, (b) Gil-
man and Dunn.



value of -0.2056 reported by Hammett .44 The points marked
{v) have a ¢ value of -0.570 determined by Gilman and Dunn.45
The snomalous behavior of this group has been pointed out by
seversl suthors.#® Tt 1s interesting to note that the value
reported by Hanmett was determined in aocid solution while
that of Gilman and Dunn was csloulated from reaction rates

in basic media. This egrees with the overall picture in the
present correlation. From the dopolarisapion potential in

g buffer of pH l.4 (Figure 8) one would expect the dimethyl-
amine group to have a ¢ value of -0.18. In the unbuffered
solutions in which the pH at the interface of the mercury
drop may be quite high due to the electrode reaction (Figurea
11 and 12) a g value of ~0.57 saticfles equation 8.

The poor fit of the smino acetophenones (Figure §5) is
probebly due to the same factors as those influencing the
behavior of the dimethylamino aldehydes. The change of the
emino group to the anilinium ion would make a profound
difference in ¢ as 1t would prevent elestron-accession to
the ring. Since the mobility of the hydrogen ion is very
large compared to that of other ions, it 1ias possible that at

44. Ref. 6, pe. 188.
45. He. Gilman and G. E. Dunn, J. Am. Chem. 80c., 73, 000 (1951).

46. (a) Go E. Ko Branch and M. Calvin, "The Theory of Organiec
Chemistry," Prentisce-Hall, Inc., New York, N. Y., 1941, p. 418;
(b) F. He Westheimer, J. Am. Chem. Soc., 62, 1892 (1940);

(8) F. He Westheimer and R. Pe Metcalf, ibid., 63, 1339 (1941).



the immediate surface of the electrode there is a high
goncentration of hydrogea ions which results in the con-
version of the amines into anilinium ions in this surface
layer‘prior to the reduction of the carbonyl group even
though the solution as a whole 18 nearly neutral.

The good agreement in the cases studied, that 18, the
polarographic reductlion of meta and para substituted bensz~

aldehydes and acetophenones with the equation

B, - B =g (9)

may he considered as evidence that the original assumptions
are essentially correct. These assumptions were that
addition of en electron to the carbonyl group is a reversible _
reaction and the rates of dimerigzation of the free radicsl
are approximately equal.

When the absolute value of £ 1s calculated from Fﬁ;

~t = 2.303RT o = 0,325
T"

a value of +5.51 for o 1s found. This value 1s considerably
greater than any value of O reported by Hammett. One would
expect the value to be higher than the value 0,509 reported
by Walling et al. since the resonance of a very polar group
18 being destroyed. However, one would not predict such a
high velue as that found. Tils result might lead one to

bellieve that the value of © 1s sensitive to both the
equilibrium constant and the rate of dimerizastion. The



differences in Ei'would then be due to both of these factors
which could conceivably give a cumulative effect of consider-
able magnitude. However, the evidence presented below
concerning nitro compounds mitigates against this inter-
pretation.

The sign of o indicates that electron-donating groups
stabilize the carbonyl form relative to the radical formed.
One might expect p-amino to be particularly good in
stabilization of the carbonyl group due to resonance of

the type

Similar structures can be written for other electron-donating
groups such as hydroxyl and methoxyl. The poor fit of the
amino group muat be due to the reason previously given or
possibly due to the increased adsorption of the amino
compounds on the surface of the mercury drop.

With electron-withdrawing groups we have competition
between the forms

~O + 0 + 0

\ I I
N—= =C=R€¢—>0_ N=- =C=-R
/ 2
)

both attempting to take electrons from the ring and no
resonsnce interasction being possible. Also the two dipoles

are opposed thus giving dipole-dipole repulsion. Thua the
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addition of an electron and proton to form the free radical
would involve a smaller loss in resonance energy than with

the unsubstituted compounds. Consequently, electron-withdraw-
ing groups would increase the ease with which the carbonyl
group 1s reduced.

As the first wave in the reduction of nitro substituted
benzaldehydes and acetophenones indicates a reduction requir-
ing four electrons per molecule, the nitro group is being
reduced before the carbonyl group. Consequently, one would
not expect these compounds to fit the present treatment.

The first wave is probably due to the reduction of the nitro
group to hydroxylmine.” In the case of penitrobenzaldehyde
contributions from structures such as those written above
would account for the ease with which the nitro group would
be reduced. Then the second weve is probably due to the
complete reduction of the nitro group to the corresponding
emine and the third wave to the simultanecus reduction of

the nitro group and the carbonyl groupe. Since resonance

of the above type 1s not possible when the nitro group is
meta to the carbonyl group and a six-electron reduction is
involved, the second wave of m-nitrobengzaldehyde and
m-nitroacetophenone must bse due to the simultaneous reduction

of the carbonyl group and nitro group.

47. (a) J. Pearson, Trans. Faraday Soc., 44, 683, 692 (1948);
(b) 8. F. D‘nni', A §c FQV@ and J. 3.’,!:;5]’.0, i: :_A_n;o Chem.
Soc., 71, 1484 (1944). R
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Dennis, Powell, and Astle‘vb

have studied the polaro-
graphic behavior of substituted nitrobenzenes in buffered
solutions of pH 7.4 in 504 ethanol. The hslf-wave potentials
va. saturated calomel elestrode weret m-dinitro, -0.71; pe-
dinitro, -0.60; m-chloro, -0.86; pechloro, -0.87; m-methyl,
«0.93; and p-methyl, «0.95 volts. These values are shown

in Figure 13 as & function of g. The agreement with a
straight line gives strong indication that the present treat-
ment will hold for the reduction of side chains other than
the carbonyl group.

The slépes of the line obtained 1s approximately the
same as that obtained for sarbonyl compounds. This indicstes
that a similar mechanism may be involved in ths reduction of
these compounds. As these compounds do not dimerigze, the
high absolute value of o indicates that only a reversible
step 1s of importance in determining the influence of
substituents in both ocases.

When the present work was completed 1t wss lesarned
through Dre D. J« Cram of the University of California at
Los Angeles that D. M. Coulson?® nae obtained results similar
to those reported here. From his studies he obtained the
empirical equation

E,

= (0.804 log zCi «2.02) volts (10)
T.0 Keayl

48. D. M. Coulson, Unpublished studles, University of
California at Los Angeles.
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Figure 13. Half-wave potentials ofvg- and p-substituted
nitrobenzenes (Dennis, Powell and Astle? ) in MacIlvaine's
buffer solution of pH 7.4, 50% ethyl alcohol as a function of
the ¢ values of the substituents.
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where IC1 is the steblilizing influence in Kcal of the free
radical over the carbonyl compound. By neglecting the
hydrogen in benzaldehyde and substituting the half-wave
potential of -1.17 volts at pH & he found a value of Ci

for the phenyl group to be ll.4 Kcal. By making simlilar
substitutions he caloulated Ci for g large number of groups.
From these studies he found thst the ratio, g/Ci, was very

nearly constant for mets and para substituents.
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B. Correlation of Polarographic Reduction Potentials with

Hixon~Johna! Treatment

8

Hixon end Johns  state:

« « o If the slectron theory of valence holds, then

the polar properties of any series of compounds such
es R{0H), R(COOH), R(CHQ:CGOH), B(GHBGHQGOQH). Rnﬂa,

RSH, RAso(OE)z, etc., must be a function of the 'electron-
sharing abllity' of R 1f we exclude from consideration
under R all groupings which themselves have polar
linksges.

The electron-sharing ability then must include such
factors as resonance, dipole moments, steric effects, etc.,
hut may be ell expressed as a single parsmeter. The treat-
ment was made broad so that it covered all types of groups
from aliphatic end substituted aliphatic groups through the
aryl groups. The values in Table 9, taken from the work of

of ,h

Goodhue, have been caloulated from equation 1 and from

the equation

0.5x - 5. |
1log K = 20(e X - 58 ,.24) (11)

for the dlssociation of acilds.
Hixon end Johns give the general equation for electron-

sharing ability as

« AP = kRT(e*™ P o) (12)



If this treatment is valid for oxidation-reduction

reactions equation 12 may be written as

oFE = kRT(e**™® _o) (13)
or for a series of polarographic reversible reactions 1in
which n 18 c¢onstant

B, = K(e** -C) (14)

Then if the same assumpilions are made here as to the
electrode reaction in polarographic reduction as were made
in the Hammett treatment, a plot of the half-wave potential
against the electron-sharing abllity should be a smooth
curve.

Figures 14 and 15 are plots of the half-wave potentials
of the reduction of substituted benzaldshydes and acetophenones
respectively as a function of x. The points for amines have
not been plotted as these can be considered as being capable
of having polar linkages and by definition should be excluded,
A straight line has been drawn through these points because
the probable error of the polarographic determination makes
the drawing of any other curve difficult and its curvature
doubtfule Figures 16 18 a similar plot of the work of Winkel
and Proskel® (Teble 2). If the three curves are combined

in such a manner that the reduction potential of the parent

compounds 21l fall on the same vertical axis enough points are
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Figure 14. Half-wave potentlals of m- and p-substituted
benzaldehydes (see Table 6). in MacIlvalne's buffer solution
of pH 7, 33.3% ethyl alcohol as a function of the electron-
sharing ability, x, of the substituents.
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-1.4 -1.5 -1.6 -1.7

E-. vs. S- Cc'En
%

Figure 15. Half-wave potentials of the first wave of
substituted acetophenones (see Table 8) in MacIlvaline's buffer
solution of pH 7, 33.3% ethyl alcohol as & function of the
electron-sharing ablility, x, of the substituents.
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t:>o-Cl <:>O-OH

'F 10 O
1

1 i
-1.1- -1.2 -1.3 ~1.4

Depolarization Potential vs. S. C. E.

Figure 16. Depolarization potentials of m- and p-
substituted benzaldehydes (see Table 2) in 0.1 M NH,Cl, 2.5%
alcohol (3.4% for m- and p-Br) as a function of the“electron-
sharing abllity, x, of the substituents.
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obtained so that 1t 1a possible to draw a non-linear curve.
The convex curvature is very slight, undoubtedly due to the
large expansion of the electron-sharing ebility exis.

In Filgure 16 are slso plotted the depolarization
potentigls of o-chloro and o=hydroxybenzaldehydes. It 1is
seen that theae compounds do not fit the treatment. When
the data of Adkins and Cox®% are plotted similar results are
obtained. Thise indicates that in some cases this treatment,
as with the Hammett equation, will not hold for reactions
on slde chains of ortho-substituted benzene derivatives.

The plots of the reduction potentials of mets and pars
substituted benzaldehydes and of meta and para substituted
acetophenones against x indicetes that the treatment of Hixon
and Johns holds for the polarographic reduction of these

compounds.
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‘g. Gorrolation.2£ Hammett's L8 Treatment with Hixon-Johns!

Elestron-Sharing Ability Treatment

Hammett's o9 treatment holds for the dissoelation of
meta and para substituted benzoic acids. The Hixon~Johna!
treatment has been extended to cover alkyl as well as all
aryl carboxylic acids. If equation i is solved for log K‘

and set egqual to equation 1l the relation between the two

sets of parameters is

log K = log K° + pg =20 ¢ ' %% 4s  (15)

This equation is readily simplified to

J05% . 56

80

05'5(10&k° - 4.8) + (pg) (16)

Substituting -4.205 for log k°, the dissoclation
constant of benszoic aclid, and p= 1, the reaction constant
for the dissociation of substituted bengolic acids, the

equation reduses to

02*%% = 5,06 13.51g (17)

or

O¢Bx = 2,303 log (8.08 + 13.51g) (18)

which correlates the treatments for meta and para substituted

compounds only. This equation has been plotted in Figure 17
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Figure 17. Relation between Hammett's o constant and
electron-sharing ability, x. The curve is plotted from
equation 18, and the small clrcles are the reported values
for the same substituents.
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and the points are the values of ¢ snd x given in Table 9.

A similar equation giying the same curve for ¢ and x
can bs derived for the dissoclation constants of amines.

In this case, however, s value or,o of 3.79 determined by
plotting the dissocliation constants of meta and para
substituted anilines against g must be used rather than the
value of 2.73 reported by Hammett.

It is apparent that over the range in which a comparison
has been made the two treatments are similar. While the
number of groups involved in Hammett's treatment 1s limited,
its application, within this framework, is quite broad as
attested by the 58 different reactions to which he applied
it. The Hixon-Jochns treatment covers a wide rasnge of organic
groups, but 1its epplicability has not been tested in a
sufficient nuwber of reactions to enable one to give a fair

estimate as to its scope.
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V. SUMMARY

The half-wave reduction potentials of a series of meta
and para substituted benzsldehydes and acetophenones

have been determined in a 33.3% ethyl aloohol, 66.7%

0.2 M MacIlvain buffer mixture and reported.

The half-wave potentiasl moves to more positive potentials
when electron-attracting groups are substituted in the
benzens nucleus. When electron-donating groups ere

the substituents the half-wave potential 1s moved to
more negative values.

Except for amino groups, the half-wave potentials for

the reduction of side chains of meta and para substituted

benzene derivatives may be represented by the equation

E% - E; = olg

where E% and E: are the half-wave potentials of the

substituted and unsubstituted compounds respectively.
For polarographic reductions of phenyl-carbonyl compounds
©!' 'has & value of 0.325 and g is the Hammett constant

for the substituent.

A plot of the half-wave potentials for the reduction of
side chains of meta and para substituted benzene deriv-

atives againzt the electron-sharing sbility of the
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radicals indlcates a smooth curve. The reduction

potential can be represented by the equation

Eﬁ = K(Quﬁc)o

For reactions on side chains of meta and para substituted
benzene derivatives the Hixon-Johns "electron-sharing
ability" theory is quite comparable to the treatment of
Hammett. The relation between the electron-sharing
abillity and the substituent constant g 1is

o**% = 8,08 + 13.510.

The polarographic reduction of organomercuric 1odides
was attempted bgt maxima rendered the curves uninter-
pretable. The compounds p-chlorophenylmercuric iodide,
E-mathyl-S-iodomeroﬁrifuran and §5,5'-dimethyl-2,2'-di-
furylmercury, which have not previously been reported,

have been prepared and characteriged.



PART II

REACTIVITY OF FURANS
BEARING ELECTRON-ATTRACTING SUBSTITUENTS
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I. INTRODUCTION

An underastanding of a resction mechanism may broaden
the applicability of a given reaction. Mechanlams are
usually established by kinetle studies and examination of
the products formed. Such studies have not been extensive
in the chemistry of furans. I[li¢c probable reason for this
lack of study 1s that in many reactions of furans the yileld
of the desired product 1s quite low and sn important sids
reaction in many cases is resin formation.

Approximately 5,000 articles have besen published, each
dealing with some phase of furan chomistry.*g Several

review artioleaso

are avallable on the subject nons of which
are, in any sense, complete. A forthcoming book by Dunlop51
willl be the most complete works yet compiled on the chemistry

of furans.

49. F. N. Peters, Ind. Mo Chem., é_q, 200 (1948).

50 (a) He Gilman and G. F. Wright, Chem. Revs., 11, 323 (1932);
(b) A. A. Morton, "The Chemistry of Heteroecyeclic Compounds,"
Chap. I, MoGraw-H1ll Book Company, Inc., Xew York, N. Y., 1946}
(c) R. C. Elderfield and T. N. Dodd, Jre., in R. C. Elderfield,
*Heterocyclic Compounds,” Vol. I, Chap. IV, John Wiley and

Sons, Inc., New York, N. Y., 1950.

51. 4. P. Dunlop, Quaker Oats Company, Personal Communication.
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Vargha et 11.52 discovered that when p-toluenesulfonyl-
2-aoetofuranoxime was treated with alcohol the furan ring
opened giving the products ammonium p-toluenesulfonate and

the acetal of 4,5-diketo-2-hexanal.

(]

obcna + 2ROH + H 0 —>

| 2
NOSO CH
2 3

Il
,’.
cnscccnwncn(on ) 2 NH ‘osos cna VIII

This reaction 1s perticularly well suited for kinetle
studies as it 1s practically quantitative. It was found
that the absorption mexima of these compounds in the
ultraviolet region of the spectra were sufficiently
different so that analysis for the starting materisl could
be made spectrophotometricslly.
Many ring opening reactions of furans are recorded in
the literature. If an alcoholic solution of furan is treated
with a small amount of hydrogen chloride an ascetal is formadASS

HC1
Cg 0 + CHzOH —> (CH40),CHCH,CH,CH(OCH ), Ix

52. L. Vargha, J. Ramonczai and P. Bite, J. Am. Chem. So0c.,

55. C. Harries, Ber., 31 (1898); 34, 1488 (1901).



snd with o(-methylfuran the product 1s the methylal of
levulinic aldehyde.

When furfuryl alcohol 1s treated in a similar manner
an acetal can be 1s0lated.’4

HC1l

| l 05203 + CH,0O6 ——>

0

3

X
0 0
Il I

H CCH +
(0330)2030320 2 20033 GHscCHQCHchOH

When this reaction is carried out in aqueous solutions a
good yleld of levulinic scid is obtained.’® This resction
18 postulated a&s involving an aldehyde intermedliste which

undergoesz an intramolecular disproportionation.

ﬂiﬂ HC1
CH,0H + Hzo —_—>

0 XX
0 0 ’
Il [
' OK| —> CH _CCH CH COOH
OHCGI-IchchH2 Hs Ha o
This reaction may be somewhat analogous to that observed by

' Vargha since in that reaction too, intramolecular oxidation

and reduction must occur.

54« R. Pummerer, 0. Guyot and Le Birkofer, Ber., 68, 480 (1935).
55 Re Pummerer and W. Gump, Ber., §6, 999 (1923).



It was hoped that s study of resctions such as those
listed above might lead to a better understanding of the
mode of resin formation by furan compounds. A study of this
type could also lead to a better understanding of the scope
end limitations of a given reaction thereby enabling the
chemiat to know to what extent 1t could be usged in synthetic
woXkKe

During the preliminary work to study the deocomposition
of p=toluenesulfonyl-2-acetofuranoxime in alcohol 1t was
necessary to prepsre o-acetylfuran. This was attempted by
reacting furoyl chloride with dimethyl cadmium. We observed
a side resction which must have involved the enolate anion of
the ketone. That o-acetylfuran will readlily undergo enol-
1zation 18 indlicated in that it readily ccondenses with furfursl
in basic media to give high yields of furfuralacetofuran.as
The products of this side reaction have been subjected to
careful scrutiny since thelr appearance in considerable
yield may well be related to the special properties of
functional groups attached directly to the furan nucleus.
The results are also of Iimportance since they may yield
Informetion as to the course of a reastion which has general

synthetioc utility.

56. (a) C. Weygand and F. Strobelt, Ber., 63, 1839 (1935);
(b) K. Alexander and G. H. Smith, Jr., J Jo Am. Chem. SoC.,
71, 735 (1949).



II. REACTION OF DIMETHYL CADMIUM WITH FUROYL CHLORIDE

In an attempt to prepare relatively large smounts of
2-acetylfuran by the reaction of 2-furoyl chloride with
dimethyl cadmium & side reaction, scylation, leading to
di- o< ~furoylmethane and tri- o< -furoylmethane took place.
These compounds have not been reported previously. The
products of the side reaction were easily isclable as they
were readlly extracted from the reaction mixture with base.
The fect that each had a good sharp meliing point, re-
erystallized in well-defined needles and gave bhut one bresk
in a titrstion curve when titrated with base indlcated that
they were well defined compounds.

The structure proof of the new compounds depends on
their synthesis. Di- X ~furoylmethane and tri- X -furoyl-

methane were synthesized by methods whieh have been used to

57 &8

prepare dibenzoylmethane“ ' and tribenzoylmethane respectively.
The determination of neutral equivalents, study of absorption
spectra, preparation and characterization of derivatives,
quantitative oxidation by the lodoform resction, and

degradation studies all give confirmation of their structure.

7. (&) L. Claisen, Ber., 20, 655 (1837); (b) L. Claisen,
Aon., 291, 26 (1898).

58. A.Baeyer and W. H. Perkin, Ber., 18, 2128 (1883).



-88w

A. Review of Pertinent Literature

The reaction of choice for the preparatién of many
ketones 1s that of an organocadmium compound with an acid
ehlorido.59 This method of preparing ketones has been
very useful in the sterol series and with aliphatic acld
chlorides of high molecular weight. Organocadmium resgents
usually reect very slowly with carbonyl group359 and will
not add to an amide or nitrile group.so It has, therefore,
the distinct advantage that 1t can be used for the preparation
of polyfunctional compounds contsining a keto group. An
excellent review covering nearly all the work through 1946
on the use of organocadmium reagents for the preparation of
ketones has been written by Cauon.6° In this work he compares
it with other methods, gives the scope and limitations,
known side reactions and the oxperimeﬁtal conditions.

In the early studies it was shown that organocadmium
reagents could bring sbout condensations. Gilmen and Nelson
condensed benzaldehyde with acetophenone in the presence of
dlethylcadmium to give benzalacetophenone.59 A condensation
of this type probably procedes through the formation of an

enolate lon.

59, He Gilmen and J. F. Nelson, Rec. trav. gchem., 65, 518
(1938).

60. J. Cason, Chem. Rev., 40, 15 (1947).



Y23

I I
| .
RCAX + -C-CH_ —> RH + -C-8_ + "C&X

Caaonso points out that reaction of the enol form with the
cadmium reagent 1s probably a very minor side reaction in
the preparation of ketones since no significant racemlization
took place when d-methylphenylacetyl chloride was heated
with dimethyl cadmium.81 The fact that racemization did not
take place may not be significant as the enolization step
as written ebove would be irreversible and the freaction
which enclized would be lost by condensation.

When preparing & -chloro ketones by the reaction of an
o< -chloro acid chloride and an organocadmium reagent it

was found that the ylelds were signifiocantly lower82

than
when preparing the corresponding unsubstituted ketones.
Cason's study of this reaction showed that when dibutyl-
cadmium was treated with chloroacetyl chloride considerable
quantities of butane could be collected before hydrolysis
of the orgsnometallic complex. Enoligation must have been
assisted by the oc~halogen atom. By treating a benzene
solution of dibutylcadmium with l-chlorohexanone-2, 70% of
the butyl bromide used to prepare the originasl Grignard

reagent was recovered as butane: Only a small portion of

6l. A Campbell and J+ Kenyon, J. Chem. Soc., 1846, 25.

82. Jo Ca!on’ go .A.Eo Chem. SOGO, .§.§.’ 2078 (1946)0



the original ketone was recovered and the other products
of the reaction were not characterized except that it
was found that they were non-volatile at 4 millimeters
pressure. He suggests that the chloroketone was lost by
some type of self-condensation or alkylation of the enolate
ion.

In preparing X-acetyfuran by reacting o~furoyl chloride
with dimethylcadmlium no attempt was made to get optimum
yields.
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B. Experimental

l. Method of Reaction

a. Run I

Methyl bromide gas was passed into a flask containing
a mechanically stirred mixture of 2 moles of magnesium and
1500 milliliters of dry ether until all the magnesium had
reacted. To this ether solution was then aslowly added one
mole of cadmium chloride which had been dried at 120° to
constant weight. Agltation was continued until a Gilman
color test was nega.tive.e:5 The flask was fitted with a
Claisen head and condenser and placed on a steﬁm plate.
Distillation was continued until a total of 1200 milliliters
of distillste was collected. The flask was removed from the
steam plate, the Clalsen head removed and 1200 milliliters
of dry benzene added to the pasty msterial remaining. The
flask wes then fitted with a reflux condenser and 150 grams
of furoyl chloride was added from a dropping funnel at such
a rate that a replild reflux of the solution was maintained.
The materisl in the flask soon had a paste-like consistency
and became difficult to stir. The cake asround the sides

of the flask was broken and the stirring continued for a

83, (a) He Gilman and F. Sﬁhnltﬂ, _{0 Ame Chem. SOOQ, ﬂ,
2002 (1925)3 (b) He Gilman and L. L. Heck, 1bld., 52,
4949 (1930). I
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short period of time. The mixture was allowed to stand
overnight. Water was added, dropwlse, to the stiff paste.
This eddition was accompenied by a vigorous exothermio
resction. Water was added until solution was nearly
complete and then 10% sulfuric acid was added until the
solution was completely clear. The resulting two-phase
system was transferred to a separatory funnel and the
water layer removed. The water layer was washed twice
with small amounts of benzene and the benzene extracts
added to the original benzene solution. When a small
amount of 54 potassium hydroxide was added to the latter
solution a white curdy preciplitate immediately formed.

This precipltate redissolved on the addition of an excess
of water. The water layer was removed and the benzene
solution washed with water; ether was added to break the
emulsion formed. The benzene-ether solution was dried
over snhydrous sodium sulfate and distilled through a well-
insulated column packed with glass helices until the
distillation temperature reached 80.5%°. On cooling, the
flask contalned a considerable quantity of crystals which
were removed by filtration and washed with a small quantity
of ether. These crystals welghed approximately 8 grams and
proved to be tri- X -furoylmethane. Distillation of the
ether filtrate gave 36 grams (38.5%4 based on the acid

chloride) of impure X-acetylfuran.
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To an agitated mixture of 17.5 grams of magnesium in
500 milliliters of dry ether was added dropwise 100 grams of
methyl 1odide dissolved in 100 milliliters of ether. To this
Grignard solutlon 130 grams of dry cadmium chlorlide was
added slowly. The agitatlion was contlnued until a negative

Gilman test was obtained.S°

The ether solutlion was then
filtered through a cotton plug and the ether removed by
distillation until a vapor temperature of 40° was obtained.
The flask was removed from the heat and 800 milliliters of
benzene added. To this benzene solution 60 grams of furoyl
chloride diluted to 100 milliliters with benzene was added
rapidly. The resulting paste-like mixture was refluxed

for 30 minutes and left overnight. It was refluxed for
another hour the following morning, removed from the heat
end allowed to cool. Water was cauntliously added dropwise

to the benzene solution. This addition was accompanied

with a strong exothermic reaction. A totsl of 100 miliiliters
of water was added and the contents of the flask transferred
to a separatory funnel. The water layer was removed, washed
once with benzene and the benzene was added to the originsl
benzense eolution. When this solution was washed with 10%
potassium hydroxide a yellow-white precipitate formed
immediately. Ether was added to the mixture to aid in
separation of the layers. The potassium hydroxide layer
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containing the precipitate was removed and the ether-benzene
solution given a second potassium hydroxide wash, followed
by & water wash. Drying of the ether-benzene solution over
anhydrous sodium sulfate and subsequent distlllation gave
16.2 grams (32%) of oC-acetylfuran.

The combined potassium hydroxide wash solutions contain-
ing the precipitate were filltered and the residue dissolved
in ethyl alcohol acidified with dilute sulfuric acid and
placed in an ice bath. There was obtgined two grams of fine
yellow needles, m. p. 74-77%. These proved to be di-o< -furcyl-
methane.

The filtrate from above was acidified with 104 sulfuric
acld and the resulting precipitate filtered off and re-
ocrystallized from ethyl alcohol. There was obtained 3 grams
of large colorless needles, m. p. 191-195°. This material
was found to be tri- o< -furoylmethanse. Dilution of the
aleohol filtrate with water gave a second crop weighing
one gram which melted over a wide range. Sepsaration by a
Soxhlet extractlion with Skelly A gave 0.8 gram of di-<X -
furoylmethane. The ylelds of di- and tri-oX -furoylmethane
based on the scid chloride used in the reaotlion ere 6% and

nk respectively.

2. Synthesis of Di- X ~furoylmethane

To a round bottom flask fitted with a reflux condenser,



mechanical stirrer and dropping funnel, were added 100
milliliters of dry ether, 15 grasms of ethyl furocate and

6 grams of sodium methoxide. Ten grams of eo-goetylfuran

was dissolved in 50 milliliters of dry ether and added
dropwise to the stirred, refluxing solution of the ester.
After the addition was complete the refluxing was continued
for five hours. The resulting dark solution was transferred
to a separatory funnel and extracted with 100 milliliters

of 10% potassium hydroxide solution. It was necessary to

add 400 milliliters more ether to effect good phase separation.
A second extraction employing 50 milliliters of the potassium
hydroxide was made. On ascildification of the comblined extracts
with sulfuric acid a derk oll separated. The acidified
solutions containing the oil were placed under an aspirator
vacuum to remove the dissolved ether and the dark oil
solidified. This 30lid material was removed by filtration,
washed with water and dissolved in methanol. Treatment of
the dark methanol solution with Norite A failed to effect
decolorization. The methanol solution was brought to a boll
and water added. On cooling 10.5 grams (B7%) of very fine
needles was obtained. If too much water is added or the
solution cooled too rapidly, the compound precipitates as
mucous-like materiesl. These needles wers found to be soluble
in carbontetrachloride, chloroform, glacial acetic, bensene,
ether, alcohol and slightly soluible in 8kelly A. With ferric

chlorlide they give a wine-red color.
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The crystals were further purified in a Soxhlet apparatus
using Skelly A, A brown residue remained in the extraction
thimble. The corystals in the flask were removed by filtration
and the filtrate evaporated to dryness. There was recovered
9 grams of pure material with a melting point of 70.5-72.0°.

A mixed melting point with the low melting material recovered
from the reaction of dimethyl caedmium on X-furoyl chloride

showed no depressiocon.

This compound is a sufficlently strong acid to be
titrated. The sample was dissolved in 50% ethanol and
titrated employing standerd sodium hydroxide and a Beckman
Model G pH meter. The sodium salt is Insoluble and pre-
cipitates. The end point is not sharp but more of & gradusal
rise in the pHe. A differential plot was not enlightening
80 the midpoint of the rising portion of the curve was tsken
83 the end point.

Anal. Caled. for C,,H0 3 C, 64.71; H, 3.95; neut.
equive,204.2. Found:s C, 64.57; H, 3.90; neut. equiv., 195,

3¢ Di~ X ~furoylmethane Dioxime

A solution of § milliliters of pyridine, 3 milliliters
of absolute ethyl alcohol, 0.5 gram of di- OC-furoylmethane
gnd 0.7 grsm of hydroxylamine hydrochloride was refluxed

overnight over a steam plate.s‘ The solution was then placed

64. Re. Le¢ Shriner and R. C. Fuson, "The Systematic Identifi-
cation of Organic Compounds," Second Edition, John Wiley and
3ons, Inc., New York, N. Y., 1940, p. 167.



in a beaker and evaporated to dryness under a slow stresam
of air. A few drops of water were added and again
eyaporated. The s0lid material was titurated with §
milliliters of water and recrystallized from an ethanol
water mixture. The yield was 0.5 gram (87%) with a melting
point of 174-178°.

Anal. Caled. for 011H1004N2: N, 11.96. Found: N, 11.90.

4, 3,5-Di-2-furylisoxazole

The method of preparation is similaer to that used to
prepare 3,5—d1phenylisoxazolo.65 Di- X ~furoylmethane was
refluxed for four hours with excess hydroxylamlne hydro-
chloride in 954 ethyl alcohol. The aloohol solution was
then poured into ice water and the resulting gray-white
precipitate removed by filtration. The solid was dissolved
in 954 ethyl alcohol, treated with Norite A and filtered.

A small amount of water was added to the flltrate and
allowed to cool. The resulting white needles had a melting
point of 108-109°. These needles were washed with O.1 N
sodium hydroxide by placing them in a beaker with the base
and stirring rapidly for a few minutes. The undissolved
crya£als were then filtered off, washed with water and re-
erystallized from an alcohol-water mixture, me. p. 112°.

Anales Calecd. for C O_N:s N, 6.,87. Found: N, 6.83,

1187%

65. J. Williﬂéﬂu&, AnnO, égé’ 219 (1898)0



5. Iodine Titration of Di-X -furoylmethane

Di- X -furoylmethane gives a good lodoform reaction

by the ordinary qualitative method.66 The resction was

found to be quantitativs.67
i
+ +
(G‘Hso)c 2032 . 312 6NaOH —>
+ .
2(C H50)COONa + CHI, + 3Nal + 3H,0 XII

A weighed sample of the compound was placed in a 250 milli-
liter glassz stoppered flask. To this was added 5 milliliters
of dioxane, 50 millliliters of 1 N sodium hydroxide and

756 milliliters of 0.0914 N lodine solution. The solution
became cloudy when approximately 10 milliliters of the
iodine solution had been added. This solution was allowed
to stand for 9 hours at 40°. At the end of this time 2 K
sulfurlic acid was carefully added until an lodine color
developed (the solution was still basic)e. It was then

left for 2 hours more at 40°. To the cooled solution was
added 5§ milliliters of 2 N sulfurlc acid and the excess
iodine titrated with stendard thiosulfate. Blanks were run

66, N. Do Cheronis and J. B. Entrikin, "Semimicro Qualitative
Organic Analysis,” Thomas Y. Crowell Company, New York, N. Y.,
1947, pe 145.

67. L. Fe Boodwin, J. Am. Chem. Soc., 42, 39 (1920); see also
N. He Furman, "ScottTs Ftandard Methods of Chemicsl Analysis,"”
Fifth Edition, D. Van Nostrand Company, Inc., New York, N. Y.,

1939, p. 2136.
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simultaneously and treated in the seme manner. Results:

Caloculated milliequivalenta of the compound titrated,2.85
and 2.91s Milliequivalents of lodine consumed, 2.90 and

2.93 respectively,

6+ 8ynthesis of Tri- o -furoylmethane

To 50 milliliters of sodium dried toluene was added
3.68 grams of di- o -=furoylmethane and 0.326 grams of
metallic sodiume The solution was stirred and refluxed
until all the sodium had reacted, the solution bescoming
quite pasty due to the precipitation of the sodium salt.
To the suspension of the sodlium salt was added 3 grams of
furoyl chloride. Refluxing was continued for one-half hour
and the solution was cooled and transferred to a separatory
funnel. Ether was added and the resulting solution was
extracted with 104 sodium hydroxide solution. The basio
extract was acldified with dilute sulfuric acid and the
dissolved ether removed under an aspirator vacuum. The
80lid material which precipitated was filtered off, washed
with water and dried in an evacuated desiccator. This solid,
which was quite dark, was placed in a Soxhlet extraction
apparatus and extracted with Skelly A. In this manner
0.39 grams of the di- O< -furoylmethane was recovered.

The material remsining in the thimble was extracted

with 954 ethyl alcohol. The resulting brown solution was



=100~

diluted slightly ﬁith water and allowed to cool. 1In this
manner 2.67 grams of orude tri- o< -furoylmethane (565{ based
on di- o ~furoylmethane éonaumsd) was obtained. Recrystall-
ization from 954 ethyl alcohol gave colorless needles,

Me Po 193%. A mixed melting point with the high melting
material recovered from the reaction of dimethyl cadmium

on furoyl chloride gave no depression.

This compound 1s soluble in carbon tetrachloride,
chloroform, dioxane, ether, slightly soluble in ethanol and
insoluble in Skelly A. An alecohol sclution gives a deep
red color with ferric chloride.

Tri- o< «furoylmethane 1s comparable to potassium acid
phthalate in acid strength as indicated by comparable
titration curves in 50% ethanol. The compound is gquite
insoluble in 50% ethanol so the titration had to be
carried out slowly with rapid stirring of the solutione.

At the endpoint the curve rlses sharply with the equivalence
point st an apparent pH of 8.5. When potassium scid
phthalate is titrated in a similar manner the equivalence
point 1s found at an apparent pH of 9.6.

Anal. Calcde for 01631006: C, 64.43; H, 5.38; neutral
equivalent, 289.2. Found: C, 64.22; H, 3.25; neutral
equivalent, 294.5.

7. Icdine Titration of Tri- oX ~furoylmethane

A8 18 the case with dl- X ~furoylmethane this compound
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gives an lodoform test-es However, by the qualitative
test the solution became dark colored indicating some side
reaction had ooccurred. A quantitative determination was
run employing exactly the same procedure as that used with
the 41~ o< .furoylmethane.

i
(C H O)C| CH + 3I. + 6§aOH —
£'3 3 2
3(c ‘aso)coom * CHI, + 3WaI + 3H 0 XIII

No coloring of the solution occurred in the quantitative
determination. It was found that 2.351 and 1,97 milli-
equivalents of the compound consumed 1.97 and 1.56 millli.
equivalents of iodine respectively.

8. Decomposition of Tri- o -furoylmethane with Base

When a small amount of this compound waa refluxed for
3 hours with 2 N potassium hydroxide no product was isolated
by extraction of the basic solution with ether or by
acidification and extraction.

Furolic acid end di- X -furoylmethane were recovered
when tri- X -furoylmethane was treated with pyridine.
Approximately one-half gram was refluxed 10 hours with 10
milliliters of pyridine and 4 milliliters of water. The

resulting dark solution was evaporated to dryness under a
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slow stream of air and the residue extracted with 10 milli-
liters of hot water, filtered and evaporated to dryness,
A dark o1l remsined which scon solidified, Incomplete
sublimation of this material over a steam plate ylelded
a smell amount of erystalline material with a melting point
of 130°, A mixed melting point with furcic acid was 1319,
From the dark residue remaining after the water
extraction some difurcylmethene was 1solated. The residue
was dried and extracted in s Soxhlet apparatus with Skelly A.
The solution was evaporated snd the resulting crystals had
a melting point of 68-69.5%°. A mixed melting point with
the rreviously prepared di- o< ~furoylmethans was 67-69°,

8. Preparation of the Oxime and Isoxazole of

Tri.o< ~-furoylmethane

When attempting to prepare an oxime of tri-oc-furoyl-
methane 1t was found that one furoyl group was replaced by
hydrogen. A solution of 7 milliliters of pyridine, 3 milli-
liters of water, 0.50 gram of tri- Oc -furoylmethane and 1 gram
of hydroxylamine hydrochloride was treated as given under
the procedure for preparation of the di- X -furoylmethane
dioxime. A yleld of 03 grams with a melting point of
176-178° was obtained. A mixed melting point with the

oxime of dle X «furoylmethsne gave no depression.
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Furoic acid wes 1solated from the filltrate as
p-nitrobenzylfurcate. This was accomplished by acidification
of the filtrate from above with a few drops of dilute sul-
furic acld, extraction with ethsr and evaporation of the
ether extract. The brown solid which remsined was treated

by the method of Shriner aad Fuaon,64

giving s product with
a melting point of 125-128°, A mixed melting point with
an suthentic sample of the ester was 127-120°,

In an attempt to prepare 3,5-difuryl-3-furoylisoxazole
from tri-oC ~furoylmethane the product 1lsolated was the
3 y5~di~ OC -furylisoxazole as indicated by the melting point,
108-109°, and mixed melting point, 108-108°. The method
of preparation was the same as that glven for dl. K -furoyl-
methane. Furoic acld was found to be & by-product on this
reaction. This was recovered by acidification of the original
filtrate with dilute sulfuric acld, extraction with ether,
evaporastion of the ether extract and subsequent sublimation.

The melting point of the sublimed materisl was 128-130°.
A mixed melting point with furoic acid was 129-130°,

;Q. Absorption Spectrs

Further proof of the structure of the compounds prepared
above is glven by the absorption spectra data. Table 11 gives
the features of interest in the ultraviclet absorption spectra

of these compounda. Samples were run in 95% ethanol on a Cary
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Table 11

Ultraviolet Absorption Spectra Data
on Furyl Ketones and Their Derivatives

Wave Length Extinction
Compound of M;:imn Coefficient
Millimicrons Cary Beckman
X =Acetylfuran 226 2,520 2,568
270 14,4580 13,500
Di- X «furoylmethanse 284 8,280 8,890
385 30,480 28,600
380 24,860%
Tri- < -furoylmethane 226 8,530 8,470
281 33,000 32,800
370 10,820 10,520
382 10,090%
Ethyl- X =furoylacetate 228 2,638
278 13,090
o¢ =Acetofuranoxime 265 15,000
- Di- C< =furoylmethane dioxime 264 27,600 27,400
3,5«Di~ X ~furylisoxazole 2583 15,300
292 23,600
Di- OC ~furoylmethane® 276 10,300
378 29,300
Tri~ OC ~furoylmethane® 226 7,520
282 23,610 23,150
370 18,2156 17,680

*Shouldor

ae Two millilitera of the master alcohol solution
plus 10 milliliters of alcohol diluted to 100 milliliters
in s standard flask with 0.06 N sodium hydroxide.

be Two millilitera of the master alcohol solution
diluted to 100 milliliters in a standard flask with 0.06 N

sodium hydroxide.
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recording spectrophotometer and checked on a Beckman Model
DU aspectrophotometer.

The maxima for K-acetyfuran are in good agreement
with litersture valueq.aa The similarity in the position
of the maxima for mono-, di- and tri. ox -furoylmethane gives
additional evidence for the atructure of these compounds.

In determining the absorption spectra of di- and tri-o -
furcylmethsne in basic solution 1t was observed that the
maximum gt 375 millimicrons for the diketone deoressed with
time while that for the triketone remained practically
constant. For example, in one determination a solution,

2,112 x 1.0"5 M di- X -furoylmethane in 1.0 N potassium
hydroxide, gave an initial optical density reading in a
one centimeter cell of 0.548 and in 15 hours the reading
was 0,030, A similar determination with the triketone
at 370 millimicrons showsed no appreciable change.

68. R. F. Raffeuf, J. Am. Chem. Soc., 72, 753 (1950).

&+
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IrI. KINETICS OF SOLVOLYTIC DECOMPOSITION
OF p-TOLUENESULFONYL-2-~-ACETOFURANOXIME

A. Review of Pertinent Literature

Vargha et a1.52 have shown that the furan ring opens
when p-toluenesulfonyl-Z-acetofuranoxime is treated with
alcohol. These men were attempting to prepare the toluene-
sulfonic acid salt of 2-aminofuran but instead 1solated
ammonium p-toluenesulfonate and cls-hexen-2-dion-4,5-
diethylacetal. The structure of the latter compound was
proven by hydrogenation, functionel group tests, preparation
of the oxime and oxidative studies. Further proof of
structure is given by the fact that when attempting to
prepare the free aldehydes from the saturated acetals
pyrocatechol was the product isolated.

In latter studies it was found that p-toluenesulfonyl-2-
acetofuranocxime is relatively stable in s water solution
and that the ring opening took place in absolute ethanol
even though water 1s necessary in a stoichiometriocal
proporticn.e9 They also found that when the tosylate group
was replaced by a benzoyl or trichloroscetyl group the reaction
did not take place even in boiling alcohol. When the tosylate

of 2-propionylfuranoxime, 2~hydroxyacetylfuranoxime and

€9. L. Vargha and F. Gonezy, J. Am. Chem. Soc., 72, 2738
(1950).
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and S-methyl-2-acetylfuranoxime were treated with alcohol
it was found, except in the case of the 2-hydroxyacetyl-
derivative, that higher reaction temperatures were required
to effect the reaction. The products could not be isolated
due to their instablility.



«108-

B. Experimental

1. Preparation of Materials

p-Toluenesulfonyl-2-acetofuranoxime. Furan was

treated with an excess of acetlc anhydride in the presence

of phosphoric acid to prepare 2-acetofuran.7°

To prepare
2-gcétofuranoxime, the ketone was treated with hydroxylamine
hydrochloride and anhydrous sodium acetate in ethyl alcohol.S52
The tosylate was prepared by treating the oxime with
p-toluenesulfonyl chloride in pyridine at -10°.52 mhe melting
point with decomposition was 76-77° while that reported is
80°, Repeated recrystallizations falled to raise ths melt-
ing point. This compound soon turns pink on standing in the
light snd after a few weeks becomes g black ter. It can be
kept for considerable periods of time in an evacuated
container. By keeping it in this manner the compound had
turned only slightly pink after seversl months.

Ethyl Alcohol. Commercial 95£ ethanol was used where

this 18 indlcated. Absolute ethancl was prepared by treat-

ing commercial sbsclute material with magnesium and subsequent

distillation under anhydrous conditiona.71

70. H. D. Hartough and A. I. Kosak, U. S. Pat. 2,460, 825.

71. L. P. Fleaser, "Experiments in Organic Chemistry" Second
Edition, D. C. Heath and Company, New York, N. Y., 1941, p. 359.
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2. Kinetic Studies

Hexen-2-dion-4,5-diethylacetal-l was prepared from
p-toluenesulfonyl-2-acetofuranoxime by the method of Vargha.52
A study of the ultraviolet absorption apectra of the
reactants and products of this reaction were made and the
results are given in Table 12. At 274 millimicrons, the
wave length of maximum sbsorption for p~-toluenesulfonyl-2-
.acetofuranoxime, ammonium p-toluenesulfonate and hexen-2-
dion-4,5~-diethylacetal-l show a minimum. The extinction
coefficient at this wave length for these compounds 1s 50

and 70 cm.'l 1iters moles™t

respectively. In following the
disappearance of p-toluenesulfonyl-Z-acetofuranocxime
apectrophotometrically the small extinotion of these compounds
can be neglected until the reasction 1s approximately 80%
complete. This was indlcated when the logarithm of the
concentration was plotted against time (Figure 18),.

The kinetic runs were made at 26.4° * 0.05° in a
constant temperature bath. The weighed samples were placed
in a 100 mill1liter volumetric flask and made to volume with
solvent which had previously been brought to temperature.

As soon as solution was complete the volumetr;c flask was

placed in the constant temperature bath and a sample removed.
Two milliliter samples were removed at intervals and diluted
to 100 milliliters with ethanol. The optical density at 274

millimierons of the diluted solution was determined immediately.
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Table 12

Molar Extlinction Coefficients
at the Wave Length of Maximum Abasorption

Wave
Extinction
Compound lengths
millimicrons °0®fficlent

p-Toluenesulfonyl-2-acetofuranoxime 226 14,570

271 16,050

274 16 ,200*
Armonium p-toluenesulfonate 222 10,680

256 210

262 249

268 182
Hexen-2-dion4,5-diethylacetal-1 293 86
Hexen~2-dion=-4,5-aldoxime 233 11,700%*

333 11,290

*Thil value i3 undoubtedly low because this compound
dissolves with difficulty in alcohol snd its rate of de-
composition in 95% ethyl alcohol is quite rapid. A value
of 16,800 was found when absolute ethyl alcohol was used.

**Ourve rises sharply to this extinction and remains
practically horizontal to 220 millimicrons.
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Figure 18. First-order rate plots of the solvolytic
decompositign of p-toluenesulfony1-2-ac8tofurenoxime:
(a) 6 x 107 M in 95% EtOH; (b) 4 x 10™° M in 954 EtOH;
(c) 6 x 10~° ¥ in 95% EtOH, 0.1 M sodium perchlorate;
(da) 6 x 10~ M 1in absolute ethanol.



Four runs were made, two in commercial 95% ethyl alecohol,
one in 0.1 M sodium perchlorate in 95% ethyl alcohol and
one in absolute ethanol. The results are shown in Flgure 18.
The rate in 954 ethyl alcohol was found to be 1.36 x
10~ sec.”! and that in absolute alcohol 5432 x 10™° sec.™l.
Assuming that the rate follows the firast order law for the
first three hours when sodium perchlorate is present a rate
of 1.75 x 10~% sec.~1 is obtained. The points lying above
the lines (a) snd (b) in Figure 18 are not dus to a decrease
in rate but rather to interference of the products in
determining the optical density. Since optical densities
are additive one can write

= + +
D EAGA EBCB Ecoc (19)

where CA, OB and GG are the concentrations of the tosylate;

acetal and smmonium tosylate respsctively. The E's are the
respective extinction coefficients at 274 millimicrons.
At any time

C. =g (20)

and

A A c (21)

where c: ls the originel concentration of the tosylate.
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Substituting equations 20 and 21 into equation 19:
o
= c - - -
D EA‘ A OC) EBCC ECCO (22)

in which D 1s the opticael density at any time and C:c then
is the only unknown quantity. By the use of this equation
the point marked with an asterisk on curve (a) has been
calculated. This indicates that the rate is still the

same after six hours when the reaction 1s 954 compls te.
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IV. DISCUSSION

The side reaction of acylation in the prepsration of
« ~gootylfuran from <-furoyl chloride and dimethyl cadmium

can bs explained on the basis of the following mechaniem:

0 ocdcaacl
I I
Re(=01 + (cns)cdx — a-c-.cna XIv
(4)
0CdCH X ?cdx *ocax
il |
I‘l---(:»(.‘:ﬂs _> Ft--t‘.}'“(:fi2 “—> R-—C-Q!B + CH 4 v
X
ca_
+OCdx OI +ol/ \o
[ | | |
n-c-cg‘; 4+ ReCeCl —> R-c-cgg-c.n XVI
I
cl
X )
b by
+7 N /,Od\\
0 0 0 0
Il | I I
R-c-cnz-c-a —> R-C-CHy-C-R XVII

l
Cl

(8)
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/Cd}\(\z 9‘”\[\2
0 o n? ﬁ
Il 1
R-C-CH,~C-R —— R-C=CH-C-R XVIII

S
/ \
BO )
| Il
R-C=CH-C-R + CH,CdX ——>
X0d0  0CdX xcao’  ocax
|0 2 o 2
R-C=CH-C-R < R-C-CH-C-R |[+CH, XIX
xcao”’ 0gax, ? xca.ﬁ+ ﬁCdxz
I Il |
R-C~CH-C-R  + R-C-Cl T R-C-CH-C-R XX
=0-0-C1
R
+
Xcdﬁ ﬁCdxe XBCdﬁ ﬁcdx2
R-G-?H-G-R — R-C-?H-C-R XXI
|
R R
(C)

In the above equations X may be either a halogen or a
methyl group. With our present knowledge of the reaction
it is not possible to state which group would be present in
any stage of the resction. R 18 the furan ring. The
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compounds marked A, B and C are converted to the observed
reaction products on hydrolysis.

The formulation of the first product, A, 1is justifiasble
in view of the fact that 1h reactions of organocadmium
compounds with an acid chloride an insoluble complex 1s
formed. Analogy for reactions XV and XIX is found in the
work of Cason in which he reacted dibutyl cadmium with
l-chlorohexanone-2 and collected 704 of the theoretical
yvield of butane based on dibutyl cadmium.

The relative sase with which reactions XV and XIX take
place to give the amounts of di- and tri- o -furoylmethane
found may be due to electron withdrawal from the carbonyl
carbon by the furasn ring as well as by the carbonyl oxygen.
The resulting partisl positive charge on the carbonyl carbon
withdraws electrons from the methyl group resulting in s
weakening of the carbon-hydrogen bonda. This work suggests
an interesting study. A careful search should be made for
analogous products from the reactions with other acid
chlorides and cadmium compounds. The low recovery of the
furoyl grouping indicates that considerably higher yields
might de obtained by careful fractionation of the mixture.

As stated previously, the similarity in the position of
the ultraviolet absorption maxima of di- and tri- oc-furoyl-
methane to those of (-acetyl furan 1is evidence that the

same groups are present. However, the former compounds have
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an sdditional meximum in the 370 millimicron range. These
maxims are probably due to the enol forms of the dil- and
tri-compounds. If this is true the larger apparent extinction
coefficient of the diketone may indicate thet these compounds
are quite similar to the corresponding bLenzene derivatives,
in that the di-compound 18 more highly enollgzed than the
corresponding ‘l:ri«»cc»mpcmnd."2

Enolisation would decrease the concentration of the
carbonyl form present thus decreasing the apparent lntensity
of at:sorption in the 225 and 280 millimiocron raenges. Another
factor which may contribute to the low sbsorption of Gl- X -
furoylmethane in these ranges is a conjugation effect. It
has been shown that if the conjugation can be extended the
absbrption would change from that expected for a given
group. However, 1if steric effects effectively shorten this
conjugation the absorption spectra becomes more nearly like
the psrent eompoundav5 There is, undoubtedly, considerable
steric¢ hindrance in tri- o ~-furoylmethane which explains its
high absorption at 2256 snd 281 millimicrons.

Raffauf ' has studied the syn- and enti- forms of
furoldoxime and found that they have maxima at 270 and 265

millimicrons respectively. This compound is quite analogous

72. W. Dieckmann, Ber., 55, 2470 (1922); see also G. W. Wheland,

"Advanced 0r§anic Ghemiatry,' Second Edition, John Wiley and
Sons, Inc., New York, N. Y., p. 606.

73. R. F, lefnuf, Eo _;A_I_lio Chem. S008., _6;_8_’ 1768 (1946).
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to X-acetofuranoxime for which the maximum was found at
265 millimicrons. The high extinctlion coefficient and
position of the maximum gives strong evidence for the
structure of di- X -furoylmethanedioxime.

The spectra of the sodium salts of di- snd tri-ox =
furoylmethane are not greatly different than those for the
unionized compounds (Table 11l). One would expect the
absorption maxima to move to longer wave lengths for the
ionized compounds. Although the band in the 370 milli-
micron region is broader in the case of the sodium salts
the position of the maximum remains practically the same.
Ko explanation can be offered for this phenomenon.

Another phenomenon that is not readlly explained is
the recovery of di. X -furoylmethane when tri- ok -furoyl-
methane was treated with pyridine. Spectrophotometric
studies show that di- OX -furoylmethane cleaves readily in
1 N potassium hydroxide while over the same period of time
no change was observed in the concentration of tri- X -
furoylmethane. It appears that the rate determining step
would be the cleavage of the tri-compound and the concen-
tration of the di-compound would not become apprecisble.

The study of the decomposition of p-toluenesulfonyl-2-
acetofuran in slecohol 1s not complete. Further kinetic
runs should be made with varying amounts of water, acid

snd base present.



=119~

On the basis of the absorption spectra of the kinetie
solutiona it appears that a different product is formed
in the presence of aodium perchlorate. The deviation
from the first-order kinetics is attributed to the
production of one or more secondsary products which have
larger extinction coefficients at 274 millimicrons than
the acetal and ammonium tosylate. Further, a complete
ultraviolet absorption curve made after a lapse of two days
shows slight maxima at 310 and 332 millimicrons. These
maxima do not agree with those obtained for the starting
material and the expected products.

The difference in rate of decomposition in absolute
ethanol and 954 ethanol is probsbly due to the difference
in dlelectric constant rether than to the participation
of water in the rate-determining step since going from no
water to a large excess (54) only doubled the rate. The
rate-controlling step must therefore be ioniszation of the
tosylate followed by attack by alcohol. The following

equations offer a logical mechanism for the reactions

.}-
1) guomg—s UV eon, () ooy |+ o
i3 i3 g §GBs| *OTS xxi
N

O Nors ° x

"
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+ U =CCH, + EtOH — EtO-GU ¢-CH XXIII
0 [ 3 o 3
N N
e H e
' ] XXIV
=
EtOCKCK‘CHG-Gncﬂa — B-C /Q’G—Cﬂs xv
N B0 0 K
0 §© -
+BtOH XXVI
Et
0
2Et0H |
(EtO0) GHGH“CHC-CGEs —> (BtO) CHGH"CHC-C—CH3 + EHS XXVII
il o
0 N 0 OEt

The ketal shown as a product of step XXVII would probably
be unstable in the presence of water or decompose to the
ketone on distillation.

Vargha found that when the tosylate group (TS) was
replaced with a trichloroac;tyl or benzoyl group the reaction
did not take place. Hammett states that p-toluenesulfonic
13 a stronger scid than trichloroacetic or benzolc acid?‘
Then with these groups reaction XXII was probably extremely
slow. When the methyl group is replaced with a phenyl group

74. Ref. 6, p. 260,
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a Beckman rearrangement to form furanilide takes place
rether than the ring opening cbzerved with elkyl groups.
This may be due to a different sztero-iscmer being present.
The reasction observed shows that in this casze the phenyl
group 1is trans to the tosylate. Also the fact that the
phenyl group 1s known. to have & higher migrstcry aptitude
then alkyl groupa,75 might, in itself, be sufficlent to
account for the Aifference in the reections of ‘he nethyl
and phenyl ketones even if 1t should develor that the

two compounda have the same configuration.

76. G. W. Whelsnd, "Advanced Organic Chemistry," Second
Edition, John Wiley and 3Sons, Inc., New York, N. Y., p. 513,
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V. SUMMARY

1. In the reaction of dimethyl cedmium with X-furoyl
chloride to prepare K -acetylfuran, a slde reection
yielding two new compoundé, di-~ and tri-cx.-furoylmothane,
took place. A mechanism for this acylation hes been
postulated.

2. Di-‘and tri- X «-furoylmethane have been synthesized by
a sequence of unambiguous reactions and characterized,
The ultraviolet absorption spectra indicate that these
compounds are quite similar to dl. esnd tri-benzoyl-
methane in that the diketone 1s more highly enolized
than the triketone.

3. The decomposition of p-toluenesulfonyl-2-furanoxime
in sleohol haé been found to obey the first-order law
for the tosylate.

4. The rate of the reaction 1s only slightly dependent on
the water concentration. Therefore we infer that water
is not directly involved in the rate-determining atep
but rather affects the reaction velocity by csusing
a change in the dlielectric constant of the medium.
Addition of &n inert electrolyte also brings about an

ineresse in rate.
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5. A mechanism for the solvalytic decomposition of

p-toluenesulfonyl-2-acetofuranoxime has been postulated.
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