and cerous ion'* of 1.07 X 10-® and 5.0 X 10719,
second-order rate constants of 1.2 X 10* and 1.7 X
10* 1. mole.”! min.—!, respectively, are obtained
for these ions.

Although these hydroxometallic ions are consid-
erably weaker bases than hydroxyl ion (Ka for
hydroxyl ion = 107!8), they are catalytically more
active than the latter (for which b = 2 X 10%).%
This would tend to lend support to the view that a
push-pull mechanism is involved.

Similar effects have also been observed in these
laboratories with magnesium, calcium and uranyl
ions. As might be expected, both caleium and
magnesium, whose hydrated species have very
small dissociation constants, showed this behavior
only in alkaline media where the large hydrolytic
effect of hydroxyl ious prevented quantitative
measurement of the part played by tlie hydroxo-
metallic ious. Uranyl ion, on the other hand, ex-
hibited a marked cffect in extreniely dilute solution
even at low pH levels.

Experimental

Reagents.—C.p. grade chemicals were used as purchased,
without furilier purification. Cupric chloride was ob-
tained as the diliydrate, manganous chloride as the tetra-
hydrate and cerous nitrate as tlie hexalivdrate. GB of high
purity was obtained from the Cheinical Research Division
of the Cliemical Warfare Laboratories.

Apparatus.——In carly experiments tlie Beckman model G
pH meter was used.  Later the pH was lield constant with
a Beckman model K automatic titrator set to deliver the
smallest possible increments of titrant, and provided with a
AH-ml. base-filled niicroburet graduated to 0.02 ml. Reac-
tion temnperature in a jacketed 230-ml. beaker was 1main-

(1 T,
{15 J. Bpstein, V. 15,
JournaL, 78, 1068 (1456).

Aloeller, J. Phys. Chowse., 80, 242 (1946).
Baner, M. Saxe and M. M, Demek, Tuis
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tained at 25.0° by a Precision Scientific Co. coustant tem-
perature circulating butll. Reaction mixtures were con-
stautly stirred with a 1-inch Teflon-covered magnetic stirring
bar. A Klett-Sunnnerson pliotoelectric colorimeter pra-
vided with o No. 42 filter was used in the analysis for GB.
Kinetic Measurements.—Solutions of GB anud the metal
salt (on the acid side) were mixed in the reaction vessel to
give the required concentration of cacli, and the pH was
adjusted witlt base from the microburet. Tlie amount of
base, Vi, required to keep the pH constant during the
course of reaction (hydrolysis liberates one mole eacli of
isopropylitethylpliosplionic acid and hydrofluoric acid) was
recorded against time. Basic hydrolysis and back titra-
tion of an aliquot of the GB stock gave the volunmie of base
(Vo) required at infinite time, Suitable corrections were
applied to the data to account for initial acidity, withdrawal
of samiples and volume changes, and the corrected values of
(Ve — 1)/ Ve, whicli represents tlie fraction of GB re-
maining, were plotted on semi-logaritlunic paper. The
plots were virtually linear; thus, thie reactions exhibited
first-order kinetics. In tlirec experintents these resuhts were
cottfirmed by direct aualysis for GB by the peroxide-a-
tolidine method.’® Most of tlie experiments were can-
ducted in the pH range 5-6.5, in which thie spontaneous
hydralysis rate of GB, due to catalysis by water and by liy-
droxyl and lhiydronium ious is negligible. From tlie slopes
of tlie scimi-logarithmic plots, the first-order rate canstants,
k. were caleulated in the usual maunner.”  These varied
with metal ion concentrations and pH, In expcriments
with manganous and cerous ions, nitrogen liad to be bubbled
thirough the reaction miixtures to prevent oxidation, wlich
would have clianged thie concentration of the desired metal
ionn and caused an anomalous increase in the uptake of base.
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ArMy CieMIcAL CENXTER, MD.

[CoxTrRIBUTION FROM THE Dow CHEMICAL Co., WESTERN DIVISION]

On the cis-trans Equilibria in o-Halophenols

By ALviN W. BAKER

RECEIVED FEBRUARY 24, 1958

The von stretehing frequencies of pure o-lialoplienols show a doubled band having a trans/cis ratio considerably smaller

thau previously observed.

Both the Av shift and the trans/cis ratio increase in the order F < Cl < Br < 1.

An explanation

is offered for this cffcet based on a destabilization of the trans configuration compared to that of the cis.

The vibrational spectra of the o-halophenols,
first investigated in the near infrared region by
Wulf, et al.,;' show a doubling of the hydroxyl
stretching frequencies at concentrations low enough
to prevent intermolecular association. One of the
bands occurs at a nearly normal phenolic position
while the other, which is always much more intense,
is shifted to lower frequencies by an amount de-
pendent on the halogen. Since comparable effects
do not ocecur in the spectra of pheuols o-substituted
with other tvpes of basic atoms such as oxygen,
nitrogen or sulfur, the doubling is somewhat
anomalous and a complete explanation has not yet
been found.

(1) O. R. Wulf, U. Liddel and 8. B. Hendricks, Tuis Jourx~au, 58,
2287 (1936).

Pauling.* and subsequently others,* ascribed
this doubling to an equilibrium involving cis and
trans structures of the type

o
X | X
s N
L

S

According to this hypothesis, the O-H boud is
partially constrained to the aromatic plane be-
cause of resomance interaction between thie aro-

$2) 1. Pauling. ibs/., 58, 94 (1936).

(3) L. R. Zumwalt and R. M. Badger, 7bid., 62, 305 (1040;.

(4) M. M. Davies, Trans. Faraday Soc., 36, 333 (1940).



TJuly 20, 1958

matic w-molecular orbitals and one of the non-
bonding electron pairs on the oxygen. The bond
type of the oxygen consequently tends toward sp?
hybridization with two minimum potential energy
configurations as shown. In the cis position, a
hydrogen bond is formed to the halogen thus mak-
ing the c¢is configuration more stable than the
trans by 2 to 3 kecal./mole.

Several unpublished criticisms of the above
interpretations have led the author, in the course
of a more extended investigation of phenols, to re-
examine the spectra of the o-halophenols for addi-
tional data. The critics believed that the higher
frequency band in each instance is more likely due
to a trace of phenol impurity than to the presence
of trans isomer, in part because of the difficulty of
separating the o-halophenols from phenol. This
argument is reasonable for o-chlorophenol (b.p.
175.6°), but seems much less so for o-bromo- and
o-iodophenol which have boiling points of 194.5°
(760 mm.) and 186-187° (160 mm.), respectively,
compared to 181.8° (760 mm.) for phenol.

Experimental

Samples of the o-haloplhenols, obtained from Distillation
Products and Delta Chemical Co. (o-fluorophenol), were
exhaustively purified by distillation and then by repeated
passes through a chromatographic column or, for o¢-iodo-
phenol, sublimation. Chromatographic rate valuesia b
of phenol and some chlorophenols on columns of silicic acid
are phenol, 0.27; o-chloroplienol, 0.64; and p-clilorophenol,
0.44. Tliese values indicate tliat o-clilorophenol should be
easily separable by chromatography from either phenol or
p-chlorophenol, the two compounds most likely to be con-
tributing to the ““4rans’’ O-H band position. No values
were listed for either the bromo- or iodophenols, but one
would expect that the relative values of the o and p-isomers
would be sufficiently different to allow a clean separation.

A final atteinpt at the removal of phenol or any plenol
unsubstituted in the o-position was made by the selective
reaction of the hydroxyl groups with hydroxylic reagents
such as P,O; and PCl;. Particularly in the case of PCl;,
rate studies showed that phenols unsubstituted in the o-
position react faster than the o-haloplienols. This reaction
was run in CCly at concentrations of about 0.07 molar with
the purest phenols which could be prepared by the above
techniques. The relative intensities of the cis and frans
bands were observed as the reaction proceeded to completion.

The spectra were obtained in the fundamental O-H
stretching region at 3600 cm.™! with a Beckman DK-II
spectrophotometer. The resolution of the instrument at
maximum performance was about 4 em.™!; however, the
relative positions of tlie sharp O-H bands could be measured
to about =1 em.™! with a day-to-day reproducibility of
£2 cm. 7L

Results

After the above purification procedures, the
spectra of all of the o-halophenols except o-fluoro-
phenol still showed the hydroxyl doublet. The
trans/cis ratios did not decrease during the chemi-
cal reaction technique although this ratio could be
improved on samples known to be impure. How-
ever, the trans/cis ratios were very much smaller
than those previously reported, thus indicating that
impurities were indeed present in the earlier sam-
ples. The doublet could not be detected for o-
fluorophenol, but this may have been due to the
fact that the trans band is very weak in o-fluoro-
phenol and occurs on the high-frequency side of

(5) (a) A. L. LeRosen, J. K. Carlton and P. B, Moseley, Anal.
Chem., 25 666 (1933). (b) Rate values as used here are defined as the

ratio of the rate of movement of the adsorptive in the column to the
rate of movement of the developing solvent.

-
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the main band with a very small wave number sep-

aration, The relevant data are given in Table I.
TABLE I
O-H FREQUENCIES OF 0-HALOPHENOLS
A
voH, cm. ~! Trans/cis ratio (h‘a;s —

Phenol Trans Cis Present Previous ¢1s)
o-Fluoro- 3584 <20
0-Chloro- 3600 3542 1/56 1/11 58
o-Bromo- 3508 3524 1/38 74
o-Iodo- 3593 3500 1/13.5 93

Two factors argue in favor of the high purity of
these samples; these are (1) complete reaction of
the O-H group or additional passes through the
chromatographic column did not reduce the
irans/cis ratios, and (2) the frequencies of the
trans bands are detectably different from those of
the suspected impurities. This is particularly evi-
dent for o-iodophenol which has a trans band at
3593 cm.—! whereas the hydroxyl frequencies in
phenol and p-iodophenol are at 3604 and 3599
cm. ™, respectively. The values of vo_g for the p-
halophenols are listed in Table II for comparison.

TaBLE II
O-H FrREQUENCIES FOR PHENOL AND p-HALOPHENOLS
Phenol », cm. "1 Phenol v, cm, 7!
p-Fluoro- 3607 p-Bromo- 3600
Phenol 3604 p-Todo- 3599
p-Chloro- 3602 m-Bromo- 3597

The data of Table I show that both the trans/cis
ratio and the Aw shift increase in the order F < Cl
< Br < I. This is also the order which is shown
for the size of the atomic diameters of the halogens.$
Since the strength of the hydrogen bond increases
as the amount of the donor electron overlap and
the acidity of the O-H group increase, one would
expect the Ap shift to increase according to this
series despite a decreasing electronegativity of the
halogen. The fact that both the trams/cis ratio
and the Ay shift increase in the same order appears
to argue against the applicability of Badger’s rule’
which states that the progressive shift to lower fre-
quencies i1s an indication of increasing strength of
the hydrogen bond. If the rule is valid here, one
would expect the frans/cis ratios to decrease from
chloro to iodo, whereas the reverse is true.

A logical explanation of this anomaly is that the
Ay shifts are valid measures of the strength of the
hydrogen bonds but that the trans isomers are de-
stabilized with respect to the cis isomers according
to the sequence F > Cl > Br > I. Two possible
mechanisms which might be contributing to this de-
stabilization are as follows: When the oxygen bonds
rehybridize because of conjugation with the ring,
the sp? type orbital of one of the non-bonding pairs
of electrons probably overlaps a similar rehybrid-
ized orbital on the halogen leading to a repulsive
interaction. Secondly, and possibly more im-
portant, ability of the halogens to participate in
such an effect decreases markedly in the series F

(6) The acidity of the p-halophenols increases in the same order.
Since tHe ortho inductive effects are as large or larger than the para,
the increasing acidity will aid formation of the hydrogen bond; A. W.

Baker, J. Phys. Chem., 62, 744 (1938).
(7) R. M. Badger and S. H. Bauer, J. Chem. Phys., 5, 839 (1937)
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> (Cl > Br > 1. Therefore, this should be the
series for an dncreasing hydroxyl interaction with
the ring since such effects are partially mutually
exclusive. As a consequence, resonance interac-
tion probably constrains the O-H bond direction
to the aromatic plane to the least extent in o-
fluorophenol and to the greatest extent in o-iodo-
phenol .

(8) For phenols having an o-alkoxy group, a single O-H band is
observed which has a Ay shift of about 55 cm. 7! from the phenol posi-

tivn. This is compatible with the above explanation because the
alkoxy interaction of the type

A. C. CHATTERJT AND SaMIR KUMAR MUKIIERJEE
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is even greater than the comnparable interaction shown by the fluoro
group. This again wonld decrease the stability of the rans O-H posi-
tion. On the other hand, this type of resonance interaction is less
important for sulinr than for oxygen because of the greater dilficulty
in forming # bonds, but again the O—H band is single. This is prob-
ably due to the much greater strength of the O-H. . .8 hydrogen bond
as evidenced by a Ap shift of about 150 em.~1; A. W. Baker, J. Phys.
Chem., 62, 714 (1958).
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Mechanism of Chromic Acid Oxidations.

Part IV. Oxidation of Formaldehyde by

Chromic Acid

By A. C. CHATTERJI AND SAMIR KUMaR MUxigrjsn
RECEIVED MAavy 20, 1957

A kinetic study of tlie oxidation of formaldelivde with chramie acid has been made.

The order of the reaction with re-

spect to cliramie acid, formaldelivde and H* ion hias been found to be first, first and secand at all hvdrogen ion concentra-

tions.
determined.
by conductonietric titration.
studied.
0.5.
heen proposed.

Introduction

A survey of the literature reveals that although
a large nuniber of oxidizing agents have been used
to oxidize aliphatic as well as aromatic aldehydes
only a few workers have studied the oxidation of
these in sufficient detail to interpret their results in
teris of a detailed mechanism of the reactions.

Kinetic studies on the oxidation of formalde-
hyde by hydrogen peroxide,’ hydrogen peroxide in
alkaline solution,? potassium permanganate,® co-
baltic ions,* ceric ions,® nitrogen dioxide,® and
photochemical oxidations’ have been made in some
detail. Williams and Woods® found that aro-
matic and aliphatic aldehydes are oxidized by iodic
acid. Studies on the oxidatious of other aldehydes
by hydrogen peroxide,® selenium dioxide,!® potas-

(1) J. H. Kastle and A. S. Lovenhart, Tuis JournNar, 21, 262
{189)); H. Wieland and A. Wingler, Anusn., 431, 301 (1923).

(2) K. Wirtz and K. I, Bonhoeffer, Z. physik. Chem., B32, 10§
(103¢); J. B. Jaillet and C. Quellet, Cax. J. Chepr., 29, 1046 (1931);
oA 47, 5230a (1953 150 Abel. Z. physik. Chen. (Newe Folge), 7,
101 (1456)

(3) 1. Holluta and A. Mutschin, ibid.. 180, 381 (1930).

(4) C. I, H. Bawn and A. G. White, J. Chem. Soc., 343 (1951);
(>. Hurgreaves and 1. H, Sutcliffe, T'vans. Faraday Soc., 81, 786
(1955)

(5) G. Hargreaves and 1.. H. Sutcliffe, 7bid., B1, 11058 (1955).

() I'. H. Pellard and R. M. H. Wyatt, ibid., 45, 760 (1949); F. H.
Pollard and P, Woodward, b4/, 46, 767 (1949).

() 13. C. A. Horner and D. W. G. Style, #bid., 80, 1197 (1931);
15, C. A. Horner, D. W. G. Style and D. Summars, ibid., 60, 1201
(1954); J. C. Ghosh and S. K. Nandy, J. Indian Chem. Soc., 6, 975
(1929).

(8) R. J. Williams and M. A. Woods, Tuts Journar, 69, 1408
D37

(4) J. H. Payue and G. 15, Lemon, 1bid., 63, 226 (1841); L. Reiner,
Z. wnnrg. allgem. Chym., 141, 363 (1925). .

(10) N.N. Meclnikov and M. 3. Rokitskaya, J. Gen. Chen., U.S.S.R.,
7, 2738 (1087): see . R, Waitkins and C. W. Clark, Chemn. Revs., 36,
250 (10435).

The teniperature coefficients for tlhe temperature range between 25 and 355° at various concentrations liave been
The product of the reaction, formic acid, was detected by the chronotropic acid reaction and then estimated
The effects of light is negligible.
The induction factor for the induced oxidation of manganous sulfate to manganese dioxide lias been found to be
From a knowledge of the above results a possible mechanisin far the oxidation of formaldehvde by chromnic acid has

The effects of some salts on the oxidation rates have been

sium permanganate in neutral, acidic and alkaline
medium,!! imanganic pyrophosphate,'* mnitrogen
dioxide'® and by niolecular oxygen!? also have been
made. In spite of these investigations, the de-
tailed nature of the rate-determining step still re-
mnains obscure.

Lucchi? studied i somne detail the oxidation of
substituted aromatic aldehydes by chromic acid in
acetic acid-sulfuric acid solutions. From his data
it is impossible to determine which ion of chro-
mium is the active oxidizing agent. Oxidation of
acetaldehyde, #n-butyraldehyde and isobutyralde-
hyde by chroniic acid also has been studied in de-
tail .16

In the preseut paper the oxidation of forinalde-
hyde has been studied with chromic acid at con-
stant ionic strength of 0.4 in the hope of throwing
light on the detailed niechanism of the oxidation
of aldehydes by chromic acid. Further we have
attenipted to find out whether there is any simi-
larity in the mechanisnis of oxidation of alcohols
and aldehydes by chromic acid.

Experimental

(1) Chemicals.—Merck {C.p.) chromium trioxide was re-
crystallized from conductivity water, and stock solutions
were prepared in couductivity water. The chromic acid
content was deterinined iodometrically.

(11) 13 C. Tompkins, 7vans. Favaday Sce., 39, 280 (1943);
Wiberg and R. Stewart, Tiis Journar, 77, 1786 (1955).

(12) A. Y. Drummond and W. A. Waters, J. Chem, Soc., 435 (1953).

(13) C. A. McDowell and J. H. Thomas, Trans. Faraday Soc., 46,
1030 (1450); A. E. Pedler and I, H. Pollard, 6id., 88, 44 (1937).

{145 C. 15, H. Bawn and ). B. Williamson, sbsd., 47, 721 (1951);
47, 735 (1951); T B. PFarmer and C. A, McDowell, 7bid., 48, 624
11952).

(15) 15, Luechi, Boil, sci. incoite chim, fad. Bologna, 11, 208 (1840);
IX, 333 (1940); 2, 165 (1011); Gazz. chim. ital., T1, 729, 752 (1941).

116) V. Antony and A. C. Chatlerji, unpublished work.
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