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and cerous ion14 of 1.07 X 10" s and 3.0 X IO"10, 
second-order rate constants of 1.2 X 1O4 and 1.7 X 
104 1. mole. "^1 m in . - 1 , respectively, are obtained 
for these ions. 

Although these hydroxometallic ions are consid
erably weaker bases than hydroxyl ion (KA. for 
hydroxyl ion = 10~J6), they are catalytically more 
active than the lat ter (for which k-2 = 2 X 10:i).!5 

This would tend to lend support to the view tha t 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 calcium and 
magnesium, whose hydrated species have very 
small dissociation constants, showed this behavior 
only in alkaline media where the large hydrolytic 
effect of hydroxyl ions prevented quanti ta t ive 
measurement of the part played by the hydroxo
metallic ions. Uranyl ion, on the other hand, ex
hibited a marked effect in extremely dilute solution 
even at low pH levels. 

Experimental 
Reagents .—CP. grade chemicals were used as purchased, 

without further purification. Cupric chloride was ob
tained as the dihydrate, manganous chloride as the tetra-
hydrate and cerous nitrate as the hexahydrate. GB of high 
purity was obtained from the Chemical Research Division 
of the Chemical Warfare Laboratories. 

Apparatus.—In early experiments the Beckman model G 
fill meter was used. Later the p'H was held constant with 
a Beckman model K automatic titrator set to deliver the 
smallest possible increments of titrant, and provided with a 
5-ml. base-filled microburet graduated to 0.02 ml. Reac
tion temperature in a jacketed 250-ml. beaker was inaiu-

('! I) T. .Mueller, J. Phys. Chcm., 50, J-H' ( IWIi ) . 
(IS) J. Eps t e in , V. K. Bauer , M. Saxe and M . M, Demek , T H I S 

J O U R N A L , 78 , 40(18 (IiIjIi) . 

The vibrational spectra of the o-halophenols, 
first investigated in the near infrared region by 
WuIf, et a/.,1 show a doubling of the hydroxyl 
stretching frequencies a t concentrations low enough 
to prevent intermolecular association. One of the 
bands occurs a t 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 occur in the spectra of phenols o-substituted 
with other types 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 . WuIf, U. Liddel and S. B . Hendr icks , T H I S J O U R N A L , 58 , 
2287 (193f>). 

tained at 25.0° by a Precision Scientific Co. constant tem
perature circulating bath. Reaction mixtures were con
stantly stirred with a 1-inch Teflon-covered magnetic stirring 
bar. A Klett-Summerson photoelectric colorimeter pro
vided with a Xo. 42 filter was used in the analysis for GB. 

Kinetic Measurements.—Solutions of GB and the metal 
salt (on the acid side) were mixed in the reaction vessel to 
give the required concentration of each, and the />H was 
adjusted with base from the microburet. The amount of 
base, Vi, required to keep the ^H constant during the 
course of reaction (hydrolysis liberates one mole each of 
isopropylmethylphosphonic acid and hydrofluoric acid) was 
recorded against time. Basic hydrolysis and back titra
tion of an aliquot of the GB stock gave the volume of base 
( 1'co) required at infinite time. Suitable corrections were 
applied to the data to account for initial acidity, withdrawal 
of samples and volume changes, and the corrected values of 
( 1'.» — J1)/Fa=, which represents the fraction of GB re
maining, were plotted on semi-logarithmic paper. The 
plots were virtually linear; thus, the reactions exhibited 
first-order kinetics. In three experiments these results were 
confirmed by direct analysis for GB by the peroxide-r>-
tolidiue method.16 Most of the experiments were con
ducted in the pH range 5-6.5, in which the spontaneous 
hydrolysis rate of GB, due to catalysis by water and by hy
droxyl and hydroiiium ions is negligible. From the slopes 
of the semi-logarithmic plots, the first-order rate constants, 
k, were calculated in the usual manner.17 These varied 
with metal ion concentrations and pH. In experiments 
with manganous and cerous ions, nitrogen had to be bubbled 
through the reaction mixtures to prevent oxidation, which 
would have changed the concentration of the desired metal 
ion and caused an anomalous increase in the uptake of base. 
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Ill')) H. Gehauf, J. E p s t e i n , O. B. Wilson, B. W i t t e n , S. Sass, V. Ii . 
Bauer and W. I I . C. Rueggebe tg , Anal. Chen,., 29, 278 (1957). 

(17) A. A F ros t and R. O. Pea r son , " K i n e t i c s a n d M e c h a n i s m , ' ' 
J o h n Wiley and Sons, Inc . , N e w York , X . Y., 1953. 
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Pauling,- and subsequently others , 3 4 ascribed 
this doubling to an equilibrium involving cis and 
trans structures of the type 

V ) CK •. 
| X I X 

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

(2) L. Pau l ing , ibid.. 58, 94 (193Ii). 
(3) L. R . Z u m w a l t and R . M . Badger , ibid., 62, 305 (1940; . 
(4) M . M . Davies , Trans. Faraday Soc, 36 , 333 (1940). 
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The j/(iFi stretching frequencies of pure o-halophenols show a doubled band having a trans/cis ratio considerably smaller 
than previously observed. Both the i n shift and the trans/cis ratio increase in the order F < Cl < Br < I. An explanation 
is offered for this effect based on a destabilization of the trans configuration compared to that of the cis. 
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matic 7r-molecular orbitals and one of the non-
bonding electron pairs on the oxygen. The bond 
type of the oxygen consequently tends toward sp2 

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 cis configuration more stable than the 
trans by 2 to 3 kcal./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-halophenols, 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 values5a 'b 

of phenol and some chlorophenols on columns of silicic acid 
are phenol, 0.27; o-chlorophenol, 0.64; and ^-chlorophenol, 
0.44. These values indicate that o-chlorophenol should be 
easily separable by chromatography from either phenol or 
p-chlorophenol, the two compounds most likely to be con
tributing to the "trans" O-H band position. Xo values 
were listed for either the bromo- or iodophenols, but one 
would expect that the relative values of the o and ^-isomers 
would be sufficiently different to allow a clean separation. 

A final attempt at the removal of phenol or any phenol 
unsubstituted in the o-position was made by the selective 
reaction of the hydroxyl groups with hvdroxylic reagents 
such as P2O5 and PCIs. Particularly in the case of PCU, 
rate studies showed that phenols unsubstituted in the 0-
position react faster than the o-halophenols. This reaction 
was run in CCU 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 trans 
bands were observed as the reaction proceeded to completion. 

The spectra were obtained in the fundamental O-H 
stretching region at 3600 c m . - 1 with a Beckman DK-II 
spectrophotometer. The resolution of the instrument at 
maximum performance was about 4 cm. - 1 ; however, the 
relative positions of the sharp O-H bands could be measured 
to about ± 1 c m . - 1 with a day-to-dav reproducibility of 
± 2 cm."1 . 

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 I 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 0-
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 66f> (1953). (b) Rate values as used here are denned as the 
ratio of the rate of movement of the adsorptive in the column to the 
rate of movement of the developing solvent. 

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 O-HALOPHENOLS 
Av 

v o H . c m . - 1 Trans/cis ratio (trans — 
Phenol Trans Cis Present Previous cis) 

o-Fluoro- 3584 <20 
o-Chloro- 3600 3542 1/56 1/11 58 
o-Bromo- 3598 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 
trans/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.^1 whereas the hydroxyl frequencies in 
phenol and p-iodophenol are at 3604 and 3599 
cm.-"1, respectively. The values of VO~H for the p-
halophenols are listed in Table II for comparison. 

TABLE II 

O-H FREQUENCIES FOR PHENOL AND ^-HALOPHENOLS 

Phenol i-, cm."1 Phenol v, cm._1 

p-Fluoro- 3607 p-Bromo- 3600 
Phenol 3604 p-lodo- 3599 
p-Chloro- 3602 m-Bromo- 3597 

The data of Table I show that both the trans/cis 
ratio and the Av 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.6 

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 Av shift to increase according to this 
series despite a decreasing electronegativity of the 
halogen. The fact that both the trans/cis ratio 
and the Av shift increase in the same order appears 
to argue against the applicability of Badger's rule7 

which states that the progressive shift to lower fre
quencies is an indication of increasing strength of 
the hydrogen bond. If the rule is valid here, one 
would expect the trans/cis ratios to decrease from 
chloro to iodo, whereas the reverse is true. 

A logical explanation of this anomaly is that the 
Av 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 sp2 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 

(G) The acidity of the ^-halophenols increases in the same order. 
Since the orlho 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 (1958). 

(7) R. M. Badger and S. H. Bauer, / . Chem. Phys., 5, 839 (1937) 
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> Cl > Br > I. Therefore, this should be the 
series for an increasing 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 

(8) Fo r phenols hav ing an o a l k o x y group, a single O - H band is 
observed which has a ^v shift of a b o u t 55 cm. _ 1 from the phenol posi
t ion . T h i s is compa t ib l e w i t h t he a b o v e exp lana t ion because t he 
alkoxy in t e rac t ion of t h e t y p e 

R-

is even greater t h a n the comparab l e in te rac t ion shown by the fluoro 
g roup . Th i s again would decrease t he s t ab i l i ty of t he trans O - I I posi
t ion. On the o the r hand , this t y p e of resonance in te rac t ion is less 
i m p o r t a n t for sulfur t h a n for oxygen because of t h e g rea te r difficulty 
in forming ir[> bonds , bu t again t he O - H b a n d is single. Th i s is p rob 
ably due to the m u c h greater s t r eng th of the O-H. . . S hydrogen bond 
as evidenced by a A^ shift of a b o u t 150 cm. ~'; A. W. Baker , J. Phys. 
Chem., 62, 744 (1958). 
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A kinetic study of the oxidation of formaldehyde with chromic acid has been made. The order of the reaction with re
spect to chromic acid, formaldehyde and H + ion has been found to be first, first and second at all hydrogen ion concentra
tions. The temperature coefficients for the temperature range between 25 and 55° at various concentrations have been 
determined. The product of the reaction, formic acid, was detected by the chromotropic acid reaction and then estimated 
by couductometric titration. The effects of light is negligible. The effects of some salts on the oxidation rates have been 
studied. The induction factor for the induced oxidation of manganous sulfate to manganese dioxide has been found to be 
0.5. From a knowledge of the above results a possible mechanism for the oxidation of formaldehyde by cliromic acid has 
been proposed. 

Introduction 
A survey of the literature reveals tha t although 

a large number 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 
terms of a detailed mechanism of the reactions. 

Kinetic studies on the oxidation of formalde
hyde by hydrogen peroxide,1 hydrogen peroxide in 
alkaline solution,- potassium permanganate,3 co-
baltic ions,4 eerie ions,5 nitrogen dioxide,6 and 
photochemical oxidations7 have been made in some 
detail. Williams and Woods3 found tha t aro
matic and aliphatic aldehydes are oxidized by iodic 
acid. Studies on the oxidations of other aldehydes 
by hydrogen peroxide,9 selenium dioxide,10 potas-

(1) J. H. Kas t l e and A. S. I .ovenhar t , T H I S J O U R N A L , 21, 262 

11899); H. Wieland and A. Wingler , Ann., 431, 301 (1923) . 
(2) K. Wirtz and K. P, Bonhoeffer, Z. physik. Chem., B32 , 108 

(1!WIi); .1. B. Ja i l le t and C. Quellet , Can. J. Chem.. 29, 1040 (1951); 
C. A , 47, .',2IiOa ( 1 9 M ) ; Ii. Abel. Z. physik. Chem. (Xeue Folge). 7, 
101 (19.Mi) 

(3) J. Ho l lu t a ami A. M u t s c h i n , ibid.. 150, 381 (1930). 
(4) C. F H. Bawn and A. G. Whi te , J. Chem. Soc., 343 (1951); 

G. Harg reaves and L. H. Sutcliffe, J'rans. Faraday Soc, 51, 780 
(!955) . 

(5) G. H a r g r e a v e s and L. H. Sutcliffe, ibid., 51, 1105 (1955). 
(0) !•'. H . Pol lard and I i . M . H. W y a t t , ibid., 45, 700 (1949); F . H . 

Pol lard and P. Woodward , ibid., 45, 707 (1949). 
(7) B. C. A. H o r n e r a n d D. W. G. Style , ibid., 50, 1197 (1954); 

F, C. A. Horner , D, W. G. S ty le a n d D . S u m m a r s , ibid., 50, 1201 
;1954); J. C. Ghosh a n d S K. X a n d y , J. Indian Chem. Soc., 6, 975 
(1929). 

(S) R. J. Wi l l iams and M. A. Woods, T i n s J O U R N A L , 59, 1408 
11937). 

(H) J. H. Payne and G. Iv Lemon, ibid., 63 , 220 (1941); L. Re iner , 
Z. awrrg. allgem. Chem., 141 , 3113 (1925). 

(10) X. X. Meln ikov a n d M . S. R o k i t s k a y a , J. Gen. Chem., U.S.S.R., 
7, 2738 (1937): see G. R. W a i t k i n s and C. W. Cla rk , Chem. Revs., 36, 
250 (1945). 

sium permanganate in neutral, acidic and alkaline 
medium,1 1 manganic pyrophosphate,1 2 nitrogen 
dioxide13 and by molecular oxygen11 also have been 
made. In spite of these investigations, the de
tailed nature of the rate-determining step still re
mains obscure. 

Lucchi15 studied in some detail the oxidation of 
substi tuted 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, M-butyraldehyde and isobutyralde-
hyde bv chromic acid also has been studied in de
tail.16 

In the present paper the oxidation of formalde
hyde has been studied with chromic acid at con
stant ionic strength of 0.4 in the hope of throwing 
light on the detailed mechanism of the oxidation 
of aldehydes by chromic acid. Fur ther we have 
a t tempted to find out whether there is any simi
larity in the mechanisms 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 conductivity w'ater. The chromic acid 
content was determined iodometricallv. 

(11) F . C . T o m p k i n s . Trans. Faraday Sec., 39, 280 (1943); K. B. 
Wiberg and R. S tewar t , T H I S J O U R N A L , 77, 1780 (1955). 

(12) A. Y. D r u m m o n d and W. A. W a t e r s , J. Chem. Soc., 435 (1953). 
(13) C. A. M c D o w e l l and J. H, T h o m a s , Trans. Faraday Soc, 46, 

1030 (1950); A. E . Pcdler and F . H. Pol la rd , ibid., 53, 44 (1957). 
(14) C. F . H, Bawn and J. B. Wil l iamson, ibid., 47, 721 (1951); 

47, 735 (1951); J B F a n n e r and C. A. M c D o w e l l , ibid., 48 , 024 
(1952). 

(15) F . Lucchi , Boil. Sti.jaioUa ehim ind. Bologna, I I , 208 (1940); 
I I , 333 (1940); 2, 105 (1941); Gazz. chim. Hal., 7 1 , 729, 752 (1941). 

(10) V. A n t o n y and A. C . C h a t t e r j i , unpub l i shed work. 


