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TaBLE VI

CuroMIUuM(VI) IN ACID SOLUTION

RELATIVE RATES OF REDUCTION OF ORGANIC HALIDES BY
TRI-n-BUTYLTIN HYDRIDE AT 45°

Expt. Competitor A Competitor B Solvent kB kA
1 »n-CiHsBr 2-BrCsHp CesHsCH; 2.63
2 1-BrCgHypr 2-BrCs4Hj CsHsCH3 2.72
3 n-BrC4H, 1-BrCsHyy Ce¢H;CH; 1.10
4 n-C4Hg¢Br t-C4HyBr CeH4(CHz3)g 7.56
5 n-C4HyBr t-CsHsBr CsH4(CHs)e 6.79
6 #n-CiHoBr Cyclo-Ce¢Hi Br Cyclo-CeHy 1.46
7 n-C¢HoBr Cyclo-CsHgBr Cyclo-CsHyz 2.37
8 BrCH:(1 CsHs;CHBr CeH:C1 1.30
9 BrCH.,C1 CsHs;CHBr CeHsC1 1.30

10 CsHs;CH:Br cCyy CeHsC1 2.16
11 CeéH:CH;:Br CCu, Ce¢HsBr 2.38
12 Ce¢H:CH:Br CCu CeHsBr 2.14
13 CsHsCH:Br BrCHC1, CesHsBr 3.18
14 CesH:CH;:Br BrCHC1, CeHsBr 3.50
15 CsHeCH;Br BrCHC1; Ce¢HsBr 3.30
16 CsHs;CH:Br BrCHCI CeHsBr 3.26
17 CsH;CH:Br BrCHC1, CeHeBr 3.42
18 CsH;CH:Br BrCHC1: CsHsBr 3.50
19 CH:;=—CHCH:Br C¢HsCH;Br CsHsC1 1.15
20 CH:=—CHCH:Br C¢H;CH:Br CegHsC1 1.09
21 CH;—CHCH:Br C¢H;CH;Br CeH;sC1 1.04
22 CH;—CHCH:Br CsH:CH;Br CsHsC1 1.13
23 CsHsCH:;Br BrCH;CO:C:Hs CsHsCl1 1.28
24 Ce¢H(CH:Br BrCH,CO:CoHs (CHjs):CHCH(CHzy): 1.80
25 2-BrC4Hg, CsHsCH2Br CesHsBr 10.4

26 2-BrCsHq CeHsCH:Br Ce¢HsBr 1.1

27 2-BrC4Hy Ce¢HsCH:Br CsHsBr 11.3

28 2-BrCsHq CsHsCH;:Br Ce¢HsBr 12.0

29 CeH;CH:Br 1-1C7Hys C¢HsBr 1.95
30 CsH;CH:Br 1-1C:His CsH;sBr 1.70
31 Ce¢HsCH2C1 2-BrCyH, CsHsBr 54.6

32 m-BrCsHyCH:Br CH>—CHCH;Br C;HCl 1.01
33 CsHsCH;Br m-BrCsHsCH:Br  CsHsC1 1.21
34 CsHsCH:Br m-BrCeH:sCH:Br C¢H;C1 1.18
35 BrCHCn BrCC1; CsHsBr 1.97
36 BrCHC1 BrCCl; CeHsBr 2.06
37 CsH:;CH:Br HC=CCH:Br CeHeBr 3.96
38 Ce¢H;CH:Br HC=CCH:Br CeHsBr 3.98
39 CeHsCH:Br HC=CCH:Br CeHeBr 4.33
40 Ce¢HsCH:Br HC=CCH:Br CsHeBr 4.34

umn of 409 dimethyl sulfolane on
results shown in Table II.
Reduction of Optically Active «-Phenylethyl Chloride by Tri-
phenyltin Deuteride.—To 17.5 mmoles of a-phenylethy! chloride,
a?p +40.18° (neat), was added 19.2 mmoles of triphenyltin deu-
teride, prepared by reduction of the chloride with lithiuin alumi-
num deunteride, and the mixture was allowed to stand at room
temperature for 23 hr., during which tiine crystals of triphenyl-
tin chloride formed in the flask. After heating on the steain bath
for 4 Iir. to ensure complete reaction the product was distilled
yielding 1.41 g. of a-deuteriophenylethane, b.p. 65-67° at 77-80
mm., «*p 0.02° =% 0.03° (neat). A control experimeut showed
no detectable racemization of the optically active chloride by the
organotin chloride under the conditions of the reduction reaction.
Determination of Relative Reactivities of Halides.—The
relative rate constants were determined by allowing the halides

firebrick (40 mesh) with
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TaBLE VII
RELATIVE RATES OF REDUCTION BY TRI-#-BUTYLTIN HYDRIDE

AT 80 == 2° CATALYZED BY 1.6%; AZOBISISOBUTYRONITRILE®

Expt. Competitor A Competitor B kB/ka
41 C¢H;Br CsH;CH,CI 1.21
42 CsH;:Br C¢H,;CH,CI 1.26
430 CsH;Br CsH;CH.C1 1.48
440 C¢H;Br C¢H;CH.CI 1.55
45 CsH;CH-CI 2-BrCyH, 34.4
46 CsH;CH,Cl 2-BrC,H, 34.5
470 CsH;CH,C1 2-BrC,H, 32.2
48 C¢H;CH,CI 2-BrC,H, 32.0
49 CH,=CHCH,C1 2-BrCsH; 15.4
50 CH,=CHCH.CI 2-BrCsHys 17.3
51 CsH;CH,Cl CH,=CH,—-CH,CI 83
52 HC=C—CH,CI 2-BrCqHyy 71
53 HC=(C—CH.CI 2-BrCsHyy
54 HC=C—CH,CI 2-BrCsHy; 46

55 Ce¢H;CH:C1
56 Ce¢H;CH.C1

m-C¥;CsH,CH,Cl
- CI’A‘;CquCIIQCl

00 ~1 += = W Ut B =~ Ot
A
3

57 2-BYCQH17 BYCHJCI 95
58° 2-BrCsHy; BrCH,CI 40
50°  2-BrCsHy BrCH,CI 8.66

¢ In cumene as solvent. ° Reactions conducted without the

addition of azobisisobutyronitrile. ¢In bromnobenzene as
solvent.

to compete in pairs for an insufficient amount of hydride. Usu-
ally a half-mole of hydride was used per mole of halide. The

competitors aud an internal standard were placed in the reaction
flask or ampoule followed by solvent aud organotin hydride.
The reaction vessel was kept in a constant temperature bath until
all of the hydride was consumed as indicated by the absence of
hydrogen evolution upon treatinent witli an ethereal solution of
sulfuric acid. Amnalysis for unreacted halide and/or reduction
product was made by gas chromatograpliy using the internal
standard method described by Keulemans.?*® A 4-ft. column
packed with 209, paraffin oil on Chromosorb P (80-100 mesh)
was used in most experiments. When m-trifluoroinethylbenzyl
chloride and benzyl chloride were the competitors a 4-ft. column
packed with 179 silicone nitrile on Chromosorb P (60-80 mesh)
was used. Relative rate constaits were coinputed by the method
of Ingold and Shaw.!* In most cases the solvent was chloro-
benzene or bromobenzene. For analytical conveuience other
solvents were used on occasion; these included toluene, cumene,
cyclohexane, and 2,3-dimethylbutaiie. When using bromo-
chiloromethane and 2-bromwooctane as competitors, the same
relative rate constants were obtained with cuinene and bromo-
benzene as solvents, indicating that the relative rates would vary
little among the solvents used. Results of tlie individual com-
petition experiments are given i Tables VI and VII.

(26) A. 1. M. Keulemans, ''Gas Chromatography,” Reinhold Publishing
Corp., New York, N. Y., 1957, p. 32,
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The Nature of Chromium(VI) in Acid Solution and Its Relation to Alcohol Oxidation!

By DoxaLp G. LEE AND R0SS STEWART

RECEIVED JANUARY 18, 1964

A spectroscopic investigation of the variation of the pK, of chromic acid with chauges in the identity of the
mineral acid solvents has been made, and tlie results have been applied to explain observed variations in the

rate of oxidation of isopropyl alcohol in solutions of different mineral acids.

Protonation of the acid chromate

ion is accompanied by incorporation of the mineral acid anion into the chiromium (V1) species and this markedly

affects the latter’s oxidizing ability.

The mechanism of the chromium(V'I)-alcohol reaction in moderately

concentrated aqueous solutions of mineral acid, HA, is believed to occur by a cyclic, unimolecular decoinposition

of the chromate ester, R,CHOCrO,AH *.

Introduction

The mechanism of chromic acid oxidations of organic
substrates has been extensively investigated by a large
number of workers. Most commonly mechanistic

deductions have been drawn from the observation of
changes in kinetic rate data that occurred when the

(1) From part of the Ph.D. Thesis of D. G. Lee, the University of British
Columbia, 1963,



3052
+1 -
<
w | ©
1 Q,
ot
SY ot
T 1
Vv
>
L2
-l_
L L - —.
+1 ¢} -1 -2

ACIDITY FUNCTION,

Fig. 1.—Ionization plots for chromic acid dissolved iu (a)
sulfuric acid (plotted against H,, O, and against -, @) and (b)
perchloric acid (plotted against H,, A, and against H-, &).

structure of the organic substrate was altered in some
way.? Sonie attention has also been directed toward
environmental influences on the nature of the chromium-
(VI) species present in solution. Cohen and Westhei-
mer found that the chlorochromate ion, which is formed
in 86.5% acetic acid solutions containing chromium(VI)
and chloride ion, was a less active oxidizing ageut than
the chromium species which existed in this medium in
the absence of chloride ion.? Holloway has also found
spectroscopic evidence for the formation of a complex
between chromic acid and phosphoric acid, and Chang
and Westheimer have obtained similar evidence for
CrS0;~% or its protonated analogs in sulfuric acid solu-
tions containing chromium(VI).*

Since such environmental influences appear to affect
the rate and perhaps even the mechanism of chromic
acid oxidations, it was decided to carry out a systematic
investigation of these effects. The present report de-
scribes the changes that occur in the structure and
properties of the chromium(V1I) species as its environ-
mentis changed by varving the identity of the mineral
acid present with it in aqueous solution. The mineral
acids used were phosphoric, sulfuric. hydrochloric, nitric,
and perchloric. In addition, the effect of adding sodium
perchlorate to sotne of these solutions was investigated.

Experimental

Materials.—Chromic acid stock solutions were prepared by
dissolving weiglied amouuts of potassium dichromate in definite
volumes of distilled water. Miueral acid solutions were prepared
from commmercially available reagent grade acids. The concen-
trations of these solutions were determined by titrating with
standardized sodium liydroxide solutions. Isopropyl alcohol
was refluxed over calciuint oxide for 2 hr. and theun distilled. A

{2) fa) R. Brownell, A. Leo, Y. W. Chang, and I'. H. Westheimer, J. 4m.
Chem. Soc., 82, 406 {1960); (b) Y. W. Chang and F. H. Westlhieimer, ibid.,
82, 1401 (1460); (c) J. Rocek and F. H, Westheimer, ¢bid., 84, 2241 {1962);
(d)} F. Mares and J. Rocek, Coll. Czech. Chem. Commun., 26, 2389 (13613;
te; J. Rocek, tbid., 26, 1052 (1960); (f) J. Rocek, Tetrahedron Letters, &,
1 (1959; (g) K. B. Wiberg and W. H. Richardson, J. Am. Chem. Soc., 84,
2800 [1962i; (h) K. B. Wiberg and R. J. Evans, Tetrahedron, 8, 313 (19603,
1) H. Kwart, J. A. Ford, and G. C. Corey, J. Am, Chem. Soc., 84, 1252
(19625 (30 H. Kwart, Suomen Kemi.,, 34A, 173 (19615; (k) H. Kwart and
P. S. Vrancis, J. Am. Chem. Soc., 81, 2116 (1939); (1) H. Kwart and P. 5.
Francis, tbid., 77, 4907 (19551; (m) H. Kwart, Chem. Ind. {London), 610
1962;; (ny J. C. Richer. 1. A DPilato, and E. I, Eliel, tbid., 2007 (1461);
(o3 P, AL Best, J. S, littler, and W. A. Waters, J. Chem. Soc,, 822 (1962},
{p! J. Schreiber and A. Hschenmoser, Hele. Chim. Acta, 38, 1529 (1955);
7q) H G. Kuivila and W. J. Beckev, J. Am. Chem. Soc., T4, 5324 (1952).

73y M. Cohen and F. H, Westheimer, ¢b1-7., 74, 4387 (1952)

{4) V. Holloway, ibid., T4, 224 (1452}, and F. H. Westheimer, private
comiunication,
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middle fraction boiling at 81.5-82.0° was collected and used for
tlie kinetic experiinents.

Kinetic Method.—The disappearance of chromium(VI) was
followed spectrophotometrically. In eacli run 3.0 ml. of a
chromic acid solution was pipetted iuto a 1.0-cin. silica cell and
thermostated at 25.0 & 0.1° in the cell compartment of a Beck-
man model DU spectropliotowieter. A large excess of isopropyl
alcohol was then added from a microliter syringe fitted with a
Chaney adapter. The solution was mixed thorouglily and the
optical density at 444 mu was determined at intervals. The
optical density at this wave length was corrected for cliromium-
(I1I) absorption by use of a previously prepared calibration curve
and a plot of the logarithm of cliromium(V1) concentration against
time was prepared. (For oxidations where the chromium(VI)
concentration was sufficiently low the peak at 349 mu was used
and no correction to the optical density was required.)

Determination of Apparent pKga values for H,CrO,.-—For the
equilibrium

HCrO,~ + H* = H,CrO,
the pK, is defined

_ @ucro,-@u+ _ Cucro,-Cu-frcro,- fr+

K, =
QH,Cro, Crycro, fucro,
. Cugcro, au - fucro,-
pK. = log — — log —
CHCro.,- JHCrOy

In dilute solutions the last terni on the right becomes pH. In
more concentrated acid solutions it is commonly denoted as
H.% 1.e.

CH;CrO4

—H- = log — pK,

HCrO, -

From this equation it can be seen that a plot of log (Crycro,/
Cucro,- ) against — H. should give a straight line of unit slope and
au intercept at the pK,. The ratio Crycro,/ Cucro,- was deter-
mined, following thie method of Symons, ef al.,* by 1neasuring
the extinction coeflicient of Cr¥! at one or mwore wave lengths
over a wide rauge of acidities. (The termn Cyyco, 1s used to
designate the concentration of the chromium species formed when
HCrO, " reacts with acid.)  Then if eg,c.0, Is tlie extinction co-
efficient of a solution of H:CrO, at a particular wave length and
egcroa— 18 the extinction coefficient of a solution of HCrQ,~ at
the same wave length

Cugro,  €HCro, — €

Cucro,- € — €HLrO,

where e is the extinction coefficient of a solution containing both
H:CrOyand HCrO,~. The particular wave length at whicli meas-
uremnents were made was cliosen from a comparisou of the
spectra of the two species such that a maximum change in the
extinction coefficient was obtained.

For sulfuric acid, percliloric acid, and hvdrocliloric acid solu-
tions a plot of

€HCrO,- — €
log ——*-

€ — €H,GrO,

against H. was tlhen prepared and the apparent pK, was ob-
tained from the zero intercept (Fig. 1). For solutions of phos-
plioric acid and nitric acid, where no H- functions are available,
Hi was used. The use of H;instead of H- will introduce some
error, since iun the cases where both the H. and /, functions
are known, for a particular medium there is a deviation, although
this is not great in reasonably dilute solutions. The slopes of
the ionization plots were 1.38 for H,S0, (H-), 1.04 for HCI1O,
(H-), 1.68 for HCl (H.), 0.83 for HNO; (H,), and 1.11 for
HgPOrZ\'aClO., (H(y)

The Hoand H- functious used were tliose reported by Paul and
Loug® and Boyd,” respectively. The acidity fuuction for plios-

(3) M. A Paul aud F. A. Long, Chem, Rev., 8T, 1 (1437).

(6) N. Bailey, A. Carrington, K. A. Lott, and M. C. R. Symons, J. Chem.
Soc., 290 (1960).

(7) R. H. Boyd, J. Am. Chem. Soc., 838, 1288 (1961); J. Phys. Chem., 67,
737 (1963).
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phoric acid containing a 1:1 molar ratio of sodium perchlorate
was determined in these laboratories.®

Results

The apparent pK, of chromic acid determined by
€HCrO~

— against the H- function for per-
€ — €H,Cro,

chloric acid gave a value of —1.01 which is in good
agreement with the value of —0.98 previously de-
termined by Bailey, Carrington, Lott, and Symons.®
However, the apparent pK. varies from one acid
medium to another (Table I) and the variation is so
large that it cannot merely be a consequence of ex-
perimental error. Furthermore, the slope deviation
from unity is also considerably greater than that found
for simple protonation processes.

plotting log

TABLE I
CoMPARISON OF THE pK, oF CHROMIC ACID IN AQUEOUS
SoLUTIONS OF VARIOUS MINERAL ACIDS AND THE POINT OF
SLorE CHANGE IN A PLoT OF LoG & vs. Hy FOR THESE ACIDS

pKa, pKa, Ho value of
Acid H_ scale Hy scale slope change

HNO; —1.91 —2.45

HCIO, —1.10 —0.83 —1.25

H,S0, +0.51 + .34 +0.02

HCI +0.76 + .52 +0.59

H,PO, +1.74° +1.10
H;PO,-NaClO;

(1:1 molar ratio) +1.38 +1.35

@ This value was determined in these laboratories by Miss
Min-Min Wei.

The protonation of organic indicators such as the
cyanocarbon anions is known to occur by means of a
conventional equilibrium step involving a cyanocarbon
anion, the corresponding cyanocarbon acid, and a pro-
ton.”

C(CN)~ + H* ¢ > HC(CN),

However, the results presented in Table I indicate that
in the protonation of an inorganic indicator such as
chromate anion some consideration must also be given
to the proton source, i.e., the equilibrium appears to be
established in such a way that there is a direct involve-
ment of the mineral acid which furnishes the protons.

HCrOs~™ + 2H* + A7 > HCrOsA + H,0

It is observed that at acidities below the apparent pK.,
of chromic acid the spectral character of chromium(VI)
solutions is independent of the proton source. In di-
lute solutions chromium(VI) shows the same ultravio-
let and visible spectrum irrespective of the mineral acid
present. However in more concentrated solutions be-
yond the apparent pK, of chromic acid, small but sig-
nificant differences appear (Fig. 2).

This evidence would seem to indicate that the ion
CrO;A- is not present in significant concentrations
under conditions where the monoanion is the dominant
species but that HCrO;A is the major neutral CrV!

H:O + CrO:A™ > HCrO,~ + HA (i)
H,O 4+ HCrOA > H,CrO, + HA (ii)

species, 7.e., equilibrium 1 would seem to be to the
right but equilibrium ii to the left.®

(8) D. G. Lee and R. Stewart, Can. J. Chem., 42, 486 (1964).
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Fig. 2.—Ultraviolet spectrum of chromium(VI) in various
aqueous acids: ————, 3.50 M HCIOy; -—------ , 3.10 M H.S0;
—————— , 3.60 M HClL; ..., 3.00 M H;PO,.

It appears, then, that the following species are formed
in the protonation of HCrO,~ by the various mineral
acids.®*

HCrO,~ + H* + H;PO, —> HOCrO,-OPO;H. + H:0
HCrO,~ + H* + HCl ~—» HOCrO:-Cl + H:0
HCrO,~ + H* + H,S0; —> HOCrO-OSO;H + H.0
HCrO,~ + H* + HCIO; —> HOCr0,-0OCI0O; + H:0
HCrO,~ + H* + HNO; —> HOCr0O;-ONO; + H.O

Inagreementwith these ideas Carringtoiiand Symons?©
have interpreted the spectrum of Cr¥! in sulfuric acid
solutions as that of a mixture of species including
HOCrO,(OSO;H). These authors have also presented
evidence that the monosulfate MnO3(0OS0O;H) is formed
when MnO,~ is dissolved in sulfuric acid. Hence it
appears possible that the oxyanions of several transi-
tion metals may, when dissolved in strong acids, become
bonded to the corresponding conjugate base.

The well known case of complex formation between
two acid chromate anions to give a dichromate anion
can be considered as another example of this general
reaction.

2HCrO,~ > Cr,0-7% 4+ H,0

It has also been suggested that CrV' dissolved in
acetic acid solutions may exist in the form of an acetyl-
chromate ion!!

HCrOs~ + HOAc > AcOCrO;~ + H:0

A partial explanation of the enhanced rates of oxidation
observed in acetic acid solutions may be found in this
suggestion since the acetyl group would increase the
electron-accepting power of chromium.?

Further, if this is a correct picture, one would expect
the pK, values of these species to increase with de-
creasing electron-withdrawing power of the A groups.
For example, since the bisulfate group probably has a
greater electron-withdrawing power than chloride, one
would expect the pK. for H.CrSO; to be more negative
than the pK. of HCrO;Cl. That is, the greater the

(9) The spectra shown in Fig. 2 for chromium(VI) in aqueous phosphoric
and hydrochloric acids are very similar to those reported by Holloway (for
aqueous phosphoric acid)! and by Cohen and Westheimer (for acetic acid—
chloride solutions).? However, the states of protonation assigned to these
complexes herein are different. 1n the case of a polyprotic acid like phos-
phoric acid it is possible that the protonated chromium(VI) entity is
H,CrPO7 ™.

(10) A. Carrington and M. C. R. Symons, Chem. Rev., 68, 443 (1963);

see also H. C. Mishra and M, C. R, Symons, J. Chem. Soc., 4411 (1962).
(11) M. C. R. Symons, tbid., 4331 (1963).
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Fig. 3.—Modified ionization plots for chromic acid dissolved
in sulfuric acid, O (slope 0.97), and in hvdrochloric acid, @ (slope
1.03).

electron-withdrawing power of the A group the less
available for protonation will be the electrons associated
with the oxygen atom attached to chromium. Since
the strengths of the mineral acids, HA, also vary in a
similar way with electron-withdrawing power of the A
groups, one might expect a correlation to exist between
the strengths of the mineral acids and the corresponding
HCrO3A species. Such a correlation is seen for all the
mineral acids investigated with the exception of HNO;;
i.e., the strengths of these acids increase in the order
H;POs < HNO; < HCI < H,S0; < HCIO, while the
— pK, values increase in the order H;CrPO; < HCrO,;Cl
< HoCrSO; < HCrClO; < HCrN Qg 12

The spectra of chromic acid in H;PO,, H.SO,, and
HCIO, are all similar, as would be expected if all of
these species contairned chromium-oxygen bonds. The
spectrum of chromic acid in HCI, on the other hand,
shows a greater variation from the spectra obtained in
H;PO,, H,SO;, and HCIO, (Fig. 2), presumably because
in this particular case a chromium-chloride bond is sub-
stituted for a chromium-oxvgen bond.

The bonding in these species could be considered to be
mostly covalent in analogy with the bonding in chro-
mium compounds such as chromyl chloride,'®* chromyl
bromide,*® and chromyl acetate.!* While some cova-
lent perchlorate compounds have recently been pre-
pared!>16 it is probable that the bonding in HCrClOy is

(12) The apparent anomaly of the HCrNOs species in this respect is not
as yet completely understood. It is possible, however, that the bonding

in this species is different from the bonding in the other cases. For example,
HCrNOs may exist as an oxygen-bridged compound

O O
7\
HOCr NO
NS
O O
If this is so it would be expected that Cr'! would have a considerably differ-
ent ultraviolet spectrum in HN Oz as compared to other mineral acids. How-
ever, nitric acid itself has an absorption band at 350 mu blanking out the most
interesting part of this spectrum.
(13) (a) W. H. Hartford and M. Darrin, Chem. Rev., 68, 1 (1958); (h)
V. H. 1.. Krause and K. Starke, Z. Natwforsch., 176, 1 (1962).
(14) P. Lepse, Ph.D. Thesis, University of Washington, 1961.
(15) B. J. Hathaway and A. E. Underhill, J. Chem. Soc., 3705 (1960).
(16) H. C. Clark and R. J. O'Brien, /norg. Chem., 2, 740 (1963).
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considerably ionic. Note that the slope of the ioniza-
tion curve (Fig. 1) is almost unity for perchloric acid
suggesting that the CrV! is behaving in a "‘normal”
fashion and that the departure from unity of the slopes
of the ionization curves of the other acids is due to co-
valent bond formation between chromium and the A
groups. In this connection it should be noted that addi-
tion of sodium perchlorate to solutions of phosphoric
and nitric acid did not greatly affect the observed pK,
of chromic acid in these solutions. This indicates that
perchlorate will not replace either phosphate or nitrate
in these compounds.

In addition to the above considerations it follows
that if the protonation equilibrium involves a molecule
of mineral acid a plot of log (egcro.- — €) /(e — emcrol)
against either a simple H, or H_ function should not
necessarily give a straight line of unit slope. The
function that should give rise to a linear plot of unit
slope can be derived

HCrO.~ + H™ + HA > HCrO:A + H,0

K = (ancro,-)(au-)(aua)/(@ucro,a)(am,0)
C 105 ay - rQ, - a
pK — log JHCTOA _ o Grcfucro s Qs
CHCrOr HCrO3A aH,0
CHCroaA aH,0
pK =log ——— + H- + log—
CHCRO; aHA

Hence a plot of log (encro,-— ¢€)/ (e — emcro,) against the
function H- + log (@¢u,0/aua) should yield a straight
line of unit slope. Such functions have been calculated
for HCI, HoS0,, and HCIO, and are presented in Table
II. The plots for HeSOs and HCI illustrated in Fig. 3

TaBLE 11
THE H- 4 L0G am,0/ana Functioxs ror HC1, H,SO,, axp HCIO;
Molarity HC1? H.$04° HC104¢
0.1 2.10 2.35 2.05
0.5 0.70 1.30 0.95
1.0 - .05 0.60 10
1.5 — .44 10 — .48
2.0 — .83 - .35 — .97
2.5 —1.08 — .85 —1.42
3.0 —1.27 —1.30 —1.84
3.5 —1.43 —1.70 —2.26
4.0 —1.57 —2.10 —2.62
4.5 —1.70 —2.60 —2.97
5.0 —1.82 —3.00 —3.28
5.5 —1.96 —3.40 —3.55
6.0 —2.06 —3.80 —3.81
6.5 —2.21 —4.20 —4.07
7.0 —4 .60 —4.30
7.5 —5.15
80 —5.50

a H._ values for this acid are available only up to 2.0 M;
H, values were used beyond this point. H. values from Pro-
fessor R. H. Boyd, personal communication; H, values from
ref. 5; activity coefficients and activity of water from J. N. Pearce
and A. F. Nelson, J. Am. Chem. Soc., 55, 3075 (1933). > H._
values from ref. 7; activity coefficients from H. S. Harned and
W. J. Hamer, J. Am. Chem. Soc., 57, 27 (1935); activity of H,O
from J. F. Bunnett, ibid., 83, 4956 (1961). ¢ H. values from
ref. 7; activity coeflicients and activity of water obtained as in
note a.

indicate that good straight line plots with near unit slopes
are obtained when these functions are used. By com-
paring these plots with those in Fig. 1 where the simple
H, and H- functions are used, it is evident that the
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slopes obtained when this new function is used are much %A

closer to unity. This result serves to justify further the
previous assumption that there is a distinct difference
between the protonation reaction of organic indicator
bases and the acid chromate ion. In the latter case a
molecule of the proton-supplying mineral acid is evi-
dently incorporated into the species when protonation
occurs.

In the case of perchloric acid the slope obtained with
the simple H-_ function is only slightly greater than
unity (Fig. 1) and application of the new function
lowered the slope by approximately 0.2 unit.

Discussion

If the picture of the chromic acid equilibrium pre-
sented in the preceding section is correct, one would ex-
pect that the physical and chemical properties of chro-
mic acid would vary somewhat with the identity of the
mineral acid solvent. It has previously been pointed
out that while the acid chromate spectrum is identical
for all the mineral acids investigated, the spectrum of
chromic acid itself varied somewhat from acid to acid
(Fig. 2). Similarly, it was found that the rate of oxida-
tion of isopropyl alcohol by the acid chromate anion
depended only on the acidity of the medium and not on
the nature of the proton-supplying mineral acid. On
the other hand, it has been observed that the rate of
oxidation by chromic acid depends not only on the
acidity of the medium, but also on the identity of the min-
eral acid. These observations are illustrated in Fig. 4
where the logarithm of the rate constant for oxidation of
isopropyl alcohol by chromium(VI) is plotted against
Ho for H3P04, HCI, HQSO4, HCIO4, and HNO:; In
addition, points are plotted for solutions of H;PO4 and
HNO; containing a 1:1 molar ratio of sodium perchlo-
rate. Itcan be seen thataddition of sodium perchlorate
to these solutions had no effect on the rate of oxidation
outside of its effect on the acidity of the medium.

It is interesting to note that a sharp change in slope is
observed for each particular mineral acid solution very
near to the apparent pK, of chromic acid in that

Fig. 5.—Variation of rate with a modified acidity function
for the chromium(VI) oxidation of isopropyl! alcohol in aqueous
perchloric acid.

medium (Table I). Apparently the rate of oxidation
by the protonated species of chromium(VI) varies with
the acidity of the solution (as determined by H,) in a
different manner than does the rate of oxidation by the
unprotonated acid chromate anion. The observation
that the variation in oxidation rate does not appear until
after the apparent pK, of the CrV! species is reached
supports the suggestion that this equilibrium is such
that a molecule of mineral acid does not become incor-
porated in the monoanion.

The oxidizing ability of the protonated species,
HCrO,A, increases in the order H;CrPO; < HCrClO; <
H,CrSO; < HCrClO; < HCrNO; for a given Hy value.
This is the same order in which the apparent pK, values
of these species vary. Such a correlation is not un-
expected since A groups which are electron withdraw-
ing will decrease the ease of protonation of the spe-
cies but increase the tendency of the chromium species
to accept electrons from a reducing agent (the position
of HCrNOQgs is again anomalous.)

Althotgh the new function, H- + log {en,0/aua),
gives a much better fit to the ionization data in hydro-
chloric and sulfuric acids than do the simple acidity
functions H, and H—, it gives a linear correlation with
the oxidation rate data only in the case of perchloric
acid. The deviation from linearity apparent in Fig. 4
for perchloric acid systems vanishes when the new
function is used as can be seen in Fig. 5. (The slope is
().8 in this case as opposed to 1.5 for the linear portion
of the perchloric acid curve in Fig. 4.) In the case of
hydrochloric and sulfuric acids, however, there is little
alteration in the shape of the curves from those shown
in Fig. 4.

Mechanism of the Chromic Acid Oxidation of Al-
cohols.—Current evidence indicates that the mecha-
nism of this reaction involves formation of a chromate
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ester intermediate which probably decomposes uni-
molecularly to products 2k.17-19

R o - R 0.
ol >C1‘02H N >c/ “~CrOH;
R~ H 0O R "H-O

— R,C=0 + HCro,*

Protonation of the chromate part of the ester in-
creases the electron-attracting properties of the chro-
mium, but the exact mode of electron transfer would
depend on the amount of orbital overlap between the
developing H-O and the separating O-Cr bonds in the
transition state and could well vary with changes in

(17) J. Rocek, F. H. Westheimer, A. Eschenmoser, I.. Moldovanyi, and
J. Schreiber, Helv, Chim. Acta, 48, 2554 (1962).

(18) R. Stewart, ''Oxidation Mechanisms: Applications to Organic

Chemistry,” W. A. Benjamin, 1nc., New York, N. Y., 1963.
(19) R. Stewart and D. G. Lee, Can. J. Chem., 42, 439 (1964).
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the nature of the reactants and the conditions employed.

In light of the results presented in the present paper
this mechanism would have to be modified in moderately
concentrated acid regions to allow for participation by
the conjugate base of the proton source used in the
reaction.

0
R)/o\}r/o g R\c/ ot "
R~ CH o a R~ H—07 \A

— R.L=0 4+ HCrO,A

The present results show that the identity of the con-
jugate base has a profound effect on the rate of reaction.
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The condensation products of 0-aminobenzenethiol with glvoxal, diacety], and benzil were prepared and their

reactions with zince(II), cadmium(II), and mercury(Il) have been studied.

2,2'-Bisbenzthiazoline and its

2,2"-dimethy] homolog were found to rearrange under the influence of these metal lons to give the corresponding

Sclhiff-base chelates.

Schiff bases coustitute an important class of poly-
dentate ligands. The direct approach in synthesizing
a Schiff base from the condensation of an o-hydroxy-,
o-amino-, or o-mercaptoamine with a carbonyl com-
pound often results in the undesirable side reaction
involving ring closure with the formation of a hetero-
cyclic compound. The solution to this problem, first
used by Schiff in 1869,? is to prepare the Schiff base in
the form of its metal chelate by reacting the metal
complex of one of the starting materials with the other.
For example, bissalicylaldehyde—copper(I) reacts with
4-methyl-1,2-phenylenediamine to give the Schiff base
chelate. This technique of avoiding the formation
of the heterocyclic compound has been widely used by
P. Pfeiffer® and others.*

In some restricted cases, it is possible to isolate the
intermediate Schiff base before it is isomerized to the
heterocycle, e.g., if a substituent on one of the reactants
provides steric hindrance to ring closure. An example
is the reaction of 4,6-di-t-butyl-2-aminophenol and
glyoxal which gives the intermediate yellow glyoxal
bis(2-hydroxy-3,5-di-t&-butylanil) (I)® as well as the
colorless 5,7,5',7'-tetra-t-butyl-2,2’-bisbenzoxazoline
(IT). As might be expected, this Schiff base forms
chelates with a number of metal ions.

Another route to these chelates is to start from a
reduced form of the ligand such as N,N'-bis(2-hydroxy-
3,5-di-t-butylphenyl)ethylenediamine (IIT),* which is

(1) A preliminary account of this work was received on Sept. 3, 1963.

(2) H. Schiff, An»n. Chem. Pharm., 180, 193 (1860).

(3) P. Pfeiffer, W. Offermann, and A. Werner, J. prakt. Chem., 159, 313,
(1942).

(4) (a) H. S. Verter and A. E. Frost, J. Am. Chem. Soc., 82, 85, (1960);

(b) M. S. Thompson and ID. H. Busch, 7bid., 84, 1962, (1862).
(5) H. Haeussler and H. Jadamus, Ber., in press.

A kinetic study was carried out to help explain the nature of the reactions.
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itself a chelating agent, and to oxidize it in the presence
of a suitable metal ion to the Schiff base chelate.
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Although most workers have attempted to avoid the
formation of the heterocyclic compound, Bayer and
Schenk have recently shown that in the presence of

(6) F. Lober and K. Ley, German Patent 1,104,552, Chem. Abstr., 86,
5887a, (1962).



