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INTRODUCTION

The use of cerium(IV) as an oxidant of organic compounds
was reported as early as 1905, when ceric oxide in sulfuric
acid was reported to oxidize toluene to benzaldehyde, anthra-
cene to 9,l0-anthraquinone, and naphtha;ene to 1,4-naphtha-
quinone (1,2). No yields or procedures were given, however.
Later the use of cerium(IV) as an analytical feagent for the
determination of organic compounds gained prominence, and
this subject was reviewed by G. F. Smith in 1942 (3).

More recently several kinetic studies of the oxidation
of aldehydes, ketones, alcohols, glycols, and other organic
compounds by cerium(IV) have appeared in the chemical litera-.
ture (4). Many of these studies are of only limited useful-
ness because the products of the reaction of these compounds
with cerium(IV) are not known. Much of the impetus behind
these studies seems to have been supplied by the ease with
which oxidations by cerium(IV) can be followed (cerium(IV) is
orange and cerium(III) is colorless). |

The investigations repérted in this dissertation were in-
spired by the finding of W. S. Trahanovsky that ceric
ammonium nitrate.converts benzyl alcohol to benzaldehyde. A
study of the scoée of the reaction with alcohols is reported
in Part I. In general only benzylic-type alcohols are con-=
verted to the correspondipg carbonyl compound. Ordinarj

aliphatic alcohols give starting material and few other



products.

~ When an alcohol and a cerium(IV) solution are mixed, the
orange cerium(IV) color deepens to dark red. This color
change is due to the formation of a 1:1 cerium(IV)-alcohol
complex as has been demonstrated by us and by several othef
workers. A study of the effect of alcohol structure on the
magnitude of the equilibrium constants for cerium(IV)-alcohol
complex formation is presented in Part II. Such a study
should be useful for predicting and rationalizing effects found
in other metal ion oxidations of ‘alcohols, for example the
lead tetraacetate and chromium(VI) oxidations, where metal
ion~alcochol complexes are believed to exist but can only be
inferred from kinetic daté.

Part III of this disserfation'discusses a kinetic study

of the mechanism of oxidation of benzyl alcohols. Of the
several kinetic studies of cerium(IV) oxidations of organic
compounds in the literature, studies of alcohol oxidation are
by far the most numerous. In nearly all the studies the
oxidation of only oﬁe alcohol is studied, generally with the
conclusion being reached that oxidation occurs via formation
of a 1:1 alcohol-cerium(IV) complex, and rate determining
oxidative decomposition of the comple#. The mechanism of
oxidative decompésition of the 1:1 alcohol—cerium(IV) complex
has received essentially no attention, and it is this point

which the study'presented in Part III pursues. In the benzyl



alcohql system the products of oxidation are known and a
systematic variation of substituents can be made to ascertain
the best formulation for the transition state for the oxida-
tion of alcohols. This is important because it establishes
the electronic behavior of an oxidant which is believed to be
a simple one electron oxidant and seis a precedent for what
might be expected from other oxidants.

In Part IV is presented a study of the novel oxidative
ring contraction which occurs when cycloheptatriene is oxi-
dized by ceric ammonium nitrate. The proaﬁcts of the reaction,
benzaldehyde, th€ major product, and benzene are formed in
nearly quantitative yield. The reaction is inherently inter-.
esting because it was not anticipated that a one electron
oxidant would lead to appreciable yields of products in a
triene system wheré polymerization is a likely possibility.
In addition there was no precedent for the formation of ben-
zené from cycloheptatriene. The invariance of the benzalde-
hyde/benzene ratio strongly implicated the involvement of
nitrate ion in tﬁe'reaction.

The results of this study taken as a whole indicate that
~ cerium(IV) ox;dations of organic compounds can be expected to
lead to novel reactions as well as synthetically useful

products.



PART I. SYNTHESIS OF ALDEHYDES AND KETONES FROM BENZYL

AND RELATED ALCOHOLS



It has been found that ceric ammonium nitrate (CAN) in
water or 50% aqueous acetic acid converts. many benzyl and
related alcohols to the correspondiné aldehyde or ketone
(Equation 1) (5,6). The results are summarized in Tables 1

and 2. In addition,vit has been found that CAN in aqueous

AXCH,OH 2 CAN . arcmoO (1)
(>—CHZOH 2 CAN_, [>—cao (2)

64%

\

solution converts cyclopropanemethanol to cyclopropanecarbalde-
hyde in 64% yield (Equation 2) (7). The details of these

reactions have been published elsewhere (5-7).



Table 1. Oxidation of benzyl and related alcohols to alde-
hydes or ketones by aqueous ceric ammonium nitrate

Alcohol . . Product . .. . Yield, %
Benzyl Benzaldehyde g7
p-Xylyl p~Tolualdehyde 86b
2,4,6-Trimethylbenzyl Mesitaldehyde 35P
o-Chlorobenzyl -  o-Chlorobenzaldehyde 772,622
p-Bromobenzyl p-Bromobenzaldehyde 83P
m-Nitrobenzyl m-Nitrobenzaldehyde 94°
p-Nitrobenzyl p-Nitrobenzaldehyde 81>
p-Methoxybenzyl Anisaldehyde 8o
p-(Methylthio)benzyl p-(Methylthio)benzaldehyde 0b
m~-Hydroxybenzyl m-Hydroxybenzaldehyde Ob
Veratryl Veratraldehyde 30
Phthalyl | Phthalaldehyde 23%

Phthalide 42P
Terephthalyl | Terephthalaldehyde _ 90b
3=-Pyridylmethanol Nicotinaldehyde 75b,50a
2-Thiophenemethanol 2-Thiophenecarbaldehyde 582
Furfuryl . ' Furfural Ob
2-Naphthylmethanol 2-Naphthylcarbaldehyde 21
Cinnamyl Cinnamaldehyde Ob
Benzhydryl Benzophenone 60b
1-Phenethyl Acetophenone 55b
Cyclopropanemethanol . . Cyclopropanecarbaldehyde 64°

aYield of distilled product.

ineld of undistilled product, corrected for impurities
by nmr.



Table 2. Oxidation of benzyl and related alcohols to alde-
hydes or ketones by ceric ammonlum nltrate in 50%

aqueous acetic acid

Alcohol _ Product , , _ Yield, 2
Benzyl Benzaldehyde - 94a,72b
p-Xylyl p-Tolualdehyde 94%,74¢
2,4 6-Tr1methylbenzyl Mesitaldehyde g9°¢
o-Chlorobenzyl o-Chlorobenzaldehyde 89a,85c
p~Bromobenzyl ' " p-Bromobenzaldehyde 932
ngitrdbenzyl o-Nitrobenzaldehyde 1002
m-Nitrobenzyl m-Nitrobenzaldehyde 792
EfNitrobenzyi p-Nitrobenzaldehyde 92a,77c
n-Methoxybenzyl " m-Methoxybenzaldehyde 25°€
p-Methoxybenzyl " Anisaldehyde : 942
p-(Methylthio)benzyl p-(Methylthio}benzaldehyde 0¢
m-Benzoyloxybenzyl m-Benzoyloxybenzaldehyde 18¢.
Furfuryl Furfural o€
2-Naphthylmethanol 2-Naphthylcarbaldehyde 28d
Cinnamyl Cinnamaldehyde o€
Benzhydryl . L . Benzophenone = , o 57C

aYield obtained by glpc analysis of at least two runs.

Pyield of distilled product.

®Yield of undlstllled product, corrected for impurities
by nmr.

dYi_eld obtained by addition of a standard and nmr analysis.



PART II. A SPECTROPHOTOMETRIC STUDY OF CERIUM(IV) -

ALCOHOL COMPLEXES



INTRODUCTION

The use of cerium(IV) as a colorimetric reagent for the
detection of alcohols has been known for quite a while (8).
Other workers have develbped methods for the quantitative
analysis of alcohols utilizing the red cerium(IV)-alcohol
complex color (9,10).

. It has been demonstrated that the cerium(IV)-élcohol
complex is a 1l:1 complex involving one molecule of alcohol and
one of cerium(IV) (Equation 3) (11-14). The purpose of this
study was to determine what effect structural variation of

the alcohol has on the position of the equilibrium

Ce(IV) + ROH —E complex (3)
. D

An attempt was also made to determine the solvent effect and
the effect of added nitrate ion on the position of equilibrium.
Most of the equilibrium constants were measured at
21.0° C. in 70% agueous acetonitrile containing ca. 0.5 M
nitric acid. A few were measured in 70% agqueous acetic acid-
0.5 M nitric acid and in water-0.5 M nitric acid. 70%
Aqueous acetonitfile was chosen for the majority of‘the-
measurements because it approximated the conditions under
which the kinetic study described elsewhere in this disserta-
tion was carried out. 1In addiﬁion it afforded a medium in
which all the alcohols were soluble and which was reasonably

. resistant to oxidation.
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It is hoped that the equilibrium constants derived in
this study will be useful in predicting and r#tionalizing re-
sults obtained in other metal ion-alcohol studies where it is
not possible to measure the magnitude of any metal ion-
alcohol interaction. The chromium(IV) and lead(IV) oxidations
of alcohols are t&o cases where a metal ién-alcohol complex
has been postulated (15), but no direct evidence for either
the existence of a complex or the amount of complexation if

a complex exists has been obtained.
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HISTORICAL

Cerium(IV)-Alcohol Complexes

Although the existence of cerium(IV)-alcohol complexes
had been well established by 1940 (8), the first complete
study of cerium(IV)-alcohol complexation was carried out by
Ardon in 1957 (1l1). He studied the kinetics of the ethanol-
ceric perchlorate reaction and fouhd that the oxidation
proceeds via 1l:1 complex formation between alcohol.and
cerium(iV). He derived an equilibrium constant from both
kinetic and spectrophotometric data in 3.2 M perchloric acid
.of 4.3. .

Rao and Muhammad measured the methanol-cerium(IV)
equilibrium constant in perchloric acid at 20° Cc. (12).

From kinetic measurements in 1 M perchloric acid they arrived
at a value of K of 1.36. From spectrophotometric measure-
ments in 3 M perchloric acid.;hey found a value of 2.97. The
decrease in K with decreésing concentration of hydrogen ion
is probably due to a change in the uncomplexed cerium(IV)
species, since it was found that the rate of decomposition
(oxidation) of the complex remains the same with a change in
[H+], implying that the complex species remains relatively
constant.

Muhammad and Rao also found that the ceric-sulfate-
methanol system (0.5 M;Z M sulfuric acid) éontained,no

cerium{IV)-alcohol complex (16).; This is undoubtedly due to
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the relatively strong binding.of sulfate ion to cerium(IV)
preventing alcohol from complexing. In contrést with Muhammad
and Rao's results in sulfuric acid, Littler found that in

0.24 M sulfuric acid and 0.0218 M ceric sulfate at 50°, cyclo-
hexanol complexes with cerium(IV) with K=13.0 (17). This
equilibrium constant was derived from kinetic data and is
suspect since Hintz and Johnson found values of only 2.9
(kinetic) and 3.9 (spectrophotometric) for the cyclohexanol-
ceric perchlorate equilibrium constant in 1 M perchloric acid
at 15° (14). Since it is generally found that sulfate ion
strongly depresseé complex formation compared. to perchlorate
ion, it is obvious that Littler's value for K is much too
high. Even if the temperature difference betweeﬂ Littler's
and Hintz and Johnsons' studies is taken into account, Litt-
ler's value comes out much too high.

Sethuram studied the kinetics of the.ceric nitrate
oxidation of allyl alcohol in nitric acid at 20° (18). The
nitric acid concentration was not reported but may have been .
1 M based on an earliexr study (19). He found a value for X
of 3.1 from his ﬁinetics. |

Rangaswamy and Santappa studied the kinetics of the
oxidation of benzyl alcohol by ceric perchlorate in 1-1.5 M
perchloric acid (20). They foﬁnd that a plot of_I/kobs vs.
1/[PhCH,OH] (where k_, _ is the pseudo first order rate

constant for the disappearance of cerium(IV) in the presence



13

of excess alcohol) had a y-intercept of zero, indiéating no
complex formation between cerium(IV) and benzyl alcohol.
They did not feport a verification of their conclusion of no
complex formation by an independent spectrophotometric
measurement, proBably for a very_gdod reason. If one mixes
a solution of 0.05 M ceric perchlorate in 0.5 M perchloric
acid and benzyl alcohol, it is obsérved that the orange color
of cerium(IV) changes immediately to extremely deep red, the
color of a cerium(IV)-alcohol complex (21). It is thus
apparent that these authors' kinetics is in rathexr serious
error and that there is in fact complex formation in this
system.

Offner and Skoog have measured equilibrium constants
for a few alcohols with ceric perchlorate in 1.6-1.7 M
perchloric acid and with ceric ammonium nitrate in 2 M nitric
acid (13). 1In ceric perchlorate-perchloric acid the equilib-
rium constants for n-butanol, sec-butanol, and tert-butanol
were 16, 11, and 13, respectively. In ceric ammonium
nitrate=-nitric acid the equilibrium constants were 1, 1, and
0.6 for n-butanol, sec-butanol, and tert-butanol, respectively.

Sethuram and Muhammad determined equiiibrium constants
for isopropanol and sec-butanol in 1 gbnitric acid and for
isopropanol in 1 M perchloric acid (19,22). They found
values for K at 22° in 1 M nitric acid of 2.07 for iso-

propanol and 2.213 for sec-butanol. Thése arelapparently
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extrapolated values since values of 1.38 (kinetic) and 1.40
(spectrophotometric) are reported earlier in the paper for
the equilibrium constant of isopropanol, and 1.84 (kinetic)
and 1.82 (spectrophotometric) are reported in the same place
for sec-butanol, all measured at 28% in the medium. These
two sets of data indicate Ehat K must increase with a decrease
in the temperature. However, a graph of 1/K vs. 1/T in the
same paper reveals thét K increases with increasing temperature
and furthermore, extrapolation of this graph leads to the un-
likely conclusion that K=« at 20° C. It seems likely that
the graph referred to is in feality intended to be labelled
log K vs. 1/T x 103, however the prediction that K should in-.
crease with an increase in'température stiil.results, in con-
flict with the other results reported in the paper. It is
concluded. that the information reported in this paper is of
no value because of its inconsistenéies.

Sethuram and Muhammads' results in the second paper of
this series (22) are apparently more meaningfﬁl than those
in the first paper (19). They found that for isopropanol at
22° C. the equilibrium constant with ceric perchlorate-1
M perchloric acid was 2.3, with ceric ﬁitréfe-nitric acid was
2.1, and with ceric sulfate-sulfuric acid was zero. The
change of the egquilibrium constants with the different
ligands can be explained as an increase in metal-ligand bond

strength in going from perchlorate to nitrate to sulfate re-
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sulting in less cerium(IV)-alcohol complex going along the
series, The sulfate-cerium(IV) bonding is apparently suffi-
ciently strong to exclude cerium(IV)-alcohol bonding,

A summary of alcohol=-cerium(IV) equilibrium constants is

presented in Table 3.
Cerium(IV)-Glycol Complexes

Duke and Forist studied the kinetics of the ceric nitrate
oxidation of 2,3-butanediol (23). They found that a 1l:1 ce;ium-
(IV) -glycol complex is formed in 0.5 M nitric acid with the
total nitrate ion concentration 1.0-0.5 M, with the equilib-
rium constant equal to 24-25. They also studied the effect
of hydrogen ion and nitrate ion céncéntration on the equilib-
rium coﬁstant and the rate of oxidative decomposition of the
complex and reached the following conclusions: 1) there are
-different complexes present in the presence of different
hydrogen ion concentrations; -2) nitrate ion is bound to

cerium(IV) in the complex.

Duke and Bremer studied the kinetics of the ceric per;
chlorate oxidation of 2,3—butanedioi (24) . They found that
in addition to a 1:1 complex, a 2:l‘glycolzceriumkIV) complex
and probably a 3:ibglyc01:cerium(IV) complex were present.
They supported a value of K=15 for formation of the 1l:1 com-
plex and K=2;3 for formation of the 2:1 complex in 0.1-1 M

perchloric acid. From the effect of addéd perchlorate they
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Table 3. Summary of equilibrium constants for cerium(IV)-

alcohol-complexes reported in the literature

CAN, 2 M HNO,

b

CRref. 11.
dpef. 12.

CP is ceric perchlorate.

eCS is ceric sulfate.

fRef. 16.
. 9Ref. 17.

éRef. 14.

LCN is ceric nitrate.
]Thls may not be the correct acid concentratlon (see

historical).
Kref. 18.
lref. 20.
Mpef. 15.

®k=kinetic data; S=spectrophotometric data.

Alcohol Medium Keq Method®  Ref.
Ethanol cp®, 3.2 M HClO, 4.3  K,S ¢

Methanol cP, 1 M HClO, 1.36 X -Z
CP, 3 M HClO, 2.97 s -

cs®, 0.5-2 M H,S0, 0 K £

Cyclohexanol CS, 0.24 M H,S0, 13.0 X -i
CP, 1 M HC1O, 2.9 K -

B, 1M HClO 3.9 s b

Allyl alcohol  CNY, 1 M HNo3J 3.1 K .
Benzyl alcohol CP, 1-1.5 M HCLO, O X -1

n-Butanol CP, 1.6-1.7 M HClO, 16 . S -

CAN, 2 M HNO, 1 s -

sec-Butanol CP, 1.6-1.7 M HC1O, 11 S -

| CAN, 2 M HNO, 1 s -

t-Butanol CP, 1.6-1.7 M HCIO, 13 s -

0.6 . S -



Table 3 (Continued)

17

4% aqueous HOAc

Alcohol Medium Keq Method? Ref.

Isopropanol CP, 1 M Hc104} 2.3 K,S -n
CN, 1 M HNO, 2.1 K, -

Ccs, H,SO, 0 K -0

2,3-Butanediol CN, 0.5 M HNO, 24-25 K -°

CP, 0.1-1 M HCIO, 15(K;) K -P

2.3(K,) K -P

Glycerol ~ €S, H,S0, 0 K -4

CP, 0.5 M HClO, 20 K,s -9

cis-1,2-Cyclohexanediol CP, 1 M HCIO, - 29.0 K A
" ce, 1 u HEClO, 29.3 s B

trans-1l,2-Cyclohexanediol h
CP, 1 M HC1O, 18.0 K -

cP, 1 M HCLO, 18.6 -h

trans-2-Methoxycyclo- : h
hexanol CP, 1 M HClO4 2.1 K -

cp, 1 M HCIO, 2.9 S b

1,3-Butanediol CP,,1.6-1.7 M HC1O, 30 S -

CAN, 2 M HNO, 3.1 s -

~ 1,4-Butanediol CP, 1.6-1.7 M HClO, 14 s -

CAN, 2 M ENO, 2.6 S -

' Diethylene glycol CP, 1.6-1.7 M HC1O, 40 ~ S - -

CAN, 2 M HNO, 3.2 S -

Veratrol: CaN, 0.5 M H,S0,, 490. S -

. PRefs. 19 and 22.
ORef. 23..
Pref. 24.
‘qRef. 25.
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determined that the glycol was not displacing perchlorate
from the complex.

Guilbault and McCurdy studied the ceric sulfate and éeric
perchlorate oxidations pf glycerol (25). They found no com-
plex formation with ceric sulfate. In 0.5 M perchloric acid
at 20° they found a value of K=20 for the ceric perchlorate-
glycerol complex. This value was determined both kinetically
and spectrophotometrically. They.did not detect any 2:1 or
higher order compiexes. '

Hintz and Joﬁnson measured eqﬁilibrium constants in 1.0 M
perchloric acid at 15° C. for cyclohexanol, cis— and trans-1,2-
cyclohexanediols, and trans-2-methoxycyclohexanol using both
spectrophotometric and kinetic techniques (14). They found
the following values for X -in the 1:1 complex: cyclohexanol,
2.9 (kinetic), 3.9 (spectrophotometric); cis-1,2-cyclohexane-
diol, 29.0 (kinetic), 29.3 (spectréphotometric); trans-1,2-
cyclohexanediol, 18.0 (kinétic), 18.6 (spectrophotometric):
trans-2-methoxycyclohexanol, 2.1 (kinetic), 2.9 (spectro-
photometric). Thus it is apparent that a second hyaroxyl
group adjacent to the first substantially ingreases.the
equilibrium constant for complex formation, possibly due to a
chelate effect. Substitution of a methyl group for a hydroxyl
hydrogen in trans-1l,2-cyclohexanediol substantially decreases
the stabilit& of the complex, probably indicating that the

sﬁbstitution of a methyl'groﬁp for a hydrogen prevents
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chelate formation. The equilibrium constant for cis-1,2~
cyclohexanediol is larger than that for trans-1,2-cyclo-
hexanediol, consistent with chelate formation. This is ex-
pected since the formation of a five membered chelate ring
fused to the cyclohexane ring results in a relatively rigid
system with the trans isomer, whereas the complex with the
cis isomer is relatively flexible. This greater flexibility
of the complex with the cis isomer thus contributes to its
somewhat greater stability. |

Hintz and Johnson also attemptéd to measure the equilib-
rium constants for the cis- and trans-1,2-cyclopentanediols
but found that they were oxidized too readily (14). Howéver,-
from measurement of the activation parameters for oxidation
of the cis and trans glycols they concluded that the cis
glycol is oxidized via a cyclic mechanism while the trans
glycol is oxidized via an acyclic mechanism.

Offner and Skoog measured equilibrium constants for a
few glycols with ceric ammonium nitrate in 2 M nitric acid
and with ceric perchlorate in 1.6-1.7 M perchloric acid-using~
a spectrophotometric technique (13). They found the following
values for K at room temperature (CAN is ceric ammonium
nitrate, CP is ceric perchlorate): 1,3-butanediol, 3.1 (CAN),
30 (CP); 1,4-butanediol, 2.6 (CAN), 14 (CP):; dieﬁhylene
glycol, 3.2 (CAN), 40 (CP). 'They also measured the equilib-

rium constant for veratrol (o-dimethoxybenzene) with ceric
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ammonium nitrate in 4% aqueous acetic acid and 0.5 M sulfuric
acid and found K=490.

Littler and Waters concluded from a kinetic study using
ceric sulfate and ethanol,.ethylene glycol, and 2-methoxyeth-
anol, that there is no cerium(IV)-alcohol complexation in
this medium (26). Other workers have concluded that there
is no complex formation in the oxidation of ethylene glycol
(27) and pinacol (28) by cerié sulfate in sulfuric acid.

A sunmmary of glycol-cerium(IV) equilibrium constants

reported in the literature is presented in Table 3.
Other Rare Earth Ion Complexes

It is well known that thé coordination chenmistry of the
rare earth metal ions is rather 1imited'in scope. Appreciably
stable complex species are formed only when the ligands con-
tain highly electronegative donor atoms (e.g., oxygen and
nitrogen). This subject has been thoroughly reviewed by
Moeller (29). |

The stability constants of several a-hydfoxycarﬁoxylate
complexes with lanthanide tripositive ions have been measured.
Since bonding of ligands with lanthanide ions.is believed to
‘be essentially electrostatic in character, treﬁds found with
the tripositive lanthanides should also be applicable to the
tetrapositive lanthanides. .Choppin and Chopoorian found that

the stability constants for complexes of the tripositive
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lanthanides with a-hydroxyisobutyrate, lactate (a-hydroxy-
propionate), and glycolate (a-hydroxyacetate) decrease in the
order given (30).. That is, the compound with two methyl
groups at the a-position forms a stronger complex than the
one with one methyl group at the d-position,‘and that in

turn forms a stronger complex than the compound with only
hydrogens at the a-position. They explained this trend as a
result of the inductive effect of the methyl groups, the
electron donating propertigs of the methyl group resulting in
a higher electron density at the ligand donor atoms in the
more highly substituted compound, thus resulting in a more
stable complex. .

Powell and Fleischer (31) and Powell and Schoeb (32)
extended this study to include several pther substituehts at
the a-position of a-hydroxycarboxylates. If the ligands are
considered to be sﬁbstituted‘glycolates (a-hydroxyacetates),
the following order of stability constants for the tripositive
lanthanides is found for the light rare earths: MeMevMeHAHHE>
MeEtvtetramethyleneVEtH>i-ProH>i-ProMe>EtEt>t-BuMe>t-Bul>
pentamethylene>i-ProEt. For the heavy rare earth_ioﬁs the
order of stability constants is not the same, but is as
follows: MeMe>EtMe>EtEt>MeH>HHVtetramethylenenEtH>i-ProMe>
i-ProEt>t-BuMe>t-BuH>pentamethylene. The trends can be ex-
plained by postulatipgithat the stability constaﬁt increases

with increasing substitution at the a=-carbon until the steric
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effect of the substituents begins to overbalance the favor-
able inductive effect. |

Powell and Kovar studied the stability of acetate,
iodoacetate, chloroacetate, and formate complexes with tri-
positive lanthanides (33). They found the following order of
stability constants: acetate>iodoacetate>chloroacetate>
formate. It might be anticipated that the stability constant
of the complex should be directly related to the basicity of
the ligand since factors which increase the basicity of a
ligand (e.g., electron donating substituents) also increase
the electron density on the donor atom. However, the order
of basicity of the ligands cited above is acetate>formaté>
chloroacetates>iodoacetate. - fhus it is found that the
stability constants for the haioacetates, especially iodo-
acetate, are greater than anticipated..'This may be indicative
of complexing by the halogen in addition to the carboxylate.

Powell and Paul found that the stabilities of a number
of rare earth pfopiqnates were less than the corresponding
rare earth acetafes (34) . They suggested that this'was due
to a steric effect of the additionél methyl groﬁp.

Duke and Tuazon studied the nature of éerium(IV) in
aqueous nitric acid sglution (35) . - They derived a value of
K,=171 for the equilibrium - |
2, o+

‘R .
+4 1 + H , (4)

- +
Ce + N03 + Hzo —_— Ce(NOB)OH



23

and a value of K2 of 0.6-1.0 .for the equilibrium

X

2 +2
N Ce(NO3)2 + H,0 (5)

2 4 g%+ Noo

L
Ce(NOB)OH 3

using a spectrophotometric technique which measured the
absorbance of a solution of cerium(IV) and nitrate ion rela-

tive to isolated solutions of cerium(IV) and nitrate ion.
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TREATMENT OF DATA

-Equilibrium constants were calculated from absorption
data using a linear least squares treatment and either of
two equations. The one usually used was that of Ardon (11)
which is derived as follows.

For M + nS§ —~ MS ‘ (6)
n .

A=C¢C X+ C, em(l-X) (7)

m complex

where X is the fraction of M complexed.

X
K = (8)
. (1-x) [s1”
. |
x = —KIS] : (9)
1+ K[s]1®

Substituting Equation 9 into Equation 7 gives

.n ' | n
A = “m € complex KIsl +Ce - Cnfm X [8] (10)
1+ x[s]® mm 1+ K[s]®
Since Cmem = Ab’
AeCmK[S]n K ,
A-a = _ o (11)
1 + K[S]
n - ' .
1/an = 2 * RIS| 5 a2

n .
Aecmg[S] _
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1 1 1
. + (13)
[S]n .AeCmK .Aecm .

For a 1l:1 ceriﬁm(IV)-alcohol complex, this equation can be

rewritten

4 4

1/6A = 1/[ROH] - 1/Ac[ce™], + 1/aefce™™], (14)

If 1/AA is plotted vs. 1/[ROH], the slope of the line
is

l/Ae[Ce+4]T

and the intercept is

l/Aa[Ce+4]T

from which it can be seen that intercept/slope = K.
Some spectrophotometric data was treated using the
modified equation derived below. . Using the same symbols as

above, for the equilibrium Ce+4 + ROH —= complex

— +4

A -vsm[Ce ] + ecomplex [complex] (15)
_ +4, 1 . +4. . K[ROH]
= eplCe "lo° TaxTROET * Scomplex!®® lo° TK[ROHT

(16)

The apparent extinction coefficient, &, is defined as

A/[Ce+4]T, so that with Equation 16

e aiaye s seas aren
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€m + ecomplex K [ROH]

1 + K[ROH]

Rearranging Equation l7_gives'

€ + € K[ROH] = ¢_ + ¢ K [ROH]

m complex

and

Dividing both sides of the equation by K[ROH] gives

T=c - £ %1
: complex [ROH] K

From Equation 20 it can be seen that a plot of € vs.

(E;sm)/[ROH] has a slope of -1/K and an intercept of

€ .
complex

K[ROH] + em

(17)

(18)

(19)

(20)
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RESULTS AND DISCUSSION

General Considerations

The bonding model which will be assumed in the following
discussion of stabilities of various cerium(IV)-alcohol
complexes is one of mainly electrostatic éttraction between
the donor atom, oxygen, and cerium(IV). It is felt by most
authors that the amount of covalent bonding between rare
earth ions and electronegétive atoms is quite small due to
the shielding of the 5s and 5p orbitals by the diffuse 4f
orbitals, thus forcing any covalent bonding with the metal
ion to occur with the metal's higher energy 6s and 6p orbitals, .
an energetically unfavorable process (29). In the case of
cerium(IV), the 4f orbitals are not occupied, but any co-
 valent bonding of.a donor atom to ceric ion would require
the use of the diffuse 4f orbitals or the higher energy 6s
or 6p orbitals, a situation whigh must be energetically un-
favorable,-since few stable ceric ion eomplexes are knawn (29).

Several factors must be considered in attempting to
rationalize the changes in K with changes in the alcohol
structure. These are a steric effect, an'inductive effect,
size of chelate r;ng, if any, and solvation effects. The
latter factor, solvation effects, is the hardest factor to
predict and may well be the most important one in determining
the étability of a complex. |

In COmpariﬁg the magnitude of equilibrium constants of
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several different systems, it is important to note that it is
the ratio of Kl/KZ' Or more properly 1og(Kl/K2), which is

proportional to the overall free energy change in going from
uncomplexed alcohol and cerium(IV) to the cerium(IV)=-alcohol

complex. This follows from the equations below.

—AF = ,RTlr'x.I'< _ | (21)
AF, - AF; = (-RT1nK,) - (-RT1nK,) (22)
AF, = AF; = -RTln (K,/K,) | (23)
BAF (kcal./mole) = -1.5 log (I{Z/Kl) (24)

Thus in the following discussions, the effect of substitution
in a given system will be discussed in terms of the ratio
Kz/Kl rather than the difference Kz-Kl.

It was anticipated in this study that we would be
dealing with a 1:1 cerium(IV)=-alcohol complex, since several
other workers had established that a 1l:1 complex eiists in a
wide variety of media (11,13-18,20). To substantiate this
expectation one set of data‘for 2-methoxyethanol was plotted
assuming a 1l:1 complex and then a 2:1 alcohol-cerium(IV)
complex. This data is illustrated'in Figures 1 and 2. It
can be seen that the plot of the data assuming a 1l:1 complex
yields a étraight line, while that assuming a 2:1 complex
yields a curved line. Thus in this case a 1:1 Cerium(IVf-
alcohol complex must be fo;med. It has been assumed that 1:1

complexes are formed for all the other alcohols since treat-
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ment of the data assuming a.l:l complex yields straight lines.
The equilibrium constants treated in this study are
"apparent” equilibrium constants (l12). That is, they measure
the position of the equilibrium of all cerium(IV) species with
alcohol to form a l:l.cérium(IV)-alcohol compiex. Some
authors have made an attempt to break down the apparent
equilibrium constant into the “true" formation constant for
the complex, K, and a hydrolysis equilibrium constant, Ky
(12) . The equilibria defined by K and K, are indicated in

Equations 25 and 26. According to this line of reasoning,

the
Ce+4 + ROH I SN complex (25)
< .
+4 Xy +3 . _+
Ce + H20 —— CeQH + H (26)
-~ -

apparent equilibrium constant, K, can be broken down into

[H+]- dependent and [H+J-indepehdent parts as illustrated in

Equations 27 and 28.

[complex][HZOI

[complex]
K = + (27)
1ce™ [roE] [ROH] [Ce0OH™ 3]
—_ 4. :
K = K+ S (28)
N .

The supposed advantage of this sort of treatment is that

once K and K, are obtained for ‘a given system, it should be



Figure 1. Plot of spectrophotometric data for
2-methoxyethanol assuming 2:1 complex
formation '

Figure 2. Plot of spectrophotometric data for
2-methoxyethanol assuming l:1 complex
formation .
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possible to predict K, thé apparent equilibrium constant, in
a similar medium of any acidity. The assumption made in
deriving these K° and Khs in perchloric acid solution has
been that only the two cerium(IV) species; the totally
aquated species and the monohiydroxy aquated species, are in
equilibrium with the alcohol to form the comélex (12).

The advantage of this sort of treatment completely breaks
down in a medium as coﬁplex as aqueous acetonitrile containing
nitric acid. EHere one would have to poséulate several cerium
(IV) species in equilibrium with the complek and any con-
clusions would be speculative at best. Thus only apparent

equilibrium constants are dealt with in-this study.
Cerium Species in Solution

Beineke has found using x-ray crystallographic techniques
that solid CAN has six nitrate ions surrounding each cerium
atom (36). The nitrates are coordinated to the cerium in a
bidentate fashion so that the coordination number of cerium
is twelve (37). The average Ce-O distance is 2.508 + 0.007 %,
It is obvious that great caution must be exercised in extra-
polating from the solid state to solution, but it should at
least be noted that there is definitive evidence for bidentate
coordination of nitrate ion to cerium(IV) in the solid state.

Larsen and Brown carried out an x-ray diffraction study of

CAN in agqueous solution (38) . They note that as of 1964, "no
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direct structural evidence exists on this compound in either
state," i.e., solid or solution. They found that there are

0
twelve cerium-oxygen interactions within a distance of 2.85 A.

in 1.45 N aqueous CAN solution. In addition they found

interactions attributable to the N-O and 0-0 of the nitrate
ion, confirming its proximity to the cerium(IV) ion. This
data is consistent with the éresence of six bidentate
nitrates around the cerium, although some of the coordination
sites may be occupied by water.

Miller and Irish studied the i.r. attenuated total
reflection spectra of CAN solutions of concentrations as low
as 0.4 M (39). They found evidence for the existence of
cerium-nitrate species and advanced the postulate that the
nitrates were coordinated in a bidentate fashion.

Henshall carried out some measurements on CAN solutions
in glacial acetic acid (40). He found from ion migration
experimenfs that an uncharged species, possibly Cé(NO3)4, was
present. Freezing point depression measurements lead to
the conclusion tﬁat three particles were present, consistent
with the dissociation of CAN to two ammonium nitrate mole-
cules and one qeric nitrate molecule.

Blaustein and Gryder measured the equilibrium constant

for the equilibrium

Ce(IV) + Ce(IV) — (CelIV)),
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potentiometrically in 5.5 F nitric acid at 30° C. and found a
value for K of 17+2 (41). That is, under these conditions
the cerium(IV) is about 80% dimer. 2An independent kinetic
study of the cerium(IV)-thallium(i) system in 6.2 g,nitric
acid by Dorfman and Gryder gave a value of 18 for the monomer-
dimer equilibfium constant (42).

It thus appears that CAN in solution exists as a highly
nitrated ion. Tﬁe cerium(IV)-alcoﬁol'complexes may be
formed by replacement of a mono- or bidentate nitrate ion

or a water molecule by an alcohol molecule.
Benzyl Alcohols

A summary of the equilibrium constants for 1:1 cerium(IV)-
alcohol complex formation of benzyl alcohols with ceric
ammonium nitrate in 70% aqueous acetonitrile and 0.5 M nitric
_acid at 21.0° Cﬂ is presented in Table 4. The valug of X
changes little with ring substitution as might be expected,
however there is a trend established with p-methyl>benzyl>
m-chloro>p-chloro>p-nitro>m-nitro. There is a.crude correla-
tion of the values of K calculated from the slope-intercept
equation with Hammett's sigma constants (43) as illustrated
in Figure 3. There is also a correlation of the equilibrium
constants of the para substituted alcohols (calculated from
the slope-intercept equation) with Taft's polar substituent

constants (44,45), ¢', as shown in Figure 4. Hammett's rho
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value for the first case is -0.18 and for the second case’
-0.13. Thus the stability of the complex is increased
slightly by electron donating substituents on the ring as

might have been anticipated.

The effect of substitution at the a-position is more
impreséive. The equilibrium constants for a-methylbenzyl
alcohol anad beﬁzhydrol are 1.8 and 1.4, reépectively, compared
to 0.7 for benzyi alcohol. As will be seen iater, this is
the trend usually found in going from a primary to a sécondéry
alcohol. The fact that the stability of the a-methylbenzyl
alcohol complex is somewhat greater than the stability of the
benzhydrol complex may be due to a steric effect or an in-

ductive effect of the second phenyl group.
Aliphatic Alcohols

Equlllbrlum constants for several aliphatic alcohols with
ceric ammonium nitrate at 21.0° C. in 70% aqueous acetonltrlle
and 0.5 M nitric acid are summarized in Table 4. All the
equilibrium constants tabulated in this table were calculated
using the sloée—intercept equétion (Equation 14). In order
to facilitate discussion of theila;ge number of eéuilibrium

constants an attempt will be made to discuss.one aspect of

structural change at a time.
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Table 4. Equilibrium constants for the cerium(IV)-alcohol
complex in 70% agueous acetonitrile at 21.0° C.
and [HNO,1=0.49 M

Equilib-
Alcohol i SEAMARS mquasion MO
Benzyl - 0.73 0.01 s-1% °  +0.20
0.75 0.05 - gP +0.19
Efgethylbenzyl ' 0.80 0.01 S-I +0.14
| 0.78 0.04 | s +0.16
o-Chlorobenzyl 0.52 0.01 S-I +0.42
0.54 0.02 s +0.40
m~Chlorobenzyl - 0.72 0.01 S-I +0.21
0.71 0.03 s . +0.22
p-Chlorobenzyl 0.69 0.01 - S-I. +0.24
0.71 0.02 s +0.22
m-Nitrobenzyl 0.46 0.03 S-I +0.50
0.48 0.05 S +0.47
p-Nitrobenzyl 0.62 0.01 S-I +0.31
0.61 0.02 S +0.32
a-Methylbenzyl 1.76 0.01 S-i -0.36
1.83 0.07 s -0.39

d5-1 is the equation which uses both slope and 1ntercept
of a plot to give K.

bS is the equation which uses slope only to give K.
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Equilib-
Crim SRR squasion SPOSCELS

Benzhydrol 1.37  0.01 S-I -0.20

1.43 0.06 S | -0.23
Methanol 0.51 0.03 -¢ +0.43
Ethanol 0.72 0.01 +0.21
n-Hexanol 1.52 0.04 -0.27
n-Nonanol 1.84 0.01 -0.39
Neopentanol 2.7 0.01 -0.64
2-Cyclohexylethanol 1.89 - 0.00 -0.41
Cyclopropylcarbinol 0.86 0.01 +0.10
Cycleobutylcarbinol 1.4 6.02 -0.22
Cyclopentylcarbinol " 2.59 0.04 -0.61
Cyclohexylcarbinol 2.46 0.05" ~0.58
3-Butenol 0.98 0.01. 0.00
5-Hexenol 1.42 0.03 -0.22
2-Phenylethanol 2.24 0.04 -0.52
4-~Phenylbutanol 1.60 0.02 -0.30
Ethylene glycol 3.00 0.01 -0.70
1,3-Propanédiol 4.38 0.01 -0.95
1l,4-Butanediol 2.64 "0.03 -0.62
l,S;Pentanediol 3.26 0.01 -0.76
2-Methoxyethanol 1.32 0.03 -0.18

SThe following equilibrium constants were derived from
the slope-intercept equation.
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Table 4 (Continued)

Equilib-

Aloohol T tion Eauation (TS
2-Chloroethanol 0.13  0.2% | +1.31
3-Ethoxypropanol ©1.09 0.01 -0.01
Isopropanol 1.45 0.02 -0.24
3-Heptanol 3.71 0.02 -0.84
Cyclopentanol 2.9 0.1d -0.68
Cyclohexanol 4.30 0.02 = -0.93
Cycloheptanol a4 | 0.2¢ -0.96
Cyclooctanol 5.38 0.02 -1.08
t-Butanol ' 2.69 0.02 ~0.63
1-Methylcyclohexanol 8.80 0.01 -1.39

drhis is not a standard deviation but an estimated error.

Primary alcohols, nonfunctionalized

- This group includes the first ten alcohols from methanol
to cyclohexylcarbinol in Table 4. The equilibrium constants
are summarized below in Table 5 for convenience. These
equilibrium constants measured in 70% aqueous acetonitrile
and 0.5 M nitric acid-ceric ammonium nitrate can be compared
to values of 4.3 for ethanol in 3.2 M perchloric acid-ceric
| perchlorate (lli, 1.36 for methanol in 1 M perchloric acid-
ceric perchlorate'(IZ),‘2.97 for meﬁhanol in 3 M perchloric
acid-ceric perchlorate (12), 16 for n-butanol in 1.6-1.7 M

perchloric. acid-ceric perchlorate (13), and 1 for n-butanol



Figure 3. Correlation of Keq for benzyl alcohols with

Hammett's sigma constants

Figure 4. Correlation of Keq for para substituted

benzyl alcohols with Taft's polar substitu-
ent constants
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Table 5. Equilibrium constants for nonfunctionalized, primary
alcohols in 70% agueous acetonitrile

Alcohol Equilibrium Constant
Methanol ' 0.51
Ethanol 0.72
n-Hexanol : 1.52
n-Nonanol |  1.84
Neopentanol ' ’ | 2.7
2-Cyclohexylethanol ' ‘ ' 1.89
Cyclopropylcarbinol 0.86
Cyclobutylcarbinol | 1.4
Cyclopentylcarbinol 2.59
Cyclohexylcarbinol 2.46

in 2 M nitric acid-ceric ammonium nitrate (13).

The value of 1 for n-hutanol in 2 M nitric acid-ceric
ammonium nitrate is close to what would be predicted for
n-butanol under our conditions, while constants measured in
perchloric acid are significantly higher than ours due to
the fact that éerchiorate ion competes less effectively than
nitrate ion with the alcohol for coordination sites around
the cerium(IV) ion. -

A comparison of the first four alcohols in Table 5 indi-
cates that the chain length of a primary alcohol has a |

significant effect on the equilibrium constant, even in going
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from the Cg to the Cqy normal alcohol. Up to Cs.the increase
for each carbon added is ébout 0.2 units and from Cs to Cq
is about 0.1 units. This effect does not seem to be purely
an inductive effect since the inductive effect should fall
off rather rapidly as carbons are added to the end of the
chain. The most reasonable explgnation would seem to lie in
a solvent effect which either raises the free energy of the
long-chain uncomplexed alcohol with respect to the shorter
chain alcohol or lowers the free energy of the long-chain
alcohol-cerium(IV) complex with respect to the shorter chain
alcohol or both. This possible solvent effect will be dis-
cuséed later in this dissertation.

The equilibrium constant for cyclopropylcarbinol is 0.86.
The constants for ethanol and n-hexanol are 0.72 and 1.52,
respectively, leading to the prediction that K for the
straight-chain C, alcohol should be about 1.1, if it is
assumed that the increase in K with the addition of carbon
atoms is approximately linear over the range C2-C6. In addi-
tion, cyclobutyicarbinol which contains five carbgn atoms
gives‘an equilibrium constant for complex formation of 1l.4.
Thus the K for cyclopropylcarbinol is somewhat less than
anticipated and is close to the equilibrium constants found
for the benzylic alcohols. This may be a reflection of the
special character of the cyclopropane ring.

The effect of branching at the B-poéition of primary
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alcohols can be determined from the equilibrium coﬁstants
presented in Table 5. If a comparison.is made between the

K for gfhexanél (1.5), cyclobutylcarbinol (2.6), and neo-
pentanol (2.7), the conclusion is reached that as the amount
of branching at the B -position increases with the total
number of carbon atoms constant, the equilibrium constant

of the cerium(IV)-alcohol complex increases (in 70% aqueoﬁs
acetonitrile); i.e., K(neopentanol)>K(cyclobutylcarbinol) >
K(n-hexanol). This_is just the opposite of what would be
predicted on steric grounds and, indeed, may indicate that
the close proximity of the hydrocarbon portion of the molecule
to the donor atom (oxygen) is an energetically favorable
situation, possibly because of a unique solvent effect.

The same type of effect shows up in a comparison of 2-
cyclohexylethanol (X=1.9) and cyclohexylcarbinol (K=2.5).
Here again, moving the branching point nearer to the donor
atom increases the equilibrium constant for formation of
the cerium(IV)-alcohol complex.

The effect of replacing an d~hydrogen in methanol
(K=0.5)'With methyl to give ethanol (K=0.7) and with phenyl
to give benzyl alcohol (K=0.7) illustrates that the overall
effect of a methyl and a phenyl substituent in the &~position
is about the same. Since the net inductive effect of a
phenyl group wiﬁh respect to a methyl group is electron with-

drawing (cm(phenyl)=o.218 (46) , om(methyl)=—0.069 (47) and
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o* (phenyl)=0.600 (48), o* (methyl)=0.00 (48), there must

be some other effect, possibly a solvation effect, compensating
for the electron withdrawing nature of the phenyl group and
causing the stabilities of.the ethanol and benzyl alcohol
complexes to be the same with respect to the uncomplexed
alcohols. An alternative explanation is that the phenyl
group interacts favorably with the metal ion to a large
enough extent to negate some of the destabilization caused by
the close proximity of an e;ectron withdrawing group to the
donor atom. If this sort of interaction does exist it is

not a vefy large effect since the saturated analog of benzyl
alcbhol, cyclohexylcarbinol, has K=2.5 compared to 0.7

for benzyl alcohol, indicating that the overall effect of

the phenyl group is destabilizing.

Secondary alcohols

The equilibrium constants measuréd for secondary alcohols
in 70% aqueous acetonitrile and 0.5 M nitric acid at 21.0° C.
are summarized in Table 6. These values may. be compared with
literature values of 11 for sec-butanol in 1.6-1.7 g'
perchloric acid-ceric perchlorate (13), l.for sec-butanol in
2 M nitric acid-ceric ammoniuﬁ nitrate (13), 2.07 and 1.40
for isopropanol in llg,nitric acid-ceric nitrate (19) (see
historical for discussion of the discrepancy in these reported
values), 2.2 and 1.8 for sec-butanol in 1 M nitric acid-

ceric nitrate (l9) (see historical for discussion of the dis- V
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Table 6. Equilibrium constants for secondary alcohols in 70%
aqueous acetonitrile

Alcohol Equilibrium Constant
Isopropyl ' 1.45
3-Heptyl ' . 3,71
Cyclopentyl 2.9
Cyclohexyl ' 4.30
Cycloheptyl 4.5
Cyclooctyl " 5,38

crepancy in these reported values), 2.3 for isopropanol in 1
M perchloric acid-ceric perchlorate (19), 2.1 for isopropanol
in 1 M nitric acid-ceric nitrate (19), and 2.9 (kinetic) and
3.9 (spectrophotometric) for cyclohexanol in 1 M perchloric
acid-ceric perchlorate (l4). There are several inconsis-
tencles in these data, especially in perchloric acid, whiéh
make them almost useless for comparative purposes.

A comparison of the equilibrium constants for isopropanol
(1.45) and 3-heptanol (3.71) reveals that the same' trend
evident with primary alcohols is also evident in the secondary
alcohols; i.e., lengthening the chain increases the formation
constant of the cérium(IV—alcohol complex. _

The effect of tying back the ends of the chain may be seen
by compéring 3;heptanol (K=3.71) and cycloheptanol (K=4.5).
This may be evidence for the operation of. a steric effect, the

conformation of cycloheptanol being.more favorable than that
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of 3-heptanol. The trend with increasing ring size in the
cycloalkanols is one of increasing values of the equilibrium
constant. Thus the eqguilibrium constants are 2.9 for cyclo-
pentanol, 4.30 for cyclohexanol, 4.5 for cycloheptanol, and
5.38 for cyclooctancl. The large jump from cyclopentanol

to cyclohexanol may well be a conformational effect, since
the cyclopentane ring is rather rigid while the C6' C7, and
C8 rings are conformationally mobile. Again, the trend with
an increasing number of carbon atoms is towards increasiﬁgly
large values of K.

Tertiarv alcohols

The equilibrium constants measured for tertiary alcohols
in 70% agueous acetonitrile-0.5 M nitric acid at 21.0° C. were
2.69 for t-butanol and 8.80 for l-methylcyclohexanol. Offner
and Skoog measuréd equilibrium constants for t-butanol in
1.6-1.7 M perchléric acid-ceric perchlorate and in 2 M nitric
acid-ceric ammonium nitrate and found values of 13 and 0.6,
respectively (13). The discrepancy between our value and
Offner and Skoogs' value for the equilibrium constant for
t-butanol in 2 M nitric acid-ceric ammonium nitrate is prob-
ably a solvation effect due to the acetonitrile.

The large increése in K.in géing from t-butanol to 1- '
methylcyclohexanol is rather hard to explgin. The additioh
of three more carbons to t-butanol would be expected to have

the effect of increasing K, but based on the increases
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observed for primary and secondary alcohols a greater than
three-fold change is entirely unexpected. It is suggested
that there may be an effect operating whereby the more carbon
étoms there are near to the donor atom, the higher the wvalue
of K. Thus lengthening the chain of a primary alcohol has
the effect of increasing X (a change by a factor of 2.1 from
ethanol to n-~hexanol), but to a lesser extent than with
secondary alcohols (a change by a factor of 2.6 from iso-
propanol to 3-heptanol). The changes in the primary and
secondary alcohols are less in turn than with tertiary .
alcohols (a change of a factor of 3.3 from t-butanol to
l-methylcyclohexanol). This change may be due ﬁo a solvation -
effect as discusséd later.

Comparisons of equilibrium constants for primary, secondary,

and tertiary alcohols in 70% aqueous acetonitrile
Offner and Skoog measured equilibrium constants for n-,

sec-, and t-butanol-cerium(IV) complexes in 1.6-1.7 M
perchloric‘acid and in 2 M nitric acid (13). In perchloric
acid they found that the constant for n-butanol (K=16)>
Efbﬁtanol (K=13) >sec-butanol (K=11), i.e., 12>3%&>2%&, 1In
nitric acid they found that n-butanol (K=1)=sec-butanol

(K=1) >t~butanol (K=0§6),‘i.e., 12=2&>3L, 1In general, then,
they found that in agqueous solution the‘equilibrium constant
for a primary alcohol-cerium(IV) complex was greater than for
a secondary or tertiary'a;cohol-cerium(IV) complex in a series

where all the alcohols had the same number of carbon atoms.
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Other 1#-2£-3%& z3lcohol comparisons among literature values are
considerably complicated by the fact that the equilibrium
constants have been measured under different conditions.

We have found that in 70% aquéous acetonitrile-0.5 M
nitric acid-ceric ammonium nitrate at 21.0° C. tertiary
alcohol-cerium(IV) complexes have higher formation constants
than secondary alcohol-cerium(IV) complexes which in turn
have greater formation consﬁants than primary alcohol-
cerium(IV) complexes among alcoho;s with approximately the
same number of carbon atoms. This is illustrated by the
series t-butanol (K=2.7)>isopropanol (K=1l.45)>ethanol (K=0.7).
This trend, 3&>24>1L&, is nearly the opposite of that found
by Offner and Skoog (13).

Several other series of alcohols may be cited which
suppért this trend, for example l-methylcyclohexanol (K=8.8)>
cyclohexanol (K=4.3), 3-heptanol (K=3.7)>n-hexanol (K=1l.5),
l-methylcyclohexanol (K=8.8)>3-heptanol (XK=3.7)>cyclo-
hexylcarbinol (K=2.5), cyclohexanol (K=4.3)>n-hexanol (K=1l.5),
cyclooctanol (K=5.4)>2-cyclohexylethanol (K=1.9), cyclo-
hepianol (K=4.5) >cyclohexylcarbinol (XK=2.5), cyclohexanol
(K=4.3) >cyclopentylcarbinol (K=2.6), cyclopenfanol (K=2.9)>
cyclobutylcarbinol (K=1.4).

However, this generalization breaks down badly when
alcohols which differ in the total number of carbon atoms as

well as the amount of branching at the a--carbon are considered.
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For example, the primary alcohol neopentanol has an equilib-
rium constant (K=2.7) which is greater than the secondary
alcohol isopropanol (K=1.45), and equal to the terﬁiary
‘alcohol t-butanol (K=2.7). Furthermore, all the primary
alcohols with six carbons or more have equilibrium constants
~greater than that of the secondary aléohbl isopropanol.

The general trend of 3£>2%& also breaks down when
secondary and teftiary alcohols with different numbers of
carﬁon atoms are considered. For example, all the secondary
alcohols with five carbons or more have cerium(IV)-alcohol
equilibrium constants greater than that of t-butanol.

It is apparent that both the total number of carbon
atoms and the amount of chain branching are of the same
relative importance in determining the equilibrium constants
for cerium(IV)-alcohol complexes. An attempt at a more
quantitative treatment of the effect of chain substitution
will be made later in this dissertation.

Alcohols with. two oxygen atoms

The equilibrium constants measured for glycol and glycol
monoalkyl ether complexes with cerium(IV) in 70% aqueous
acetonitrile-0.5 M nitric acid at 21.0° C. are summarized in
Table 7.

Several equilibrium constants for cerium(IV)-glycol
complexes have been reported in the literature. These are

tabulated in Table 3. . The equilibrium constant for 2,3-
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Table 7. Equilibrium constants for glycols and glycol mono-
alkyl ethers in 70% agueous acetonitrile

Alcohol , Equilibrium Constant
Ethylene glycol 3.00
1,3-Propanediol 4.38.
1,4-Butanediol 2.64
1,5-Pentanediol : 3.26
2-Methoxyethanol 1.32
3-Ethoxypropanol ’ 1.09

butanediol of 24-25 was obtained from kinetic measurements
and seems too high based on our results and the findings of

' Offner and Skoog who found values of K=3.l1l for 1,3-butanediol,
K=2.6 for 1,4-butanediol, and K=3.2 for diethylene glycol.
The values reported by Offner and Skoog (13)'seem more in
line with our valués. The equilibrium constén;s measured

in perchloric acid cannot be compared with ours since ours
were measured in nitrié acid.

Comparison of the equilibrium constants for diols with
those for the corresponding mono-ols shows that the equilib~
rium constants for the diols are several'timgs as great as
the constants forlthe mono-ols having about the same'numbér
of carbon atoms.(TaSle 3). For example, the quilibrium
constant for éthanol is 0.72 and that for ethylene glycol is
3.00; the constant for 1,3-propanediol is 4.38 and for

n-butanol is 1.1 (predicted value); the constant for
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1,4-butanediol is 2.64 and for n-pentanol is 1.3 (predicted
value); the constant for 1,5-pentanediol is 3.26 and for
n-hexanol is 1.52. It should be noted, however, that on a
statistical basis the constants for the diols should be twice
as great as those for fhe corresponding mono-ols if the
second hydroxyl group has no stabilizing effect on the
complex, and significantly more than twice as great if there
is chelate formation.} Inspecting the dicl-mono-ol comparisons .
made directly above in this light reveals that the second
hydroxyl group haé a stabilizing effect of 0.47 kcal./mole
comparing ethylene glycol and ethanol, 0.44 kcal./mole
comparing 1, 3-propanedlol and n—butanol but no stabilizing
effect when comparing 1l,4-butanediol and n-pentanol and 1,5-
pentanediol and n-hexanol. Thus the second hydroxyl group
has a significant stabilizing effect in the ethylehe.glycol-
cerium(IV) and 1,3-propanediol-cerium(IV) complexes, but not
in the four and five carbbn diol complexes. It appears,
then, that there is no bidentate complexing of cerium(IV)
with the four and fiwve carbon diols. However, thé extra
stability of the two and three carbon diol=-cerium(IV)
complexes remains to be explained. The most obvious explana-
tion is that both hyaroxyl groups in the diol are bound to
the cerium(IV). This postulate has been advanced in the
literature (4). However, an alternate explanation is that

one hydroxyl group is bound to the cerium(IV) while the
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second is hydrogen bonded to ligands in the first cooxrdination
sphere of the metal ion.

The subject of bidentate complexing in the diol-cerium(IV)
complexes should be critically examined in light of our re-
sults and results already recorded in the literature. A2as
previously mentioned, our results indicate that the addition
of a second hydroxyl group at C, or C3 of a mono-ol increases
the free energy change for complexation with cerium(IV) by
an amount 0.4-0.5 kcal./mole greater than predicted on a
statistical basis. Introduction'of a second hydroxyl at C4
or C5 has essentially no extra stabilizing effect and gives
only the statistical doubling of the equilibrium constant.

It is apparent that the second hydroxyl group in the 02

and C3-a,m-diqls is somehow contributipg ext;a stability to
the C2 and C3 dioi—cerium(IV) complexes. As sgggested above,
this may be explained in two ways: 1) both hydroxyl groups
are boﬁnd to the metal ion; ‘2) one hydfoxyl is bound td the
metal ion and the second interacts in a favorablé-fashion,
possibly through hydroggn bonding, with the first coordination
sphere of the metal ion. |

The question of bidentate vs. monodentate complexing will
not be an easy one to answer, sincé the AG for complex forma-
tion is only ca. -0.5 kcal./mole for typical mono-ols while
hydrogen bonding (in ethanol) can amount to ca. 5 kcal./mole

(49) . It is easy to see that even a weak hydrogen bond by -
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the second hydroxyl gfoup to the first coordination sphere of
the metal ion could easily contribute as much stabilization
to the cerium(IV)-glycol complex as the formation of a second
metal-hydroxyl bond. Thus comparisons of equilibrium con-

stants for various c¢is, trans pairs of glycols must be used

with caution. since the same stereochemical featureé which
may prevent the second hydroxyl from bonding with the metal
ion may also prevent hydrogen bonding with the first coordi-
nation sphere of the metal ion..

While several authors.have sugéestéd the formation of a
bidentate diol-cerium(IV)‘complex on the basis of the rela-
tively large values of the diol-cerium(IV) equilibrium con-
stant observed f4), the study of Hintz and thnson is the
most complete with regard to éstablishing bidentate complexa-
tion (14). They measured equilibrium constants for the
cis- and trans-1,2-cyclohexanediols and for trans-2-methoxy-
cyclohexanol and cyclohexanél with ceric perchlorate in
perchloric acid and found values of XK of 29.3 fo? cis-1,2-
cyclohexanediol, 18.6 for trans-1,2-cyclohexanediol, 2.9 for
trans-2-methoxycyclohexanol, and 3.9'for cyclohexanol from
specirophotometric data. These results would.Seem to argue
for bidentate complexing-in the 1,2-diols but not with trans-
2-methoxycyclohexanol. The higher value of K fof cis-1,2-
Acyclohexanediol as compared to trans-l,2-cyclohexanediol was

exp;ained on the basis of a- conformationally mobile bidentate
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complex being formed with the cis diol while the trans diol
would lead to a conformationally rigid bidentate complex.
Entropy factors would then favor the cis diol complex oveil
the trans. This seems to be a reasonable argument for biden-
tate complexing since there should be little, if any,
stereochemical preference for hydrogen bonding of -the second
hydroxyl to the first coordination sphere of the metal ion
(1) , whereas the more restricted bidentate complex 2 should
show the entropyleffects that were found. This, then, seems
to be a strong, if not conclusive, argument for the binding
of both hydroxyls to the metal'ion.‘ |

Hintz and Johnson also investigated the cis- and trans-1,2-
cyclopentanediol systems. These diols were sufficiently un-
stable with.respect to oxidation that entropies of activation
had to be used as a probé for bidentate complexation. They
found that the entropies of activétion were approximately the
same for cis- and trans-1l,2-cyclopentanediols and suggested
that these diols are oxidized via an acyclic (i.e., monoden-

tate) mechanism.
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It thus seems from the work of Hintz and Johnson that
there is evidence for bidentéte coordination of 1,2-diols
to ceric ion (14). However, the additional stability of the
ceric ion-glycol complexes relative to ceric ion-alcohol
complexes, ca. 0.5 kcal./mole, is sufficiently small that
the possibility of monodentate coordination of glycols with
ceric ion must'be considered.

The effect of substitution of a methyl group for one
hydroxyl hydrogen of a glycol is' shown in:the equilibrium
constant for 2-methoxyethahol (K=1.32) as compared to ethylene
glycol (K=3.00). The change decreases the stability of the
complex, but it is interesting to note that the equilibrium
constant for 2-methoxyethanol is still greater than those
for ethanol (K=0.72) and n-butanol (K=1.l1l), indicating that
the methoxyl group has some stabilizing -effect when compared
to hydrogen or ethyl. -

The substitﬁtion‘of an éthyl‘group for one of ghe hydroxyl
hydrogens in 1,3-propanediol (K=4.38) decreases the equilib-
rium constant substantially to 1.09. This valﬁé of the. |
equilibrium constant for 3-ethoxypropanol may be compared to
values of 0.72 for ethanol, 0.9 (predicted value) for n-
propanol, and 1.52 for n-hexanol. Since 3-ethoxypropanol
can be considered a 4-oxahexanol, n-hexanol might be a good
alcohol with which to compare it. If this is done it is .seen

that the oxygen atom of the ethoxy moiety has a destabilizing
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effect and is almost certainly not coordinating with the metal
ion in a bidentate fashion.

B-Substituted ethanols-

A series of B-substituted ethanols was investigated in
order to ascertain whether bidentate-type complexing occurs
in systems other than glycols. The results in 70% agqueous .
acetonitrile, 0.5 M nitric acid, and ceric ammonium nitrate
at 21.0° C. are presented in Table 8.

The eqguilibrium constants for 3-buten-l-ol and 2~
phenylethanol with cerium(IV) wére measured in order to as-
certain whether a pi electron system can interact with a

Table 8. Egquilibrium constants for B-substituted ethanols in
70% agqueous acetonitrile- :

Alcohol Equilibrium Constant
Ethanol ' ) 0.72
3-Buten-1-ol | . . | 0.98
2-Phenylethanol | : 2.24
2-Cyclohexylethanol . 1.89
2-Chloroethanol 0.13%
Ethylene glycol | 3.00
2-Methoxyethanol ‘ 1.32

3 The experimental error in this measurement may be as
large as +0.4.
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cerium(IV) ion in a fashion so as to increase the formation
constant of the complex. It is apparent that the constant
for 3-buten-l-ol is greater than that for ethanol. However,
due to the trend towards larger equilibrium constants with
increasing chain length discussed earlier, comparison of the
equilibrium constant for 3-buten-l-ol with that for n-butanol
should be a better indication of whether any favorable inter-
action between pi system and metal ion can occur. The
equilibrium constant for n-butanol in 70% aéueous aceto-
nitrile was not measurgd, but a.value of 1.1 can be arrived
at by interpolation between ethanol and n-hexanol. If 1.1

is a valid value for the n-butanol-cerium(iV) ccmplex forma-
tion constant in this medium, theﬁ the value of 0.98 for
3-buten-1-0l indicates that the unsaturation has a de-
stabilizing effect as compared to the saturated system and
hence in this system no favorable pi-metal ion interaction
occurs.

"The equilibrium constant for 2-phenylethanol was measured
because- this alcohol provided a more extensive pi system than
did 3-buten-1-ol. The high wvalue of K=2.24 for 2-phenylethanol
compared to'0.72 for ethanol seems to indicate that the phenyl
substitution has a favoraplé-effect on K. A better alcohol
with which t0‘compa£e 2-phenylethanol is 2-cyclohexylethanol,
the saturated anal@g. A value of K=1.89 was found for 2- '

cyclohexylethanol. Thus substitution of a phenyl group for a
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cyclohexyl group results in an increase in K of 0.35 units,
which represents a stabilization of 0.1l kcal./mole. Models
of‘z-phenylethanol indicate that the aromatic ring and the
hydroxyl group can be positioned in such a fashion that the
metal ion can be sand&iched between them. However, there
is no way to demonstrate that the extra stability of the
2-phenylethanol-cerium(IV) complex is not due to a secoﬁdary
interaction of the aromatic ring with ligands in the first
coordination sphere of the metal ion or some similar effect.

The question of bidentate complexing of ethylene glycol
and 2-methoxyethanol with cerium(IV) has been discussed in the
previous section. Suffice it to repeat here that ‘there may «
be bidentate complexingvin the ethylene glycol-cerium(IV)
system and that this is attenuated to a large extent in going
to 2-methoxyethanol.

The equilibrium constant for 2-chloroethanol, 0.13,
appears to be sufficiently low that any siggificant amount
of chlorine-cerium(IV) interaction can be ruled out. It
should be noted, however, that the experimental error in this
measurement was rather large (see“Table 8). -

Other functionalized alcohols

Equilibrium constants were measured for 4-phenylbutanol
and 5-hexenol to determine whether a pi system several carbons
removed from the donor atom might interact with the metal ion.

The values determined in 0.5 M nitric acid-ceric ammonium
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nitrate in 70% aqueous acetonitrile at 21.0° C. were 1.42
for 5-hexenol and 1.60 for 4-phenylbutanol.

| Comparisoh‘of the equilibrium constant for S—hexenol
with that of n-hexanol (K=1.52) shows that the introduction
of unsaturation décreases the formaﬁion constant for the
complex by a slight amount. Introduction of a phenyl
substituent into the 4-position of butanol seems to have
little effect on the formation constant of the complex. When
compared to n-butanol (K=l.l, predicted), it appears that
the phenyl group has some stabilizing influence. However,
when compared with the nine carbon straight chain alcohol,
n-nonanol, for which K=1.84, the effect of the phenyl group
~ appears to be des;abilizing. ‘Thus it appears thét ip 5=
hexenol and 4-phenylbutanol there is no stabilization of the
complex by the pi system.

Effect of added nitrate ion

The equilibrium constants for the'Efbutanol—cerium(IV)'
complex were measured in water with [HNO,]=0.5 M and [ceric
ammonium nitrate]=0.02 M at 21.0° C. with and without added
salt. The results are summarized in Table 9. ‘

The addition of 0.2 M sodium perchlorate has essentially
no effect on the equilibrium'consfant since the values with
and without added sodium perchlorate are the same within
experimental error. The addition'pf 0.2 M sodium nitrate,

however, depressed the equilibrium constant by an amount which
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seems to be outside of experimental.error. Thus increasing
the total concentration of nitrate ion from 0.8 Mto l.0 M
depresses the equilibrium constant a significant amount.
This is postulated to be the result of competition between
nitrate ion and alcohol for coordination sites around the
metal ion. This observation is consistent with the results
of Sethuram and Mghammad (19) who found that the rates of
oxidation of isopropanol and sec~butanol by ceric nitrate
are inversely proportional to the square of the nitrate ion
concentration, consistent with a competition between nitrate
ion and alcohol for coordination sites around the ceric ion.

Equilibrium constants in water and 70% aqueous acetic acid

A series of equilibrium constants was measured in water
and in 70% aqueous acetic acid at 21.0° .C. with the concen-
tration of nitric acid 0.5 M and the concentration of ceric
ammonium nitrate 0.02 M. The results aiong with the equilib-

rium constants measured in 70% aqueous acetonitrile are summar—

ized in Table 10.

Table 9. Effect of added salt on the cerlum(IV)-t-butanol
complex in water at 21.0° C.

Additive A [N03] . - Equilibrium Constant

None 0.8 g : 0.53

0.2 M NaClo, 0.8 M 0.49 L
0.2 M NaNO . 1.0M 0.33

3
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Table 10. Equilibrium constants in water, 70% aqueous acetic
acid, and 70% aqueous acetonitrile

Equilibrium Constant

70% Aqueous 70% Aqueous
Alcohol Water Acetic Acid - Acetonitrile
Ethanol : 1.2 0.15 . 0.72
n-Butanol 1.6 | 0.40 1.18
Isopropanol 0.82 0.43 1.45
t-Butanol - 0.53 . o.65 . - 2.69

8predicted value.

It is interesting to note the trends in each solvent
system as the alcohol is changed from primary to secondary
to tertiary. Thé trend found in acetonitrile is tertiary >
secondary > long-chain primary > short-chain primary. In 70%
agueous acetic écid the trend is about the same, tertiary >
secondary v long-chain primary > short-chain primary. The
fact that the trend observed in.70% aqueous acetonitrile is
about the same as that found in 70% aqueous acetic acid might.
be due to the fact that acetic acid and acetonitrile have
similar structural features, i.e;, a hydrocarbon portioh
attached to a polar part; The lower values of K in 70%
agueous acetic acid may well be due to the formation of
cerium(IV)-acetate complexes (see historical) which reduce the
amount of cerium(IV)-alcohol complex formation. - .

The trend.observed in water is long—chaiﬁ primary >

short-chain primary > secondary > tertiary. This is similar
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to the trend observed by Offner and Skoog for constants
measured in 2 M nitric acid (13) where they found K(gfbutanol)&
K(sec-butanol) >K(t-butanol). The actual values found by

Offner and Skoog were 1, n-butanol; 1, sec-butanol; 0.6,
t-butanol. These values compare favorably with ours.

It is apparent that the trend for 1% vs. 2% vs. 3%
cerium(IV)—alcoh§l complexes is completely reversed in aﬁueous
solution from what it is in 70% aqueous acetic acid or 70%
aqueous acetonitrile. Whereas the tertiary alcohol-cerium(IV)
complexes have the highest‘formation constants in the aqueous
organic solvents, the primary alcohol-cerium(IV) complexes
have the highest formation constants in aqueous soiution.

This reversal is difficult to understand and will be discussed
in a later section.

It is interesting to note that the tendency for the
equilibriﬁm constants for long-chain primary alcohol=-cerium(IV)
complexes to be greater than for short-chain primary alcohol-
cerium(IV) complexes exists in water as well as in the
agqueous organic solvents. The simplest way to expiain this
tendency is that it is the result of the additional electron
donéting inductive effect of the extra part of the chain
resulting in an increase in'electron density at the donor atom
thus increasing the equilibrium constant. However, this is X

probably an oversimplification since the éffect'is rather
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large for a purely inductive effect.

Solvent effect

As has been seen earliet in this discussion, equilibrium
constants for alcohol—ceriuh(IV) complex formation in 70%
aqueous acetonitrile and 70% aqueous acetic acid conform to
the trend tertiary alcohol > secondary alcohol > primary
alcohol, while in water the trend is primary n secondary >
tertiary. In rationalizing these solvent effects the free
energies of uncomplexed alcohol, uncomplexed cerium(IV),
and cerium(IV)-alcohol compiex must be considered since the
equilibrium constant is a function of the total free energy
difference between uncomplexed reactants and complexed
products.

The fact that equilibrium constants in 70% aqueous
acetonitrile and 70% aqueous acetic acid follow the trend
tertiary §lcohol > secondary alcohol > primary alcohol may
be due to steric effects on solvation of the uncomplexed
alcohol being more important than steric effects on solvation
of the complex. That is, the equilibrium constant for tertiary
alcohol-cerium(IV) complex foimation would be greater than for
primary alcohol-cerium(IV) complex formation because the un-.
complexed tertiary alcohol ié of highér energy than the
primary alcohol while the energy of the'complex remains
relatively‘constant. | o

In water this effect is reversed. The fact that primary
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alcohol ~ secondary alcohol‘> tertiary alcohol could be ex~
plained as due to steric effects on solvation of the complex
being more important than steric effects on solvation of the
uncompléxed alcohol. Thus the primary alcohol-cerium(IV)
complex would be more stable (lower ené:gy) than the tertiary
alcohol-cerium(IV) complex while the uncomplexed alcohols re-
main about the same energy, making the equilibrium constant
foriprimary alcohol;cerium(IV) complex‘formation greater
than that for terfiary alcohol-éerium(IV) complex formation.

Since the hydroxyl group of the alcohollis'in rather
different steric and electronic environments in uncomplexed
alcohol and in the alcohol-cerium(IV) complex, it is quite
reasonable thgt there should be a marked solvent effect on
the magnitude of the equilibrium constants.

Semiquantitative Treatment of the Effect
of Substitution on the
‘Equilibrium Constant

The free energy changes, AF(kcal./mole), associated with
each equilibrium constant measured in 70% aquedus acetonitrile
are summarized in Table 3. | |

Effect of addition of carbon atoms

It is of interest firét to examine the effect of addition
of carbon atoms to the alcohol on the free energy change for
complex formation. If the assumption is made that the free

energies of uncomplexed alcohol and cerium(IV) are rela-
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tively constant throughout the.series of alcohols, then the
free energy change can be taken as a measure of the stability
of the cerium(IV)-alcohol complex.

The effect of lengthening a normal chain alcohol in 70%
aqueous acetonitrile is indicated by the following (free
energies are given in kcal:/mole): methanol to ethanol,
AAF=0.12/carbon; gfhexanoi to n-nonanol, AAF=0.4/carbon.

Thus it is seen that the effect per added carbon atom de-
creases as the chain length increases. The effect of length-
ening the chain in a secondary alcohol is seén in the series
isopropanol to 3-heptanol where AAF=0.15/carbon, about the
same as found in the ethanol to n-hexanol series.

In water as solvent the effect of chain 1engthenin§ i;
slightly less than in 70% agueous acetonitrile as illustrated
by the series ethanol to butanol, AAF=0.10/carbon. In 70%
agueous acetonitrile the effect of chain lengthening in the
ethanol to n-hexanol series is 0.12/carbon.

The effect of branching at the position a to the hydroxyl
group is seen in the following series in 70% aqueous aceto;
nitrile: methanol to ethanoi, AAF=0.22/carbon; ethanol to
isopropanol, AAF=0.45/carb9n;'isopropanol tohgfbutanql}
AAF=0.39/carbon. The average AAF in this methanoi to t-butanol
series is 0.35/carbon. It can be seen by comparison of this
value with those found for chain lengtheniné cited’above'

(0.22~0.04/carbon), that a-branching -has-a  larger effect on K
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and (probably) the stabiliéy of the alcohol-cerium(IV)
complex than does chain lengthening in 70% agueous aceto-
nitrile.

The effect of a branching is further illustrated by
the following examples: benzyl alcohol to d—ﬁethylbenzyl
alcohol, AAF=0.56/carbon; cyclohexanol to l-methylcyclohexanol,
AAF=0.46/carbon. The effect of o substitution upon K appears
to become larger as the size of the alcohol increases as is
illustrated by cémparison of the effect per carbon in these
series and in the methanol to t-butanol series discussed
above.

The effect of B substitution is illustrated by the
ethanol-neopentanol serieé whefe three methyl groups are
added to ethanol to give neopentanol. Here the AAF is
0.28/carbon.

A comparison of the effect on K of chain lengthening,

o substitution and B substitution in the alcohol thus leads
to the conclusion that o branching is more important and

has a greater stabilizing influence than B brahching which,
in turn, is more important‘than chain lengthening (in 70%
aqueous acetonitrile). In aqueous solution in the one series
available, chain lengtheniﬁg appears to have about the same
effect as in 70% aqueous acétonitrile. However, o branching
has a definite destabilizing effect with the Efbutanol-.

cerium(IV) complex having the lowest K of the series.
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Effect of rearrangement of the carbon skeleton of the alcohol

in 70% aqueous acetonitrile

It is also interesting to examine the effect on K of
changing the arrangement of the carbon skeleton of the alcohol
while maintaining the number of carbon atoms constant. The
effect of changing from a'noFmal cﬁain alcohol to an a-
branched alcohol is illustrated by the following: n-hexanol -
cyclohexanol, AAF=0.66 kcal./mole; n-pentanol (predicted
value) - cyclopentanol, AAF=0.51 kcal./mole. The change from
a secondary o position to a tertiary a position is illustrated
by cycloheptandl - l-methylcyclohexanol where AAF%0.43
kcal./mole.

The effect of rearrangement of the carBon skeleton of
the alcohol to give B -branching is illustrated by the series
n-pentanol (predicfed value) - cyclobutylcarbinol, AAF=0.05
kcal./mole; cyclobutylcarbinol - neopentandl, AAF=0.42
kcal./mole. Thus it is apparent that rearrangement of the
carbon skeleton of the alcohol to give o--branching has a
greater stabilizing effect than rearranging it to give 8-
branching. | ’

Correlation of K with ionization. potentials

Ionization potentials for several alcohols have been
derived from alcohol-iodine charge transfer complexes by
Kurylo and Jurinski (50). There is an interestihg correla-

tion between AFeq for cerium(IV)-alcohol complex formation and.
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the ionization potential of the alcohol as illustrated in
Figure 5. This correlation can be rationalized on the follow-
ing basis.

The ionization potential of an alcohol should be a
function of the electron density on oxygen. The electron
density on oxygen should increase with increasing substitu-
tion due to the electron donating capabilities of the addi-
tional substituents. Thus one expects a decrease in the
I.P. of an alcohol with increasing substitution. Likewiseé
one expects the strength of the metal ion-oxygen interaction
to increase with increasing substitution thus increasing

K. These trends are evidenced.in Figure 5.



Figure 5. Correlation of A Feq with ionization
potentials of some alcohols
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EXPERIMENTAL
General Procedure for Measurement
. of Equilibrium Constants

A solution of 0.0666-M ceric ammonium nitrate (CAN) was
prepared by dissolving ca. 0.913 g. CAN in 1.637 M nitric
acid solution, the tétal volume being 25 ml. A 1-2 M
solution of the alcohol was prepared by dissolving the
appropriate amount of alcohol in acetonitrile, the total
volume of solution being 25 ml. A quantity of 3.0 ml. of
the CAN solution was pipetted into a 10-ml. volumetric flask
and the solution was diluted to 10 ml. with acetonitrile.

The absorbance at 520 mﬁ was measured as rapidly as possible.'

A quanﬁity of 3.0 ml. of the CAN solution was pipetted
into a 10 ml. volumetric flask, a few ml. of acetonitrile
was added, and 1.0 ml. of the alcohol solution was added.

The time was noted and the solution was diluted to 10.0 ml.
with acetonitrile. A portion of the solution was transferred
to a cuvette (1 cm.) and the absorbance at 520 mp was measured
at 1.0 min., 1.5 min., and 2.0 min. after the first time
noted. This procedufe was repeated using 2;0 ml., 3.0 ml.,
4.0 ml., and 5.0 ml. of the alcohol solution.

If there was a decrease in absorbance of the ceriumkIV)-
alcohol solution during the time the absorbance was measured,
the absorbance value used in calculating the equilibrium |
constant was determined by extrapolating absorbance. to zero

time, usually assuming that absorbance decreased linearly with



72

time. In a few cases the solution faded so rapidly during the
absorbance measurement at the highest alcohol concentra-

tion that this point could not be used in determining the
equilibrium constant.

The concentrations of CAN and alcohol and the calculated

data are summarized in Table 11.
Modified Procedures

In addition to 70% aqueous acetonitrile as a‘solvent
for the equilibrium constant measurements, 70% agueous
acetic acid, water, and water with added salts were used.
For the measurgménts,in 70% aqueous acetic acid and water,
glacial acetic acid aﬁd water were substituted for aceto-
nitrilé in the general prdcedure described above. For
measurements in water with added salt, the appropriate amount
of salt was added to the solid CAN before dissolution and
dilution. |

In the experiment with added sodium perchlorate, 2.1327
g. of anhydrous sodium.perchloraté was addeq to the solid
CAN makin§ the concentration 0.2090 M in the cerium(IV)-
alcohol solutions. 1In the experiment with added sodium
nitrate, 1.4219 g. was added, making the concentration of

sodium nitrate 0.2010 M in the cerium(IV)-alcohol solutions.
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CAN and alcohol concentrations and calculated data

Table 11.
for eguilibrium constant measurements
a Slopet c Intercept+
Alcohol [CAN] " [Alcohol]}™ St. Dev. St. Dev.C

Benzyl 0.0205 1.9958 0.4536+0.0051  0.3324+0.0139
0.0205 1.9958 -1.3380+0.0874 148.98+6.73%

p-Methylbenzyl ~ 0.0201 1.0319 0.3148+0.0015  0.2523+0.0081
© 0.0201 1.0319 -1.2768+0.0595 205.67+7.63%

o-Chlorobenzyl  0.0207 - 1.0082 0.7140+0.0022  0.3736+0.0118
0.0207 1.0082 -1.8428+0.0542 130.13+3.20%

m-Chlorobenzyl  0.0206 1.9901 0.5670+0.0037  0.4098+0.0100
0.0206 1.9901 -1.4091+0.0553 124.44+3.41%

p-Chlorobenzyl  0.0206 2.0998 0.460040.0023  0.3201+0.0062
0.0206 2.0998 -1.4139+0.0442 154.38+3.38°

m=Nitrobenzyl 0.0205 1.6086 0.8425+0.0095  0.3880+0.0321
'0.0205 1.6086 -2.0726+0.2330 125.32+1.11%

p-Nitrobenzyl 0.0208 1.3669 0.7246+0.0024  0.4521+0.0095
0.0208 1.3669 -1.6504+0.0421 113.40+2.26%

a-Methylbenzyl  0.0206 '2.0177 0.2712+#0.0077  0.5641+0.0205

0.0206 2.0177 -0.4544+0.0354 88.412+3.149%

qcan concentration in the CAN-alcohol solution.

b

Alcohol concentration before dilution.

cSlope and intercept are calculated from slope-intercept
equation unless otherwise indicated.

dCalculated from slope equation.
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b Slope+

Intercept+

Alcohol [can] ® [aleohol]l” g %R St. Dev.C
a-Methylbenzyl  0.0202 1.0738 0.3043+0.0026 0.5369+0.0131
0.0202 1.0738 =0.5462+0.0200 94.675i2.l70d
Benzhydrol 0.0207 1.4628 o.2211ib.0022 0.3311+0.0091
© 0.0207 1.4628 =-0.6483+0.0301 147.5714.42d
Benzhydrol 0.0206 1.0474 0.2374+0.0020 0.3250+0.0105
0.0206 1.0474 =0.7003+0.0311 149.7214.sob
Methanol 0.0204 1.5629 1.204+0.009 0.6134+0.0321
Ethanol  0.0200 1.0129 0.7898+0.0010 0.5717+0.0533
n-Hexanol 0.0202 1.0274 0.3509+0.0057 0.5333+0.0301
n-Nonanol 0.0200 1.0109 0.3381+0.0019 0.6147+0.0103
Neopentyl 0.0206 0.9827 0.1785+0.0012 0.4926+0.0069
2-Cyclohexyl- '
ethanol .0.0201 0.9614 0.2702+0.0006 0.5105+0.0032
Cyclopropyl=- . ’
carbinol 0.0200 1.0933 0.7143+0.0022 0.6109+0.0107
Cyclobutyl=- |
carbinol 0.0200 0.8602 0.3078+0.0024  0.4448+0.0151
Cyclopentyl- :
carbinol 0.0205 1.0228 0.2615+0.0059  0.6775+0.0310
Cyclohexyl=~ :
carbinol 0.0199 . 1.0112 0.1945+0.0008 0.4786+0.0045
3-Butenol 0.0201 1.0005 0.5358+0.0019 0.5226+0.0105
5-Hexenol 0.0201 0.9930 0.3906+0.0055 0.5534+0.0300
2-Phenylethanol 0.0205 1.0433 0.3930+0.0082 0.8811+0.0426
4-Phenylbutanol 0.0206 1.0660 0.5070+0.0162

0.3165+0.0032
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Table 11 (Continued)

Alcohol [can]® [Alcohol]® $19Pe Tatercepty
Ethylene glycol 0.0197 0.9243 0.2146+0.0007 0.6483+0.0040
1l,3-Propanediol 0.0203 1.1248 0.1418+0.0024 0.6202+0.0117
1,4-Butanediol  0.0200 1.0680 0.2251+0.0034 0.5930+0.0172
1,5-Pentanediol 0.0203 0.9895 0.2011+0.0023 0.6555+0.0128
2-Methoxyethanol 0.0202 1.0305 0.5795+0.0051 0.7621+0.0267
2-Chloroethanol 0.0199 1.2536 2.610+0.045 0.3298+0.1951
3-Ethoxypropanol 0.0201 0.9187 0.5211+0.0037 0.5698+0.0190
Isopropanol 0.0208 1.9848 0.4904+0.0073 0.7124+0.0200
3-Heptanol 0.0206 1.0246 0.1551+0.0021 0.5758+0.0109
Cyclopentanol 0.0201 1.0543 0.1276+0.0018 '0.3692jp.0100 '
Cyclohexanol 0.0202 1.0035 - 0.1415+0.0030 0.6080+0.0163
Cycloheptanol 10.0205 1.0153 0.1241+0.0040 0.5544+0.0263
Cyclooctanol 0.0202 0.5530 0.1142+0.0026 0.6149+0.0161
t-Butanol 0.0202 1.7449 0.3234+0.0044 0.8708+0.0135
l-Methylcyclo-

hexanol 0.0200 1.0054 0.6300+0.0017  0.5543+0.0091
Ethanol/HOAc 0.0201 1.2424 1.87li9.019 0.2806+0.0808
Ethanol/HZO 0.0201 1.0488 0.4274i9.0¢33 0.4941+0.0168
n-Butanol/HOAc 0.0200 0.9821 1.025i9.008‘ 0.4075+0.0444
BfButanol/HZO 0.0199 0.7338 0.2798+0.0033 0.4502+0.0244
Isopropanol/HOAc 0.0203 1.0919 1.243+0.008 0.5373ip.0419‘
Isopropanol/H20 0.0200 1.0007 0.5451+0.0074 0.4462+0.0403
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Slope Intercept+

a b
AlCOhOl [CAN] [AlCOhOl] St. Dev.c St. Dev.E

t-Butanol/HOAc  0.0200 0.9433 0.8351+0.0110 0.5414+0.0632

EfButanol/HZO 0.0204 1.0151 0.7945+0.0059 0.4213+0.0316

t—Butanol/Hzo/

~ NaClo, 0.0201 0.9949 0.8156+0.0063 0.4001+0.0345
t-Butanol/H,0/ : ' _
NaNO, 0.0203 0.9904 0.8306+0.0102 0.2732+0.0559
Chemicals

Table 12. Chemicals

Chemical Source Purification Procedure
Benzyl alcohol Eastman None
Aldrich None

p-Methylbenzyl alcohol

o-Chlorobenzyl alcohol

m—-Chlorobenzyl alcohol
p-Chlorobenzyl alcohol
m-Nitrobenzyl alcohol.

p-Nitrobenzyl alcohol

a-Methylbenzyl alcohol

Benzhydrol

o-Chloro- Recrystallization®
benzyl '

chloridea

Aldrich None

Aldrich None

Eastmanv None

Aldrich Two recrystallizations
from aqueous ethanol; b
m.p. 92-92.5°, lit. 93°

Aldrich  None

Matheson, None
Coleman, and
Bell

§See below for procedure.

See reference 51.
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Chemical Source Purification Procedure
Methanol Baker None
Ethanol - Matheson, None
Coleman,
and Bell
n-Hexanol Matheson, Distilled
Coleman,
and Bell
n-Nonanol Aldrich None
Neopentanol Matheson, None
Coleman, '
and Bell
2-Cyclohexylethanol JAldrich None
Cyclopropylcarbinol Aldrich None
Cyclobutylcarbinol Prepareda Distilled .
Cyclopentylcarbinoi K. & K. .Distilled
Cyclohexylcarbinol Aldrich None
3-Butenol . Aldrich None
5-Hexenol Columbia None
2-Phenylethanol Matheson, None
Coleman,
and Bell
4-Phenylbutanol Prepareda Distilled
Ethylene glycol Matheson, None
Coleman, ‘
and Bell
1,3-Propanediol Matheson, None
Coleman,
and Bell
1,4-Butanediol Aldrich None
1,5-Pentanediol Aldrich None
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Chemical Source Purification Procedure
2-Methoxyethanol -Aldxrich Distilled, b.p. 125°
(760 mm.)
2-Chloroethanol -Baker None
3-Ethoxypropanol Aldrich Distilled, b.p. 160-1°
(760 mm.).
Isopropanol Fisher None
3-Heptanol Matheson, Distilled, b.p. 154° .
Coleman, (760 mm.)
and Bell
Cyclopentanol Aldrich Distilled, b.p. 139-40°
(760 mm.)
Cyclohexanol- Matheson, None
Coleman,
and Bell
Cycloheptanol Aldrich ' Distilled
Cyclooctanol Aldrich None
t-Butanol . Eastman None
l-Methylcyclohexanol  Aldrich DlStllled b.p. 62°
. (ca. 20 mm.)
n-Butanol Baker None
o-Chlorobenzyl '
chloride Aldrich None
CAN G.F. Smith,  None, 99.99% pure
Certified ‘
Primary
Standard
Acetonitrile Baker " None
Acetic acid Mallinckrodt None
4-Phenylbutyric acid Aldrich None
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o—-Chlorobenzyl alcohol

A mixture of 80.5'9. (0.50 mole) gfchlorobenzyl chloride,
52 g. (0.53 mole) potassium acetate, and 750 ml. 95% ethanol
was refluxed for 8 hrs. The mixture was filtefed, 33.6 g.
potassium hydroxide was added to the filtrate, and it was
refluxed for 6 hrs. The mixture was diluted with ca. 2 1.
- water and extracted with chloroform. Concentration of the
chloroform solution gave 30 g. (42%) o-chlorobenzyl alcohol.
The product Qas recrystallized successively from ligroin,
heptane, 75% agueous ethanol, and ligroin, m.p. 69-70°, 1lit.
69° (52).

Cyclobutylcarbinol

Cyclobutylcarbinol was prepared by R. Shaw. Cyclobutane-
| carboxylic acid was prepared from diethylmalonate and tri-
methylene dibromide using the method of Cason and Rapoport
(53) . The acid was reduced to the alcohol using lithium
aluminum hydride (54). The alcohol was distilled at reduced
pressure, b.p. 53-5° (7 mm.).

4-Phenylbutanol

To 10.5 g. (0.26 mole) lithium aluminum hydride in 800
ml. ether was added 50 g. (0.30 mole) 4-phenylbutyric acid in
250 ml. ether. The mixture was refluxed for 2 hr. after
addition was complete and then moiét ether was added to
destroy excess hydride. Ca. 25 ml; water and then 400 ml.

2 M sulfuric. .acid were added and. the mixture was stirred
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ﬁntil‘the solid dissolved. 'The ether layer was separated,
washed once with saturated sodium bicarbonate solution, and
dried over magnesium sulfate. . The ether was evaporatively
distilled through a Vigreaux column and the last traces were
removed on a rotary evaporator. The resulting yéllow—brown
liquid was distilled under reducea pressure, b.p. 105° (1.6

mm.), lit. b.p. 140° (14 mm.) (55).
Equipment

Absorption measurements were made at 520 mu using a
Beckman Model D.U. spectrophotometer using Beckman 1 cm.
matched silica cells. The temperature of the cell holder was_.
maintained at 21.0° with a Haake constant temperature circu-
lator to circulate water through the cell holder jackets.

‘-Most of the calculations were done by an I.B.M. Series
360 Model 50 computer using the least squares computer .
programs RAWDAT and PLOT. Plotting was done by a Cal-COmp
Digital Incremental Data‘Plotter in conjunction with program

PLOT using the éimplotter routines at Iowa State University.
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PART III. THE MECHANISM OF CERIUM(IV) OXIDATION OF

BENZYL. ALCOHOLS
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INTRODUCTION

The use of cerium(IV) as an oxidant in analytical
chemistry has been thoroughly explored. However, only
recently has there been any interest in the mechanisms of
cerium(IV) oxidation of organic compounds (4).

The findings of other workers concerning the mechanisms
of oxidation of alcohols by éerium(IV) may be summarized
briefly. The general finding is that in perchloric and nitric
acids, oxidation of alcohol§ proceeds via l:1 complex forma-
tion between cerium(IV) and the alcohol. The slow séep of
the oxidation is the unimolecular decomposition of the alcohol-
cerium(IV) compiex. In sulfuric acid, alcohol=-cerium(IV) |
complex formation does not in general occur and the reaction
is found to be pvérall.second order, first order in alcohol
and first order in cerium(IV). These two mechanisms are
illustrated in Equétioné 29 and 30. 1In all but.one kinetic

study (11) of the cerium(IV) oxidation of alcohols reported in

Ce(IV) + alcohol-—ii——é complex __E__,. intermediate
<~ slow .
(29)
k2 .
Ce(IV) + alcohol —Tos” Iintermediate (30)

the literature, the authors assume that the first formed
intermediate is an alkoxy radical, RO-.
In our study of the synthetic application of cerium(IV)

oxidations to benzylic-type alcohols (Part I) (5,6) we made
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an observation which was clearly inconsistent with alkoxy
radical formation in the slow step of the reaction. This
was that there wés a rather large substituent effect on the
rate of oxidation‘of substituted benzyl alcohols by ceric
ammonium nitrate ip a variety of media. .p~Methoxybenzyl
alcohol was oxidized to p-anisaldehyde in a few minutes at
room temperature, whereas benzyl alcohol required several
minutes at steam bath temperature for oxidation to benzalde-
hyde. p-Nitrobenzyl alcohol required even longer than benzyl
alcohol for oxidation. Thus it was apparent that the oxida-
tion of benzyl alcohols by ceric ammonium nitrate is acceler-
ated by electron donating substituents such as.Efmethoxy and
retarded by electron withdrawing substituents such as p-
nitro.

fhis observation seemea to us more consistent with the
development of frée radical or carbonium ion character on the
a-carbon in the transition state of the slow step of the
reaction than with alkoxy radical formation. Indeed, Littler
had measured a deute:ium isotope effect for the ceric sul-
fate oxidation of cyclohéxanol and l-deuterocyclohexanol in
sulfuric acid and found kH/kD = 1.9 (17), indicating that
there 1is some C-H bond breakage at the a~carbon in the
transition state of the slow step. However, this experimental
fact has been generally ignored by other workers (12,16,

18-20,22,56,57) and a study of the kinetics of oxidation of
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substituted benzyl alcohols seemed to offer an excellent
system to thoroughly eﬁplore the mechanism of cerium(IV)
oxidation of alcohols. It offers the adﬁantages that the
oxidation of benzyl alcohols proceeds cleanly to the corre-
sponding benzaldehydes (Part I), and substituents can be

systematically varied and their effect on the rate of oxida-

tion noted.
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HISTORICAL

The first'study of the mechanism of oxidation of alcohols
by cerium(IV) was that of Ardon (1l1), who studied the ceric
perchlorate oxidation of ethanol in 3.2 M perchloric acid.

He found that the kinetics were consistent with the inter-
mediacy of a 1:1 cerium(IV)-alcohol complex and cénfirmed
the presence of the complex spectrophotometrically. Thus

- the mechanism was proposed to be
Ce(IV) + alcohol S complex -—25——+' products (31)

Littler investigated the ceric sulféte oxidation of
cyclohexanol in 0.24 M sulfuric acid at 50° C. and found
complex formation kinetics similar to Ardon's (17) with
K=13.0 and k=1.38 x 10—4,éec71.compared,to K=4.3 and k=67 x
1074 secTt at 20° found by Ardon {(11). Littler foﬁnd a
deuterium isotope effect, kH/kD, of‘i.9 for the oxidation of
l-deuterocyclohexanol by ceric sulfate (17) and suggested
that this indicates that the oxidatiqﬁ step probably in-
volves one-electron transfers within a cyclic alcohol-cerium
(IV)_complex (Eqﬁétion 32). ngever the low value of kH/kb'
for cerium(IV) (kH/kb=3'6 in perchloric acid and 4.5 in
sulfuric acid for the vanadium(V) oxidation of l-deutero-
cyclohexanol (57) shows the possibility of concurrent oxida-~

tion by an acyclic mechanism such as that suggested by Bawn

and. White for the cobalt(III) oxidation of alcohols
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-(Equation 33) k58).

Muhammad and Rao studied the kinetics of the ceric
perchlorate oxidation of methanol in varying concentrations
of perchloric acid (12). Their kinetics were consistent with
a mechanism involving 1l:1 cerium(IV)4alcohol complex forma-
tion and unimolecular decomposition of the complex. They
suggest that the oxidation of both ethanol and methanol
proceeds via formation of an alkoxy radical, RO-, in the
slow step of the reaction with the following step being a
rapid oxidation of the alkoxy radical (Equations 34-36).

An activation energy of 14.45 kcal./mole was found in 1 M

MeCH + Ce(IV) ——— Ce«0—Me ‘ (34)
H
Ce «-0—Me SIOW . co(III) + HY + MeO- (35)
H
MeO- + Ce(IV) —=28t, ce(r1I) + HCHO + HY (36)

perchloric acid.

Muhanmmad and Rao also studied the kinetics of the ceric
sulfate oxidation of methanol in 0.5-2 M sulfuric acid at 55°
(16) . A search for cerium(IV)-alcohol complex formation
indicated that thefe was none. The rate of disappearance of
cerium(IV) was overall second order, first order in alcohol
and first order in cerium(IV). The différence between the

kinetics observed in sulfuric acid and in perchloric acid
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was postulated to be due to the strong binding of éulfate

ion with cerium(IV) preventing alcohol-cerium(IV) complex
formation in sulfuric acid. They again postulated the inter-
mediacy of an alkoxy radical in the ceric sulfate oxidation
of methanol (Equations 37 and 38). An activation energy

of 26.3 kcal./mole was reported for the ceric sulfate oxida-

tion of methanol.

Ce(IV) + CH;0H —> Ce(III) + CHj0- + H' (37)

. ' +
Ce(IV) + CH.0 Ce(III) + HCHO + H } (38)

3

Rangaswamy and Santappa have studied the kinetics of
the ceric perchlorate oxidation of grbuténol in 0.5-2.0 M
perchloric acid at 10-15° C. (56). They found that the
reaction is first order in cerium(IV) in the presence of
excess alcohol and ca. 0.5 order in n~butanol. They found
that plots of l/rate vs. l1/(n-butanol) as well as l/rate
vS. l/(H+) are linear. These results are consistent with
the formation of a 1l:1 complex between aquated cerium(IV) and
alcohol which then undergoes rate determining unimolecular
decomposition. They suggest with no justification that the
initial step of the reaction is O-H bond fission in the alcohol
leading to an alkoxy radical which with further oxidation is
converted to n-butyraldehyde and then to "stable" n-butyric

acid. In fact, Trahanovsky and M. G. Young (59) have found
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that the oxidation of n-pentanol produces no n-valeraldehyde
or n-valeric écid shedding some doubt on Rangaswamy and
Santappas' assumed products.

Sethuram and Muhammad have investigated the oxidation
of isopropanol and sec-butanol by ceric nitrate in 1 M-
nitric acid (19). They found that the oxidation -of iso-
propanol produced approximately one mole of acetone for every
two moles of cerium(IV) consumed. In the presence of excess
alcohol the reaétion is first order in cerium(IV)., 0.70
order in n-butanol and 0.625 order in iéopropanol. This is
consiétent with the formation of a 1:1 complex and rate
determining decomposition of the complex. They also found
that the rate of reac;ion is inversely proportional to the
square of the nitrate ion concentration due to competition
of the nitrate ion with alcohol for coordination.sites around
the ceric ion. As usual, the.inﬁermediacy of an alkoxy
radical is postulated without justification. They assumed
that the cerium(IV) species in solution was Ce(N03)4(HZO)2
and concluded that alcohol is displécing water and not nitrate
ion from the cerium(IV) species.

In a following paper, Sethuram and Muhammad studied the
kinetics of oxidation of isopropanol by various ceric salts
(22) . They found that in ceric perchlorate-perchloric acid
and ceric hitrate-nitric acid the reaction follows kinetics

chéracteris;ic of 1:1 cerium(IV)-alcohol compiex formation
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and rate determining decomposition of the complex, while in
ceric sulfate-sulfuric acid medium the reaction is first
order in each reactant. They also found that there is more
alcohol-cerium(IV) complex present in ceric perchlorate-
perchloric acid than in ceric nitrate-nitric acid and
attributed this to the competition of nitrate ion with alcohol
for coordination sites around the metal ion. In all three
systems, the first-formed intermediate was assumed to be the
alkoxy radical which underwent rqpid oxidation to acetone.
Sethuram studied the ceric nitrate 6xidation of allyl
alcohol in nitric acid (18). He found that the oxidation of
allyl alcohol by ceric nitrate was faster than the oxidation .
of n-propanol, but he doesn't reveal how much faster. The
kinetics were consistent with 1l:1 complex formation and rate
detérmining unimolecular decomposition of the complex. The
mechanism suggested is outlined in Equations 39-41. A

priori, formation of the alkoxy radical derived(from allyl

X

Ce(NO,) ,(H,0)., + CH,=CH-CH,OH ———>  complex (39)
Garere s Tz 2" Tast
k — T . . +
complex EIEGa» CHZ—Cg CH?O +‘Ce(II;)n1trate + H (40)

. — T . fast P
Ce (NO,) , (E,0) , + CH,=CH-CH,0+ === CH,=CH-CHO + Ce(III)

+ HY  (41)
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alcohol should be energetically less favofable than formation
of the alkoxy radical from n-propanol because the electron
witﬁdrawing pi system in allyl alcohol should increase the
ionization potential of the alcohol. Thus one would expect
allyl alcohol to be oxidized at a slower rate than n-propanol.
On the other hand, if there is some charge development on the
a-carbon atom in the transition state of the rate determining
step, allyl alcohol should be oxidized more rapidly than
n-propanol, as is observed. Thus fhere is reason to believe
that a simple alkoxy radical is not the first-formed inter-
mediate in this reaction.

Rangaswamy and Santappa carried out a kinetic study of
the oxidation of benzyl alcohol by ceric perchlorate in 1.0-
1.5 M perchloric acid at 10-20° C. (20). Théir kinetics
indicated that the reaction was first order in cerium(IV)
and first order in benzyl alcohol.. They éuggest that the
absence of complexing between cerium(IV) énd the alcohol
is due to the electron withdrawing nature of the phenyl group.
That there actually is cerium(IV)-alcohol complexation in this
medium is apparent from visual observation of the color change
upon adding benzyl alcohol to a 0.05 M ceric perchlorate
solution in 0.5 M perchloric acid (see experimental section).
Thus these authors' kinetics may be‘in error, although it is
possible that the use of low alcohol concentrations could lead

to the erroneous conclusion that there is no complex formation
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if the denominator of the rate expression in Equation 42 re-

mains nearly constant.

-d[ce(Tv) 1/ae = el ] ROH] . (42)

Hintz and Johnson studied the mechanism of oxidation of
glycols by ceric perchlorate in 1.0 M perchloric acid and in
0.75 g,perchloric_acid-o.zs M sulfu;ic acid (14). Their
main concern was with the mechanism of oxidation of 1l,2-diols,
but they also examined the kinetics of oxidation of cyclo-
hexanol. They observed kinetics consistent with formation of
a cerium(IV)-alcohol complex and rate determining unimolecular
decomposition of the complex in 1.0 M perchloric acid. They
found an equilibrium constant for complex formation of 2.9
(£rom kinetic data) and a rate constant of 0.13 min:l at
15.0° c.

Several wérkers have studied the mechanism of glycol
cleavage by cerium(IVf (4,60). It is generally found that no
glycol-cerium(IV) complek forms in sulfuric.acid, whefeas
in nitric and perchloric acids a complex usually forms. ' The
mechanism generally agreed upon for glycol cleavage in nitric
and perchloric acids is presented in.Equations 43-45. The
intermediacy of a free radical in the.cerium(IV)-glycol
cleavage reaction has béen demonstrated by showing that the

yield of carbonyl containing product is reduced by one half
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l
-C-OH .
Ce(IV) + | fast, complex (43)

-C=-0H ~
complex —S19%, >c=o + >8-0H + ce(III) + HY  (44)

Sc-on + ce(IV) —ﬁc—»>c-—-o + Ce(III) + m*t (45)

when the oxidation is carried out in the presence of the

free radical trap acrylamide (60).
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RESULTS

Rate measurements were carried out at 55;0° C. in 75%
agueous acetonitrile containing 0.95 M nitric acid with ceric
ammonium nitrate (CAN) as oxidant. Reactions were followed
spectrophotometriéally, usually at 458 mp for a CAN concentra-

tion of 0.005 M.
Order in Cerium(IV)

In the presence of excess benzyl alcohol (0.10 M) and
0.005 M CAN at 55.0° C., the rate of disappearénce of cerium(IV)
is first order with respect to cerium(IV), since a plot of
log absorbance vs. time is linear for at least two half-lives
(Figure 6). 'All other rates which were measured for benzyl |
alcohols also showed first order dependence on cerium(IV).

The pseudo first order rate constants obtained are summarized
in Table 13.

A further attempt was made to demonstrate that the
cerium(IV)-benzyl alcohol reaction is first order in cerium
(IV) by measuring rates with varying concentrations of
cerium(IV) in the presence of a constant excess of alcohol.

These results are summarized in Table 14.
Order in Alcohol

A graph of the pseudo first order rate constant vs. the
concentration of benzyl alcohol has a non-zero intercept .and

slight curvature (Figure 7) illusﬁrating that the reaction



Figure 6. Pseudo first order rate data for benzyl
alcohol. [Benzyl alcohol] = 0.0501 M
[CaN] = 0.005 M, 55.0°. cC.

Figure 7. Pseudo first order rate constant vs.
alcohol concentration for benzyl alcohol



96

BENZYL ALCOHOL.
¥iI-51
(=1
-
o
'
]
o
[}
oR
Tl
n ]
=
-
3
-]
(]
8
& - T 7 T —7
Q.oq .00 2.00 3.0 §.00
TIME (MIN . i)
o
N
]
[~
=
o
o
o
“5
o=
o=
>
b2}
o«
OCII
(=]
1=
= T T T T
g.0Q c.5 1.60 2.40 3.2




97

Table 13. Pseudo first order rate constants for the cerium
(IV) oxidation of benzyl alcohols?®

Alcohol [Alcohol]b o k' x 102 €
' (min.—l)
Benzyl ‘ 0.05012 0.623
0.09676 1.185
0.39795 3.997
m-Methylbenzyl : 0.04923 1.387
0.06570 1.827
0.09217 2.545
0.13100 3.523
0.27442 7.196
p~Methylbenzyl 0.04865 . 5.504
| 0.05178 - 5..809
0.09758 10.412
p-Chlorobenzyl 0.06803 . 0.466
0.17714 : 0.895
0.35246 1.631
m-Chlorobenzyl 0.06760 0.786
0.10900 . | 1.236
0.24573 2,060

%rhe reaction medium was 75% agueous acetonitrile, 0.95
M nitric acid, 0.005 M CAN. Temperature = 55.0° C. unless
noted otherwise.

bAverage concentration of alcohol during the kinetic run.

®Rate constants are corrected for concurrent solvent
oxidation.
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Table 13 (Continued)

Alcohol  [Alcohol]® k' x lfi ¢

. . (min. ™)
p-Chlorobenzyl . 0.09811 ‘ 0.988
0.16682 1.591
0.39484 . 3.724
p-Bromobenzyl | 0.06769 1.023
0.09727 1.406
0.29672 5.099
m-Nitrobenzyl . 0.06333 0.426
0.10143 0.598
0.25577 1.406
m-Nitrobenzyl® 0.05738 2.165
| 0.10198 3.670
0.22755 " §.050
p-Nitrobenzyl 0.07146 , 0.582
' 0.14987 1.104
0.26066 | 1.945
-€ | | 0.0 0.218
£ - 0.0 ~ 1.079

dTemperature is 70.0° C.

oeRate of solvent oxidation in the absence of alcohol at
55.0" C. .

ofRate of solvent oxidation in the absence of alcohol at
70.07 C.
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Table 14. Pseudo first order rate constants for the a
cerium(IV) oxidation of benzyl alcohol at 55.0° C.

Benzyl alcohol CAN k' x lﬂi °

concentration (M) concentration (M) (min. ™)
0.40 0.04 . : 3.35
0.40 0.005° 3.85
0.40- 0.005% . 3.32

%In 75% agueous acetonitrile, 0.95 M nitric acid, ceric
ammonium nitrate.

PUncorrected for solvent oxidation.
CCerous nitrate (0.034 M) added.
dcerous nitrate (0.035 M) and ammonium nitrate (0.070 M)

added.
is not first order in alcohol. However, a plot of 1l/k' vs.

1/[ROH] is linear (Figure 8). This observation is consistent

with the kinetic expression
1/k' = 1/k + 1/kK[ROH] (46)

which is derivable from the kinetic situatioﬁ where reactants
are in equilibrium with a l:l~complex with equilibrium
constant K, which undergoes rate determining decomposition
with a rate constant k. The intercept of this plot gives
1/k and intercept/slope gives K. The rate constants and
equilibrium constants calculated using this rate expression
are summarized in Table 15.

Rate constants for unimolecular decomposition of the

alcohol:ce;ium(IV) complex were also calculated"using the
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slope of the 1/k' vs. 1/[ROH] plots and the spectrophoto-
metric equilibrium constants measured elsewhere in this

dissertation. These are summarized in Table 16.
Temperature Dependence of Rate

The rate of oxidation of m-nitrobenzyl alcohol was
measured at 55.0° C. and 70.0° C. in 75% aqueous acetonit;ile
and 0.95 M nitric acid with the concentration of ceric am-
monium nitrate 0.005 M. The error in measuring K and k is
expected to be large since the correction of k' f£for solvent
oxidation amounted to ca. 30% of the total rate of oxidation
(see Table 13). ‘Activation parameters were calculated as-
suming that K remains essentially constant in the temperature '
range 55.0° to 70;0°. The calculated parameters. are sum-

marized in Table 17.
Deuterium Isotope Effect

The pseudo first order rate constant, k', measured for a,
a-dideuterobenzyl alcohol in 75% aqueous acetonitrile and 0.95
M nitric acid at 55.0° C. was 1.28 x 1072 min.™! at an alcohol
concentration of 0.1877 M. Using the equation derivable for
complex-formation kinetics. (Equation 45),'and assuming that
the equilibrium constants for benzyl and o, a-dideuterobenzyl
alcohol are the same, the rate constant for decomposition of |

2 nin.”d for o,

the complex, k, is calculated to be 10.1 x 10
a~dideuterobenzyl alcohol. This gives a value of kH/kD=2'o

for benzyl alcohol at 55.0° C. The kinetic isotope effects



Figure 8. 1/k' vs. 1/[ROH] for benzyl alcohol
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Table 15. Equilibrium constants for 1:1 alcohol-cerium(IV)
complex formation and rate constants for unimole-
cular complex decomposition derived from kinetic

datad .

Alcohol k x 102 (min.-l) K (liters/mole)
Benzyl 20.1 . 0.64
m-Methylbenzyl 68.1 0.42
p-~Methylbenzyl 54.5 1.27
o-Chlorobenzyl 3.09 | 2.58
m-Chlorobenzyl 5.94 2.29
p-Chlorobenzyl , 31.4 . 0.33
p-Bromobenzyl b : >
m-Nitrobenzyl 4.55 1.59
m~-Nitrobenzyl® 72.5 : 0.53
p-Nitrobenzyl 11.0° O 0.77

%In 753 aqueous acetonitrile, 0.95 M nitric ac1d, 0.005
M CAN at 55.0° C. .

®rhe graph of 1/k*' vs. 1/[ROH] had a negative intercept.

cMeasured at 70.0° C.

for Efchloro-‘and p-methylbenzyl alcohols were méasured and

calculated to be 2.2 and 1.3, respectively, at 55.0° C.



104

Table 16. Rate constants for complex decomposition calculated
using spectrophotometric equilibrium constants

Alcohol : X x 102 (min. h)? & (liters/mole)®
Benzyl o ' 17.62 0.73
m-Methylbenzyl 37.24 ca. 0.77°
p-Methylbenzyl 149.79 0.80
m~Chlorobenzyl “ 18.89 ' 0.72
p-Chlorobenzyl 14.96 0.69

. p~Bromobenzyl 20.69 . ca. 0.70€
- m~Nitrobenzyl 15.78 0.46
p-Nitrobenzyl . 13.79 0.62

2Rate measurements were in 75% aqueous acetonltrlle,
0.95 M nitric acid, 0.005 M CAN at 55.0° C.

“Equilibrium constants were measured in 70% aqueous
acetonitrile, 0.50 M nitric acid, 0.02 M CAN at 21.0° cC.

CEstimated value.

Table 17. Activation parameters for the cerium(IV) oxidation
of m-nitrobenzyl alcohola

arenecer  Tom e, P pectrprocoeeeet
E_ 41.3 kcal./mole  25.0 kcal./mole
re* 40.7 kcal./mole 24.3 kcal./mole
as*® 59.1 e.u. 11.7 e.u.
AF™ 21.6 kcal./mole ~ 20.5 kcal./mole

%In 75% aqueous acetonitrile, 0.95 M nitric acid at 50.0°
o X . _
bRate constants, k, from purely kinetic data.

CRate constants, k, calculated using spectrophotometric -
equilibrium constants.
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Rate of Oxidation of p-Methoxybenzyl Alcohol

An attempt was made to follow the rate of oxidation of p-
methoxybenzyl alcohol (0.05 M) by CAN.(0.00S M) in 75% aqueous
acetonitrile and 0.95 M nitric acid at room temperature. The
result was that éﬁmplete fading occurred within one minute.
Assuming a half-life of 0.5 min., k', the pseudo first order
rate constant, is calculated to be 1.5 min.—l. Assuming an
equilibrium constant of 0.5 l.mole T, a value of 61.5 min. ¥ is

calculated for k, the rate constant for unimolecular decomposi-

tion of the alcohol-cerium(IV) complex, at room temperature.
Rate of Oxidation of Ethanol

The pseudo first order rate constant, k', for the oxida-
tion of ethanol (0.1008 M) in 75% aqueous acetonitrile and
0.95 M nitric acid at 55.0° C. was found to be 0.925 x 10 2
min.-l. Assumihg that the equilibrium constant for the forma-
tion of the ethanol-cerium(IV) complex is the same as that
found kinetically for the benzyl alcohol—gerium(IV) complex

z'min._l is calculated for

(k=0.64) , a value of k=12.3 x 10
ethanol. The assumption that K(ethanol)=K(benzyl alcohol) is
probably a good one since spectrophotometric values of 0.73

and 0.72 were found for benzyl alcohol and ethanol, respective-
ly, at 21.0° C. in 70% agueous acetonitrile and 0.5 M nitric

acid. The ratio of k(benzyl alcohol/k(ethanol)=l.6-1.7.
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DISCUSSION

Overall Reaction Mechanism

Spectrophotometric evidence

A spectrophotometric study reported in Part II of this
'study describes the determination of equilibrium constants
for the formation of the 1:1 cerium(IV)-aicohol complex for
several benzyl alcohols in 70% agueous acetonitrile containing
0.5 M nitric acid at 21.0° C. (Equation 47). These constants

ranged from 0.46 to 0.80,

Ce(IV) + ROH SN complex (47)
—

with electron donating substituents facillitating complex
formation to a small extent (see Table 4).. It is interesting
to note that with initial concgntrations of cerium(IV) and
alcohol of 0.02 M and 0.50 M, respectively, and an equilibrium
constant of 0.80, about 29% of the cerium(IV) is présenf in
the form of a cerium(IV)-alcohdl complex. Thus it was anti-
cipated that complex formation should also be evidenced by

the kinetics of the cerium(IV)-oxidatién of alcohols.

Kinetic evidence

The cerium(IV) oxidation of benzyl alcohols in 75%
aqueous acetonitrile and 0.95 M nitric acid at 55.0° C. is
pseudo first order with respect to cerium(IV) in the presence
of excess alcohol, as evidenced by the linearity of log

absorbance vs. time plots (Figure 6). That the reaction is -
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first order in cerium(IV) is further supported by the obser-
vation that the pseudo first order rate constants for the
oxidation of benz&l alcohol remain approximately constant
when the cerium(IV) concentration is varied in the presence
of a constant excess of alcohol with the ionic strength
maintained constant (Table 14).

A plot of the pseudo first order rate constants vs.
alcohol concentration for benzyl alcohol illustrates that
the reaction is non-first order in alcohqlcsince the plot
~ has a non-zero intercept and slight curvatﬁre (Figure 7).
However, a plot of the reciprocal of the pseudo first order
rate constant vs. the reciprocal of the alcohol concentra-
tion results in a straight line (Figure 8). This is con-
sistent with the kinetic situation observed by Ardon for the
ceric perchlorate oxidation of ethanol in perchloric acid
(11) , where there is an equilibrium established between
cerium(IV) and alcohol to form a l:1 complex, with the rate
determining étep of the oxidation being unimolecular de-

composition of the complex (Equations 48 and 49).

Ce(1IV) + ROH X s complex ——5?—» - intermediate (48)
jasa——

. . rapid _
intermediate Swidation” product - (49)

The kinetic expression for this mechanistic situation is
derivable in the following manner. In the presence of excess

alcohol,
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-d[Ce(IV}]TAdt = k‘[Ce(IV)]T (50)

where k' is the pseudo first order rate constant obtained
in the presence of excess alcohol and [Ce(IV) ], is the total
cerium(IV) concentration. The rate expression corresponding

to the mechanism given in Equations 48 and 49 is

-d[Ce(IV)]T/dt.= k tcomplex] (51)

[complex] ' (52)
([Ce(IV)]T - [complex]) [ROH]

K =

Solving for [complex] and substituting into Equation 51,

—d[Ce(IV) ], kaROH]
at I + KX[ROH]

[Ce (1) ], (53)

From Equations 50 and 53 it can be seen that

KK [ROH] . _ -  (54)

I -
ki = 1 + K[ROH]

Rearranging this expression gives

1 1 1 .
A [ROH : (55)

A plot of 1/k' vs. 1/[ROH] has a slope of 1/kK and an inter-

cept of 1/k.
Equilibrium constants derived from spectrophotometric

measurements in 70% aqueous acetonitrile-0.5 M nitric acid
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at 21.0° C. and from kinetic measurements in 75% aqueous
acetonitrile~0.95 M nitric acid at 55.0° €. are summarized -
in Table 18. Agreement between some 6f ihe spectrophoto-
metric and kinetic.values of K is quite good. However,

there are rather iarge deviations between some of the wvalues.
This.is due to the relatively large experimental error en-
countered in these measurements. Correction of the pseudo

first order rate constants for concurrent solvent oxidation

1 .¢e 55.0%° C.) and is

is significant (0.22 x 102 min.”
probably the major source'of error. In addition, the method
of treating the data (i.e., plotting 1l/k' vs. 1/[ROH]
magnifies systematic errors, since any error which increases
the vélue of the intercept of the plot will in general also
decrease the slope, and K = intercept/slope. It is note-
worthy that the largest deviations between spectroscopically
and kinetically derived equilibrium constants are found fo:
the more slowly oxidized alcohols o-chloro-, m-chloro, and
m-nitrobenzyl alcohols, where the corrections for solvent
oxidation are most important. |

The observation of 1l:1 alcohol-cerium(IV) complex forma-
tion in the present system is consistent with the majority
of cerium(IV)-alcohol studies reported in the literature
(see historical). One major exception is the report by

Rangaswamy and Santappa of a kinetic study of the ceric

perchlorate oxidation of benzyl alcohol in perchloric acid
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1

at 10-20°% Cc. (20). They‘report that there is no complex
formation between benzyl alcohol and cerium(IV) in this
medium, although-we have shown that there is visual evidence
for complex formation in this medium. It is possiﬁle that
theif kinetics are in error, or that the low alcohol concen-
trations at whi;h they worked {the maximum alcohol concentra-
tion was 0.025 M) did not allow the detection of the complex.
This could occur if K[ROH]<«<1 in Eqﬁation 53, since second

order kinetics would result.

Table 18. Equilibrium constants for cerium(IV)-alcohol complex

formation
Alcohol Equilibrium constazts (liter mole )
Spectrophotometric Kinetic
Benzyl 0.73 0.64
m-Methylbenzyl . ca. 0.77° - " 0.42
p-Methylbenzyl 0.80 ' 1.27
o-Chlorobenzyl 0.52 2.58
m—-Chlorobenzyl . 0.72 2.29 .
p-Chlorobenzyl ~ 0.69 0.33
p-Bromobenzyl - ca. 0.70° | -d
m-Nitrobenzyl ’ 0.46 1.59
p-Nitrobenzyl 0.62 0.77

qMeasured at 21. 0° C. in 70% aqueous acetonitrile, 0.5 M
nitric acid, [Ce(IV)] = 0.02 M.

bMeasured at 55.0° C. in 75% aqueous acetonltrlle, 0.95 M
nitric acid, [Ce(IV)] = 0. 005 M.

cEstimated value.

dThis graph of 1l/k' vs. 1/[ROH] had a negative intercept.
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All information available from this study is thus con-
sistent with the mechanism generally found by other workers;
i.e., 151 alcohol-cerium(IV) complgx formation in a rapid
preequilibrium step followed by rate determining unimole-.

cular decomposition of the complex.

Mechanism of Complex Decomposition

Popular opinion

The mechanism most commonly proposed in the literature
for the cerium(IV) oxidation of alcohols involves the forma-
tion of an alkoxy radical as the first intermediate, via
either unimolecular cerium(IV)-alcohol complex decomposition
or bimolecular reaction of alcohol and cerium(IV) (Equations

‘56 and 57). -The alkoxy radical inte;mediate has been pro-

Ce(IV) + ROH —— complex —~<Tow” RO- (56)
Ce(1V) + ROH _5767.7—' RO- . . (57)

posed by Muhammad and Rao fpr the ceric perchlorate and ceric
sulfate oxidations of methanol (12,16), by Rangaswamy and
Santappa for the cefic perchlorate oxidation of n-butanol and
benzyl alcohol (20,56), by Sethuram and Muhammad for the
ceric nitrate oxidation of isopropanol and sec-butanol (19)
and for the ce;ic sulfate and ceric perchloraie oxidations of

isopropanol (22), and by Sethuram for the ceric nitrate



112

oxidation of allyl alcohol (18).

Littler, on the other hand, found a kinetic isotope
effect for the oxidation of l-deuterocyclohexanol by ceric
sulfate of 1.9 (17). He suggested that the oxidation might
proceed by two concurrent mechanisms: 1) removal of the
c~hydrogen in the transition state to give a carbon radical
as the first intermediate; and 2) alkoxy radical formation.
This deuterium isotope effect indicates that there must be
some degree of a~-C-H bond breakage in the‘transition state
of the slow step (although the possibility.that this is a
secondary kinetic isotope.effect cannot be rigorously ex-
cluded). Unfortunately, this kinetic isotopé effect has been
completely ignored by the several Indian chemists and con-
sequently some qUestioﬁable mechanisms have been pléced‘in
the chemical literature. '

Analysis of existing literature

The purpose of this section.is to examine the results of
cerium(IV) studies.already in the literature and showlthat
there is as much reason to postulate formation of a carbon
radical (Equation 58) in the slow step of the reaction as

there is to postulate alkoxy radical formation (Equation 59).
/CHR +

o + Ce(III) + H
H

CHR |
Ce (IV)«Q + (58)
H _CHR .
ol, +cCexm +E'
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| CH,R CH,R
ce(zv) «=0] 2 — -0 2

H

+ Ce(III) + HT (59)

That the presence of an a hydrogen is a necessary require-
ment for facile oxidation of an alcohol can be seen by com-
parison of the rates of oxidation of ethanol and t-butanol
under conditions of identical ceric sulfate (4.4 x 107> M) and
sulfuric acid (0.272 M) concentrations. The pseudo first
order rate constants for ethanol and t-butanol are 2.57.x 1074
and 0.05 x 10~ % sec.”, respectively, at alcohol concentra-
tions of 0.100 M and 0.058 M, respectively (4,26).

Sethuram has reported that the oxidation of allyl
alcohol by ceric nitrate is faster than the ceric nitrate
oxidation of n-propanol (18). No rate constants are reported,
however. This is the expected trend if oxidation occurs at
the o--carbon since the carbon-carbon double bond can help
stabilize an incipient radical or carbonium ion to a greater
extent than a saturated.system. On the othef hand, it might
be expected that oxidation of the oxygen atom of allyl
alcohol would be retaréed with respect to gfpropanoi because
of the electron withdrawipg nature of the carbon-carbon double
bond.

The rate accelerating effect of substitution of a phenyl

group for a hydroggn can be seen by comparing the rates of

oxidation of methanol and benzyl alcohol by ceric perchlorate
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in 1 M perchloric acid. For a cerium(IV) concentration of 0.1
M and an alcohol concentration of 0.24 M, the rate of disap-

2

pearance of ceric ion is calculated to be 0.41 x 10 ° and

2 mole 1.71 sec.™ for methanol (20° c.) (12) and

2.25 x 10
benzyl alcohol (15° C.) (20), reépectively. This is the effect
predicted for a-carbon radical or carbonium ion formation,

but not for alkoxy radical formation.

Another report gives the activation energies for the
ceric sulfate oxidation of several alcohols (4,61). It was
found that the total E, for the oxidation of n-propanol
(20.1 kcal./mole) > isopropanol (19.0 kcal./mole) > benzyl
alcohol (l8.5ikcal./mole). This is more consistent with.
a-carbon radical formation rather than alkoxy radical forma-
‘tion.

Thus it seems apparent that there is substantiai if not
compelling evidence for the formation of an a-carbon radical-
or carbonium ion in the slow step of the cerium(IV) oxidation
of alcohols. HoWeve;, of 'the mechanistic studies of the
cerium(IV)-alcéhél reaction now extant.in the chemical litera-i
ture,'nearly all have favored alkoxy radical formation
(12,16,18-20,22,56), while only one has suggested tha£ part

of the reaction may occur via a-carbon radical formation (17).

The substituent effect

In the course of synthetic applications of the cerium(IV)

oxidation to the benzyl alcohol-benzaldehyde conversion (Part
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I), it was noted tha£ benzyl alcohols containing electron
releasing groups are oxidized at an appreciably faster rate
than those containing electron withdrawing groups (5,6).

For example, p-methoxybenzyl alcohol is oxidized to p-
anisaldehyde in a few minutes at room temperature while
p-nitrobenzyl alcohol is convérted to p-nitrobenzaldehyde
only after 10-15 minutes at steam bath temperature (6).
Kinetic measurements in 75% aqueous acetonitrile-0.95 M
nitric acid have also conformed to this trend. Hammett rho-
sigma plots for the kingtically derived rate constapts are
shown in Figures 9 and 10. The Hammett rho values derived
from these plots are =1.13 + 0.33 for the log k vs. ¢ plot
and -1.07 + 0.28 fo:.the log k vs. ot plot. The ¢ and o¥
constaﬁts used are summarized in Table 19 (62,63). All Hammett
rho-values i‘standard deviation were evaluated by a linear
least squares treatment.

The following discussion of the substituent effect will
be based on the rate constants derived using spectrophoto-
metric equilibrium constants (Table 16) rather than those
derived entirely from kinetic data (Table 15). This is
probably justified because the kinetically derived egquilibrium
constants for the more slowly oxidized alcohols deviate
rather widely from the spectrophotometric equilibrium
constants (Table 18), while the more rapidly'oxidized alco~-

hols yield kinetic eéuilibrium constants which are approxi-



Figure 9. Hammett plot for benzyl alcohols using rate
' constants derived from kinetic data.
p= =1.13 ‘

Figure 10. Hammett plot for benzyl alcohols ﬁsing
' rate constants derived from kinetic
data. pt= -1.07 :
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Table 19. ‘Hammett ¢ and ot constants

Substituent ¢ o+
m-CH -0.069
m-Cl +0.373
p-Cl +0.227 +0.114
p-Br - +0.232 . +0.150
ngOZ +0.710
p-NO, , +0.778
p~CH,0 -0.268 -0.778

a
From. reference 62.

bFrom reference 63.

mately the same as those dérived spectrophotometrically.

Thus there seems to be a larger experimental errorlassociated
with the more slowly oxidized alcohols as would be expected
since solvent oxidation becomes more important in these cases.
This error can be avoided to a large extent by using the
slopes of the 1/k° z§; 1/[ROH] plots, l/kK, and the spectro-
photometric equilibrium constant, K, to evaluate the uni-
molecular rate constants, making the assumption that the
relative values of the eéuilibrium constants will not wvary
significantly from the spectrophotometric conditions to the
kinetic conditions.- |

The use of the "spectrophotometric" rate constants
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(those derived using spectrophotometric equilibrium constants)
rather than "kinetic" rate constants (those derived from
kinetic data alone) can be further justified by comparing
the activation parameters for the cerium(IV) oxidation of
m-nitrobenzyl alcohol calculated from "kinetic" and "spectro-
phofometric“ rate constants (Table 17) with those reported
in the literature for other alcohois; Muhammad and Rao
reported an activation energy of 26.3 kcal./mole for the
ceric sulfate oxidation of methanol (16). Hintz and Johnson
reported an activation energy of 27.5 kcal./mole'and an
entropy of activation of 16.5 e.u. for the ceric perchlorate
oxidation of cyclopentanol in mixed perchloric and sulfuric
acids (l14). Comparison of these values with those calcu-
lated in this study using “kinetic® rate constants, Ea=41.3
kcal./mole and AS*=59.1 e.u., and using "spectrophotometric"
rate constants, Ea=25.0 kcal./mole and As*éll.7 e.u., demon-
strates that the "spectrophotometric" rate constants are
more in line with what has been reported in the literature
and thus are probably more reliable.

Hammett plots of log k (from spectroéhotometric equilib-
rium constants) vs. ¢ and ot are shown in Figures 11 and 12.
the ¢ and ot values are summarized in Table 19. The slopes of
the plots are p= -0.69 + 0.29 and p*= -0.66 + 0.26, seemingly
consistent with the development of a small amount of free
radical character at the a=—-carbon in the transition staté.

If the rate constants for the alcohols with electron



"Figure 1ll. Hammett plot for benzyl alcohols. Rate
constants derived using spectrophotometric
equilibrium constants. p= -0.69

Figure 12. -‘Hammett plot for benzyl alcohols. Rate
constants derived using spectrophotometric
equilibrium constants. p¥*= -0.66



121

. VUzﬂ HRXIETT PLGT
o
S
oS-
n
L
S
[
—
=
<
o
ST
(&)
)
=
Er
S
-
o
S
i} T T T T
-Q.20 Q.0g Q.28 a.\Q Q.60
: SIGMA
. ;
=1
atl
S '
hml
3
—
=z
<
cumm
S
Cmv
W
= p-Br
<l p +
=9 H+ m-NOo
- - .
-Cl
8 P F-NOo
i T T T T
-Q.50 =-Q, Q.13 Q.4 Q.70

<0 .
SIGMA (7]

1




122

donating substituents (p-methyl, m-methyl, plus benzyl
alcohol) are plotted separately from those for benzyl alco-
hols with electron withdrawing substituents (m-chloro,
p-chloro, p-bromo, m-nitro, and p-nitro), an interesting
trend is observed as is illusfrated in Figures 13-16.
Hammett's rho for the electron donating substituents is
=5.51 + 0.35 (Figure 13) and <rho(plus) is -2.86 + 0.40
(Figure 14). For the alcohols with electron withdrawing
substituents, Hammett's rho is -0.12 + 0.09 (Figure 1l5) and
rho(plus) is -0.11 + 0.08 (Figure 16). Thus the substituent
effect seems to vary with the nature of the substituent on
the aromatic. ring.

In order to determine whether the rates of oxidation of
alcohols with electron dénating substituents correlate better
with ¢ or ¢t an attempt was made to meésure the rate of
oxidation of Bfmethoxybenzyl alcohol at 25° C. However,
complete oxidation occurred in less than one minute at
alcohol and cerium(IV) concentrations of 0.05 M and 0.005 M,
respectively. If the half-life of the reaction is estimated
to be 0.5 min. (it is probably less than this), k', the
pseudo first order rate constant, is calculated to be 1.5
min.-l.‘ Assuming a value for the equilibrium constant of
0.5 1. mole-l, a value of 61.5 l.mole * min. } is calculated .
for the rate constant for unimolecular decomposition of the

cerium(IV)-alcohol complex at ca. 25° C. The actual rate



Figure 13. Hammett plot for benzyl, m-methylbenzyl,
and p-methylbenzyl alcohols. p= =5.51

Figure 14. Hammett plot for benzyl, m-methylbenzyl,
and p-methylbenzyl alcohols. p*= -2.86



124

.50 -1.00 -3.s6 . G.co
SIGMA 10~ -

L4 T L) L

-e.3_ - -a.z
SIGMA (7]




Figure 15.. Hammett plot for benzyl alcohols with
electron withdrawing substituents.
p= ~0.12

Figure 16. Hammett plot for benzyl alcohols with
' electron withdrawing substituents.
pt= -0.11 :
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constant may bé larger than this since the half-life was
probably less than 0.5 min.

Assuming a two-fold change in the rate constant, k, for
each 10 degrée change in‘temperatufe (a factor of four change
over a 15 degree range was found for m-nitrobenzyl alcohol;
see results, Table 15), a uﬂimolecular rate constant, k, of
492 l.mole” ! min.”t is calculated for p-methoxybenzyl alcohol
at 55° c., éiving k (p-methoxy) /k(H) = 2800. The value of
the rate ratio k(p-methoxy)/k(H) is predicted to be 30
using p= -5.51 and ¢ (Figure 13) and 166 using pt= -2.86
and ot (Figure lé). Thus p-methoxybenzyl alcohol séems to be
.oxidized much faster than predicted from Hammett plots.

If the rates of oxidation of Efmethokybenzyl alcohol and
Efmethylbenzfl alcohol and ot ﬁalues are used to calculate a
value of p¥, the result is p*= -5.25.

The various values of p and p¥ calculated from the
Hammett plots using a linéar least squares treatment are
summarized in Table 20. These may be compared with some
values cited in the literature (Table 21). Hydrogen atom
abstractions from a benzylic position typically correlate
with ot and give p* -values of ca. ~1. Development of a
full-fledged carbonium ion at the a-position gives rise to
ot —valﬁes of ca. -5, while chromic acid oxidations give p
-values of ca. -l. Thus it appears that the cerium(IV) oxida-
tion of benzyl alcohol proceeds through transition states

with varying amounts of charge on the d—position depending on
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Table 20. Hammett p values for the cerium(IV) oxidation of
benzyl alcohols

Plot? Fig. p or pt
Log k vs. 0; all alcohols 6 -0.69+0.29
Log k vs. o%; all alcohols 7 | ~-0.66+0.26
Log k vs. o; H, m~CH,, p-CH, - 8 =5.51+0.35
Log k vs. 0; electron with- |

drawing substs. 10 ~0.12+0.09
Log k vs. ¢¥; H, m~CH,, P-CHj - 9 -2.86+0.40
Log k vs. ot; electron with- |

drawing substs. 11 -0.11+0.08
Log k vs. o¥; p-CH,, p-CH;0 - © ~5.52

2all rate constants derived u51ng spectrophotometric
equilibrium constants.

the nature of the substituent. With a p-methoxy substituent,
the p* -value (ca. -5) indicates nearly full carbonium ion
character. on the a-position, while the nifrobenzyl'alcoho;s
(p ca. =-0.1) may.have‘no appreciable bharge buildup at the
a-pésition.

k (Ethanol/k(benzyl alcohol)

The findiné that the rate constant for unimolecular
complex decomposition in the cerium(IV) oxidation of ethanol
is 1.6-1.7 times less than that for benzyl alcohol is con-
sistent with the postulate of charge development on the a-
carbon during okidation- It 1s clearly inconsistent with

alkoxy‘formation in the rate determining step of the reaction
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Table 21. Hammett p values reported

in the literature

Reaction p or pt
—c.H - ' . (ot -0.69%
Z C6H4 CHZCH3 + Br (c™) 0.69
’ O ' .
’ I 0 + b
Z—CGH4-CH2—C-O-O—+—— (56%) - (o™ -1.20
(100%) (o™ -1.04P
. ' c
Z-CSH4 CH3 + Cl 0.66
Br* -1.46°
ccls- -1.46°
—-}—-o- -0.83°
Ar,CHCL + EtOH -5.09¢
ArZCHOH — Ay, CH+ -6.7d
o — 2
ArCHOHCH, + CrO,; aqueous acetic acid, 30° -1.01%
‘ ; pyridine/benzene, 30° -0.52%
; benzene, .30° -0.37%
ArCHOHCF3 + Cr03; 77% aqueous acetic acid £

%reference 64.
bRéference 65.
CReference 66.
dReference 43.
e’Reference 67.

fReference 68.
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since the electron withdrawing phenyl group should hinder
alkoxy radical formation relative to a methyl group. However,
the magnitude of this effect is also inconsistent with com-
plete carbonium ion or free radical formation on . .the a-position,
since the ability of a phehyl group to stabilize positive
charge and free radical character is far greater than that of

a methyl group. |

The deuterium isotope effect

Deuterium isotope effects Of.kH/kD = 2.2, 2.0, and 1.3
were found for m-chlorobenzyl, benzyl, and p-methylbenzyl
alcohols, respectively. These compare favor#bly with the
value of 1.9 found by Littler for the ceric sulfate oxidation -
of cyclohexanol—a--dl (17).

Other deuterium isotope effects reported in the literature
for élcohol oxidations are 16 for the permangénate oxidation
of C H CDOHCF, at 25° (69), 7 for the chromic acid oxidation
of 2-propanpl-2—dl in water (70), 9.5 for the chromic acid
oxidation of benzhydrol-a-d (4), 1.6 for the manganese(III)
oxidation of cyclohexanol-d—d in sulfuric acid (71), 4.5
and 3.6 for the vanadium(V) oxidation of cyclohexanol-a-d in
sulfuric acid and perchloric acid, respectively (57), 1.7
for the cobalt (iII) oxidation of cyclohexanol-a-d.in
perchloric acid (72), 1.4 for the cobalt(III) oxidation of
3-methyl—2--but_ahol-2-dl in perchloric acid (73), and 1.0 for

the cobalt (III) oxidation of 3-pentanol-3-d; in perchloxic
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acid (74).

Some deuterium isotope effects reported in the literature
for hydrogen atom abstractions by free radicals are 2.0 for
the reaction of chlorine atoms with toluene (75), 4.6 for
bromine atoms with toluene (76),A9.9 for methyl radicals
with toluene (77), and 1.8 for chlorine atoms with isobutane
(75) .

It is apparentvthét the kinetic isotope effect found
for the cerium(IV) oxidation of benzyl alcohols is small
compared to the isotope effects usually found for alcohol
oxidations by other oxidants. The behavior of cerium(IV)
parallels most closely that of cobalt(III), an oxidant usually
acknowledged to produce alkoxy radicals in the oxidation of
alcohols (4), and manganese(III), another one electron
oxidant (78); but deviates rather widely from the isotope
effects found for chromium(VI) and manganese(VII). The iso-
tope effect for chlorine atom abstraction of benzylic hy-
drogen atoms is close to that found for the cerium(IV)-
alcohol reaction. The magnitude of the kinetic isotope for
the cerium(IV)-alcohol reaction seems to demand some partici-
- pation of the oa-hydrogen in the slow step of the reaction,
but the extent of a-C-H bond breakage is probably small.

The substituent effect on the kinetic isotope effect
(kH/kD for m-chléro > H > p-methyl) might have been antici-

pated since it is generally found that reactions with the
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lowest activation energy give the smallest isotope effect
(77) . For example, in the chromic acid oxidation of ArCHOHCF3
and ArCDOHCF3 (p= -1.01) it is found that kH/kD for 3,5~

(NO > m-NO

2

5) o > m-Br > H > p-CH, (68).

Mechanistic Conclusions

Complex formation

The evidence for 1l:1 cerium(IV)-alcohol complex formation
as the first step in the cerium(IV) oxidation of alcohols
seems conclusive. In this study and in several other studies
reported in the literature (4,11,12,16-20,22,56), both
spectrophotometric and kinetic data indicate complex forma-
tion. It may be'poiﬁted out, .however, that the two situa-
tions --- where unimolecular decompésition of the complex
is the rate determining step of the reaction (Equation 60)
and where the 1l:1 complex is-ah inactive species and oxida-
tion occurs via bimolecular collision (Equation 61) -—-— are
kinetically and spectrophotometrically indistinguishable.

However, it seems only reasonable

K k . '
Ce(IV) + ROH —— complex Siow® intermediate (60).
Ce(iV) + ROH X complex (inactive) (61)
J— )
k2 lslow

intermediate
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that if a molecule of substrate and a metal ion are bound
together, that oxidation should occur from this species and

not from a random collision of alcohol and metal ion.

Comglex decomposition

Several possible modes of decomposition exist for the
cerium(IV)-alcohol complex. The one most dbmmonly suggested
in the literature is simple alkoxy radical formation (Equation

62) (4). While this may occur with some alcohols, Littler's

0—Ce(IV) ——>» RCH.O- + Ce(III) + HT (62)

2]
H

RCH 2

-£inding of kH{kD = 1.9 for the ceric sulfate oxidation of
cyclohexanol-a-d (17) and our finding‘tﬁat kH/kD = 1.3-2.2
for benzyl alcohdls seems to argue‘against simple alkoxy
radical formatioﬁ. In addition, -the observed substituent
effect and our finding thaé benzjl<alcohol isvoxidiéed faster
than ethanol also argue agaiﬁst simple alkoxy radical forma-
tion. However, one experimental observation seems to demand
an alkoxy radical-like species. The oxidation of n-
pentanol leads to l-ﬁethyltetrahyd:ofuran in ca. 20% yield
based on consumed alcohol (79). This is best explained by
the mechanism outlined in Chart 1, although a free alkoxy

" radical is not necessarily an intermediate.
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. ' - -+

’ S—vCe(lV) — /(H\dg + Celll) + H
Ce(lV)

H @) OH . + OH
S L

Chart l. CAN oxidation of l-pentanol"

The small substituent effect observed for the cerium(IV)
oxidation of benzyl alcéhols with electron withdrawing substit-
uents might be explicable as due to alkoxy radical formation
if it were not for the deuterium isotope effect of 2.2 found
for the oxidation of gfchlofobenzyl alcohol. This.indicates
that there must be some C-H bond breakage in the transition
state of the élow step of the reaction. Thus it is likely
that the first formed intermediate in these cases is the
carbon radical 3, which may or may not be-cdordinated to a

ArCHOH
3

cerium(III). The small substituent effegt is then due to the

fact that there is essentially no charge development on the
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a-carbon in the transition state. .

The large substituent effect observed for the oxidation
of benzyl alcohols with.strongly electron donating substit-
uents is most:simply explained as the formation of a car-
bonium ion as the first intermediate (Equation 63). This,

however, would require a two electron oxidation by cerium(IV),

ArCH,OH —=2¢ , ar®HOH + HT (63)

an occurrance which appears to be unlikely since the exis-
tence of cerium(II) in solution, even as a transient
intermediate, has never been demonstrated. It should be
noted, however, that Gryder and Dorfman have suggested that
in the cerium(IV) oxidation of thallium(I) to thallium(III)
a small part of the oxidation occurs in a one step process
(80). They have suggested that the two electron oxidation
occurs with the aid of coordinated nitrate (Equation 64).
Two possible two electron oxidation mechanisms are illus-
tratea in Equations 65 and 66. The possibility that a two

electron oxidation of the benzyl alcohol occurs via a

+3

ceono,™ + 117 —— ce™ + 110" + N0, (64)
ArCH,0 — Ce(IV). —» ArCHOH + Ce(II) (65)

H .
ATCH,0 —> Ce(IV)ONO, —> ArCHOH + Ce(III) + HO + NO,

“H
(66)
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cerium(IV) dimer can be eliminated on the basis of the
pseudo first order kinetics observed for the oxidation.

A mechanistic possibility which seems intuitively more
satisfying than the clean-cut two-electron and one-electron
oxidation mechanisms is one whereby the metal ion can accept
varying amounts of electronic charge depending on the avéil~
ability of the electrons. The transition state would then
be represented as i or as a resonance hybrid (Chart 2).

If there are electron donating substituents on the aromatic

ring which can stabilize positive charge on the a-position

l..B
B
Ar-CH=0%Ce
4
B : +
- SR |
Ar-CH-0-Ce(IV) ¢— Ar-CH-0-Ce (III)
- 6
.l . I
: B
H/B "H

Ar-&H-0-Ce(II)  ¢—— Ar-CH-8- Ce(III)

1E4

Chart 2. Transition state for the cerium(iV) oxidation
of arylcarbinols

then the transition state will look more like resonance
hybrid 5, whereas the presence of electron witﬁdrawing

groups on the aromatic ring will cause the transition state
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to look more like resonance hybrids g and ;. The base

(:B) in this chart might well be a ligand (e.g. nitrate)
attached to the_metal ion. In this mechanistic schene,
normal aliphatic alcohols which are not capable of supporting
much positive chafge on the a-position would have transition
states contribution from resonance hybrids:i and g.

Thus the overall mechanism for.the oxidation of alcohols
by cerium(IV) may be pictured as in Chart 3.

That no single mechanism accounts for the reactions of
cerium(IV) with alcohols becomes obvious when the various
reactions are surveyed. The cerium(IV) oxidation of n-pentanol
leads to l-methyltetrahydrofuran in 20% yield (8l). This
product is most simply explained as arising from an’ alkoxy
radical intermediate. The oxidation' of substituted benzyl
alcohols is subject to a large substituent effect, this
being largest for electron donating substituents, and an
a-deuterium isotope effect. These results are consistent with
a large émount of carbonium ion character developing at the a-
carbon in the transition state of the slow step. Benzyl
alcohols with electron withdrawing substituents are subject
to a smaller substituent effect along with a deuterium
isotope effect, possibly indicatipg a smali amount of free
radical character on the a-carbon in the transition state.

Norborneol is‘oxidized by cerium(IV) to‘éive products

formally derived from the radical (or cation), 8 (Equation 67)



Chart 3. Mechanism of the cerium(IV) oxidation of
alcohqls
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RCHOH  « Ce(lV) =

. RCH20—Ce(lV)
RCHO:
RCHOH
or
RCHCH
products

- RCHO—Ce(IV)-

B

~ RCH,0—Ce(V)

Il.

RCH2O' Cel(lll)

I

H:B"

- REH-O—Celll)

y

RCH-O—Cell])

-
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(79) . While formation of an alkoxy radical followed by ring

cleavage would give the radical 8, the rapid rate of oxidation

OH =+ Celv) — d}% . 87

H
8

of the alcohol probably indicates that ring--opening is
occurring in the transition state, which might be pictured

as 9. In a similar reaction, the oxidation of cyclopro-

panols with cerium(IV) leads to monomeric and dimeric ring-

opened ketones (Equation 68) (82).
or eV 8 oy ocm 4 (R—g-CH CH.,-) (68)
R 273 2772 72

Thus the variable mechanism outlined in Chart 3 seems to
be required to account for the varied reactions of cerium(IV)
with alcohols. On the basis of the results of this study the
mechanistic conclusions of several workers concerning the
cerium(IV) oxidation of alcohols‘mﬁst be seriously questioned.
The intermediacy of a simble alkoxy radical no longer seems

adequate to account for all experimental observations,
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although it seems to be a reasonable intermediate in several
cases. The ability of a 6ne electron oxidant to behave like
a two electron oxidant.as in the case of benzyl alcohols

with electron denating: substituents suggests:further investi-

gation into reaction mechanisms of cerium(IV) oxidations.
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EXPERIMENTAL

Rate Measurements

The reaction medium was prepared by mixing three parts
(by volume) acetonitrile and one part (by volume) 3.81 M
nitric acid in aqueous solution. Solutions of alcohol and
ceric ammonium nitrate were prepared by dissolving the
appropriate amount of reagent in the solution described
above in 25 ml. volumetric flasks. The ceric ammonium
nitrate concentration was usually 0.005 M; the alcohol con-
centration was usually 0.3-0.05 M.

The two volumetric flasks were placed in a constant
temperature bath (T. = 55.0°lC. for most runs) for at least
ten minutes before mixing. The contents of both flasks were
then mixed in a 100 ml. volumetric flask and the time was
noted. At appropriate time intervals 3-4 ml..aliquots were
removed and put in a 25 ml. Erlenmeyer flask to cool. The
time at which'the aliquot was removed was noted. The aliquot
was transferred from the Erlenmeyer flask to a cuvette and
the absorbance of the solution was measured one minute after
-the aligquot was taken. Absorbance measurements were usually
made at 458 mu for 0.005 M ceriuﬁ(IV). The rates were
followed for at least two half-lives and pseudo first order
rate constants were obtained by least squares-treatment of
log absorbance vs. time plots.' The pseudo first order rate

constants were corrected for concurrent solvent oxidation by
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subtracting the pseudo first order rate constant for solvent
oxidation (Table 13).

Rate constants for unimolecular decomposition of the
complex were calculated in two.ways. In the first, plots of
the reciprocal of the pseudo first order rate constant vs.
the reciprocal of the alcohol concentration gave the inter-
cept of 1/k and slope of 1/kK. This method is very sensitive
to exrrors in k' and gave values of K which were not in very
good agreement with the values of K measured spectrophoto-
metrically (Table 18). The second method of calculating k
utilized spectrophotometric equilibrium constants and the
slope of the 1l/k' vs. l/KROH) plots.

Benzyl Alcohol-Ceric Perchloraté
Complex Formation

To 50 ml. of a solution of 0.1 M ceric perchlorate in
1 M perchloric acid was added a few afops of benzyl alcohol.
Upon mixing, the solution exhibited the orange to red-orange
color change aséociated with alcohol-gerium(IV)'complex

formation.
Chemicals

Ceric ammonium nitrate was from the G. F. Smith Chemical
Co. and was analyzed primary standard grade material with a
purity of 99.99%. Acetonitrile was Baker Analyzed Reagent

and was used without purifiqation.. Benzyl alcohol was’
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Matheson, Coleman, and Bell material and was distilled before
use. p-Methylbenzyl alcohol was prepared by the saponifica-~
tion of Rfmethylbenzyi acetate (83) obtained from Aldrich.

The product was recrystallized from heptane, m.p. 57.5-59.0°,
lit. 59° (84). ngethylbenzyl alcohol was prepared by the
lithium aluminum hydride reduction of methyl m-toluate using
the procedure of Nystrom and Brown (54). The product was-
distilled prior to use. p-Chlorobenzyl alcohol was from
Aldrich and was recrystallized from benzene-ligroin, m.p.
70-71°, 1it. 71—72.5°'(85). p-Bromobenzyl alcohol was
prepared from p-bromobenzyl bromide (Aldrich) by conversion

to the acetate and saponification of the acetate (86).

The product was recrysta;lized from ligroin-benzene, m.p.
76-77.5°, 1lit. 76-76.5° (85). m-Chlorobenzyl alcohol was

from Aldrich and was used without purification. o-Chlorcbenzyl
alcohol was obtained from E. Geels, m.p. 70-71°, 1lit. 69°

(52) . m-Nitrobenzyl alcohol was Eastman Co. “yellow label"
material and was distilled before use. 0, c-Dideuterobenzyl
‘alcohol was prepared by the lithium aluminum deutéride
(Ventron) reduction of methyl benzoate and was distilled prior
to use. N.ﬁ.r: analysis of the product indicated the pres-.
ence of 6 mole‘%'methyl benzoate in the product. d,a-Dideutero—
Efmethylbenzyi alcohol was prepared by the lithium aluminum
deuteride (Ventron) reduction of Effoluic acid (Matheson,

Coleman, and Bell), m.p. 57.5-58.5%. The alcohol cont;ined >
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97% deuterium in the o-position as shown by n.m.r. o,o0=-
Dideutero-mfchlorobenzyl alcohol was prepared by the lithium
aluminum deuteride (Ventron) reduction of m-chlorobenzoic acid
(Matheson, Coleman, and Bell), b.p. 90-91° (0.7 mm.). The
product contained greater than 97% deuterium in the a-
position as shown by n.m.r. p-Nitrobenzyl alcohol was from
Aldrich and was récrystallized twice from aqueous ethanol,

m.p. 92-92.5°, 1it. 93° (51).-
Equipment

A Beckman model DU spectrophotometer fitted with a
tungsten filament source was used to measure the absorbance
of the solutions. Least squares calculations were performed
by an IBM Series 360 Moéel 50 computer using the program
PLOT. The graphs were executed by a Cal-Comp Digital Incre-
mental Data Plotter in conjunction with program PLOT.
Activation parameters were calculated using the computer

program ACTPAR.
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PART IV. CERIUM(IV) OXIDATION OF CYCLOHEPTATRIENE
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INTRODUCTION
Oxidations of Cycloheptatriene and Related
Compounds Involving Ring Contraction

The earliest reported oxidation of cycloheptatriene (CHT)
is that of Merling in 1891 (87). He found that CHT is oxi-
dized to a "considerable vield" of benzaldehyde and benzoic
acid and a small amount of carbon dioxide by potassium .
dichromate in aqucous sulfuric acid. The oxidation of CHT
by potassium permanganate led to no isolable products (87).
Buchner in 1896 oxidized cycloheptatriene-7-carboxylic acid
("pseudophenylacetic acid") with alkaline ‘potassium permanga-
nate and found the products to be terephthalic acid and
benzoic acid (88). It is interesting to note that the
structure of the starting acid was postulated to be 7-
norcaradiene carboxylic acid and it was not until the advent
of nuclear magnetic resonance that the structure was un-
equivocally shown to be cyc1oheptatriene-74carboxylic acid.

Juppe and Wolf in 1961 investigated the chromium tri-
oxide oxidation of cycloheptatriene-7-C-14 (89). They ob-
tained benzoic acid in 21% yield and determined that six
sevehths of the carbon-14 label was contained in the aromatic
ring, and one seventh was present in the carboxyl carbon.
Their data suggests thét a éymmetrical intermediate, most

likely tropylium ion, is an intermediate in the reaction.

Dewar, Ganellin, and Pettit investigated.the products of
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oxidation of cycloheptatriene-7-carboxylic acid by several
oxidants (90). Among the products were tropylium ion,
terephthalic acid, benzaldehyde, and benzoic acid. In no
case was the total yield of products from any one oxidation
greater than 40% and most oxidants gave only low yields of
isolable products. In particular, ceric ammonium nitrate (CAN)
in 2 N nitric acid in acetone oxidized cycloheptatriene-7-
carboxylic acid‘to tropylium ion in 30% yield; No other
products were identified. The authors suggest that tropylium
ion formation results from the oxidative decarboxylation of
the starting material, i.e., RCO,H —» rRY + C02H+ + 2e .
Benzaldehyde and benzoic acid probably.érise from further

oxidation of tropylium ion (vide infra), while terephthalic

acid formation probably occurs via epoxidation of one of the
double bonds of the starting material followed by acid
catalyzed rearrangement and further oxidation.

Tropyliﬁm ion may be converted to ring-contracted
products upon reaction with oxidizing agents. Doering and
Knox found that chromium trioxide and silver oxide convert
tropylium bromide to benzaldehyde in 71% yield and 46% yield,
respectively (21). The authors suggest that the rearrange-
ment in the chromic acid oxidation may occur gig a norcara-
diene valencé tautomer as illustrated in Equation 69. ILike
other aromatizing reérrangements in the tropilidene and

tropolone field, expression in terms of the norcaradiene
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+ OCrO.H —— OCxO. H
y Jalipe— e
H (69)
o)
: H/\cxoz

CHO H.O 4
+ 2 .
— .

cxro, -

! 34

valence tautomer although never necessary is simplest. The
oxidation by silver oxide may occur via tropyl alcohol, but
there is né evidence relafing to the mechanism.

Volpin and Kursanov found that tropylium ion reacts
rapidly with hydrogen peroxide to give high yields of benzene
(92,93). The source of tropylium ion does not affect the
course of the reaction since both tropylium bromidé aﬁd
perchlorate behave similarly. The reaction does not proceed
via. tropone or benzaldehyde as shown by control experiments
and the reaction ceases in weakly alkéline media, indicating
that oxidation4of the tropylium ioﬁ and nbt tropyl alcohol
occurs. The reaction is apparently not free radical in
natﬁre since addition of ferrous sulfate which promotes the -
free radical decomposition of peroxides inhibits the reaction.
Volpin and Kursanov suggest that the reaction.proceeds via
formation of ig and that either concerted or stepwise de-

composition of 10 leads to the observed product, benzene
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(Equation 70).

+ H,0, —. OOH
10
+ CO + HCO,H (70)

\

00H
I o co
s = +
HCO,H

Oxidations of Cycloheptatriene and Related
Compounds not Involving Ring Contraction

s

" Nozoe, Mukai, Tezuké, and Osaka found that oxidation of
CHT by chromic acid in pyridine gave troponé in 30% yield
(94). Oxidation -of tropylium ion under the same conditions
gave a 40% yield of tropone (94). Radlick found that selenium
dioxide in buffered aqueous dioxane oxidizes CHT to tropone in
25% yield (95)L. The oxidation of CHT by potassium permanga-

nate gave o-tropolone in 6.3% yield (96).
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RESULTS AND DISCUSSION

The oxidation of cycloheptatriene(CHT) by four equiva-
lents of ceric ammonium nitrate (CAN) in agueous acetic acid
and other solvents gives nearly quéntitative yields of
benzaldehyde (major produét), benzene, and carbon monoxide

(Equation 71). The results are summarized in Table 22. The

. CHO
+ 4(NH,) ,Ce(NO,) . —> @ + @ +co  (71)

reaction is quite facile (6 minutes, 90° C.), being more

H

rapid in 50% aqueous acetic acid than the oxidation of benzyl
alcohol.

The oxidation of a CHT-related compound by cerium(IV) has
been reportéd only for the oxidative decarboxylati&n oﬁ cyclo-
heptatriene-?-carboxylic.acid where the product was found to\

be fropylium ion in 30% yield (vide supra) (90). The CAN

oxidétion of CHT is unique in that almost quantitative con-
version to products occurs. It seems a priori rather
surprising that a one electron oxidant such as cerium(IV)
should lead to a high yield of products in a system where
polymerization'should be a facile process. In the  other
oxidative aromatizations of CHT reported, préducts are

e

generally obtained in only moderate to low yields (vide

supra) .
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Table 22. Oxidation of CHT by cerium(IV)
Oxidant Medium Temp. nggo/ Yield, %
(Conc.) (deg.) PhCHO PhH
CAN (1N) water 25 87/13
CAN(0.5N) water 95 85/15 = 64 11
CAN (0.4N) water + 0.15N KOH 75 86/14
CAN (0. 5N) water + 0.5N HCl0, 95 87/13 58
CAN (0.5N) 10% ag. HOAc 95 88/12 46
CAN (0. 5N) 50% ag. HOAc 25 80/20
" " 25 80/20 60 14
" " 95 78/22 72 20
" g 30 83/17 79 16
CAN (0.5N) 50% ag. HOAc ,
+ 0.15N NaOAc 75 . 78/22
CAN(0.5N) 80% ag. HOAc 95 70/30
b "o 95 77/23 70 21
CAN (0.5N) 100% HOAc 95. 70/30
" " _ 95 73/27 56 21
CAN (0. 5N) 50% ag. HOAC "
' + 3§HNO3 95 75.5/24.5 45 14.7
" " 95 69/31 47 21.4
cP®(0.5N)  50% HOAc |
+ 3N HCLO, 95 69/3L 3.2
CAN (0.5N) 50% ag. sulfolane 75 83/17
CAN (0.5N) 50% ag. sulfolane :
+ 3N HNO, 75 79/21
CP(0.5N) 50% ag. sulfolane :
+ 3N HClO4 75 82/18
CAN (0.5N) 100% sulfolane 75 80/20 6l.4 14.9

3A11 reactions were carried out using four equivalents
of cerium(IV) unless otherwise specified. .

b

CP is ceric perchlorate.

.C . .
Two equivalents of oxidant were used.
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Oxidant . PhCHO/ Yield, %
(conc.) ® Medium (222?5 PhH PhCHO  PhH
can(0.58)¢  100% sulfolane 75. 63/37% 32.8% 18.9¢

" " 75 65/35%  22.59 12.2¢
CAN (0. 5N) 100% MeCN 75 81.5/18.5%79.5% 17.5°
" " 75 80/20°
w " 75 72/28°
can(0.58) % 100% Mecw 75 43.6
CAN(0.5N)©  100% MeCN 75 | 2
can(0.5M)F  100% MecCN 75 85/15 85
CEN(0.5M)€ '50% ag. MeCN 25 85/15  30-50
CAN(O.5§)C water, ixoBF4h 25 35
can(0.5N) € 50% ag. HOAc,
| TroBF " 75 80/20
CAN(0.5N) ¢  50% ag. HOAc,
TrooEt™ 75 86/14
KMnO4 dil. sulfuric acid,
acetone 25 0
KMnO, water 25 0
Cx0, 80% ag. HOAC 25 91/9 34.4 3.3
CrO3 80% ag. HOAc 25 93.3/6.7

dThese numbers were obtained from duplicate analyses of
the same reaction mixture.

€same as 4.
fThree-equivalents of oxidant were used.

Srwo equivalents of oxidant were added and the reaction
was allowed to go to completion, and then two more equivalents

were added.

hTropylium fluoborate was oxidized.
lTropylethyl ether was oxidized.
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The formafion of benzene from the oxidation of CHT has
not previously been reported. However, we have found that in
addition to the CAN oxidation of CHT, the chromium trioxide
oxidation of CHT also leads to benzene as a minor product:
(3% yieid). It is apparent that the advent of wvapor phase
chromatography (v.p.c.) as a routine method of analysis has
allowed the detection of benzene as a producg in our work,
while earlier workers have failed to find it. It is there-
fore quite likely that other oxidative.aromatizations, for
example the chromium trioxide (86) and silver oxide (86)
oxidations of trépylium ion, also lead to benzene aé a minor

product.

Cerium Species in Solution

For a discussion of relevant literature see page 32.

Certain inferrences can be made about the cerium(IV)
species present from the results of the oxidation of CHT by
CAN; The results obtained in a wide variety of solvent
systems are presented in Table 22.

The oxidation of CHT by four equivalents of CAN ,in 50%
aqueous acetic acid-3 N nitric acid led to a 45-7% yield of
benzaldehyde. However, the oxidation of CHT by four equiva-
lents of ceric perchlorate led to only 3.2% benzaldehyde. |
Thus the substitution of perchlorate for nitrate leads to a

drastic reduction in the yield of benzaldehyde. If the
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oxidizing species in both cases is the hexaaquocerium(IV)
ion, it is difficult to see why the yield of benzaldehyde
should change drgstically from one system to the other.
However, if the oxidizing species in the first case is the
hexanitratocerate(IV) ion or a nitratoaquocerium(IV)

species and in the‘second case is a hexaaquocerium(IV) ion, -
one nmight expeét'a'difference in the oxidizing behavior in
the two systems. However, one must consider the possibility
that the different behavior in the two systems is due to
the decrease in the oxidation potential 6f cerium(IV) in
going from perchloric acid to nitric acid (97)..

The constancy of product distributions and yields of
products from the CAN oxidation of CHT in media varying from
entirely aqueous to anhydrous strongly suggest that the
cerium(IV) species remains nearly constant with varying
solvents. The data presented in Table 23 illustrate that
the benzaldehyde/benzene ratio and the yields of benzalde-
hyde and benzepe remain relatively constant in solvents of
widely different characteriétics.. It seems reasonable to
postulate that the cerium(IV) species in anhydrous aceﬁo-
nitrile is.some sort of nitratocerium(IV) species (ceric
tetranitrate and the hexanitratocerate(IV) ion being the
most likely) since acetonitrile should not compete effec-
tively with nitrate ion for coordination sites around the

cerium. If this is the case, the similarity of product
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Table 23. Oxidation of CHT by four equivalents of CAN

Yield, %

Medium PhCHO/PhH PhCHO PhH

Water | 85/15 65 11

50% Aqueous HOAc - 78/22 72 20
Anh. MeCN 81.5/18.5 79.5 17.5

ratios and yields in anhydrous acetonitrile and 50% aqueous
acetic acid and water suggests that similar cerium(IV)
species are present in both anhydrous and aqueous solvents.
On the basis of the evidence presented in this and
previous sections it will be assumed in the following dis-
cussion that eacﬁ ceric ion has coordinated to it several
nitrate ions. Fﬁrther evidence which supports the postulate

will be presented in the following sections.
The First Steps of the Reaction

The evidence accumulated in this study implicates the
tropylium ion or some closely related species as an inter-
mediate in the oxidation of CHT b& CAN (Equation 72).

The major evidence is from oxidations carried out in
anhydrous écetonitrile. It was observed that four equivalents
of CAN in anhydrous acetonitrile oxidized'CHT to 79.5%

H . H

_CAN | + BT | (72)
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benzaldehyde and l7.5%lb¢nzene. The oxidation of CHT by two
equivalents of CAN in anhydrous sulfolane led to half the
yield of benzaldehyde obtained when four equivalents were
used. Thus it was éxpected that the oxidation of CHf by two
equivalents of CAN in anhydrous acetonitrile would also

lead to one half the amount of benzaldehyde formed when

four equivalents were used. However it was found.that two
equivalents of CAN in anhydrous acetonitrile consumed all
the CHT-and'produced only 2% benzaldehyde. In addition,
three equivalehts of CAN produced one half the amount of
benzaldehyde producéd when four equivalents were used. That
a stable species which could be oxidized to benzaldehyde

was producgd in the oxidation with two eéuivalents of CAN in
anhydrous acetonitrile was demonstrated by adding two
equivalents of CAN, allowing the reaction to go to completion
(as evidenced by the fading of the orange cerium(IV) color _
to colorless cerium(III)), and then adding two more equivalents .
of CAN. The net result was that benzaldehyde was producéd

in the samelyield as if all four equivalents of CAN had been
added at once. An obvious possibility is that the inter-
mediate produced in the oxidation of CHT by two equivalents

of CAN in anhydrous acetonitrile is tropylium ion formed

via a two electron oxidation of CHT. An alternate possi-
bility is that the intermediate is the imidol nitrate, ié,

analagous to the structure proposed by Cristol for the
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H

11 CH
= n=c{
ONO

product of the reaction of trityl chloride with silver
nitrate in acetonitrile (98). Compound %é:might undergo
reversible dissociation to give tropylium ion or might be
oxidized in the imidol nitrate form to give the observed
producfs. ‘

The presence of tropylium ion or a closely related
species in the reaqtion nixture from the oxidation of CHT by
two equivalents of CAN in anhydrous acetqnitrile was confirmed
in the following way: Tropylium fluoborate was dissolved in
aqueous ethanol énd the solution was neutralized with solid
sodium bicarbonate. From this solution was isolated a 53.6%
yield of tropyl ethyl ether, identified by comparison of
its n.m.r. spectrum with that of an authentic sample. The
reaction mixture from the oxidation of CHT by two equivalents
of CAN was extracted with ether to remove all ether soluble
materials, aqueous ethanol was added, and the solution was
neutralized with solid sodium bicarbonate producing a
flocculent precipitate.of cerous hydroxide. From this mix-
ture was obtained a 35.2% yield (based on CHT).of tropyl
ethyl ether. Comparison of this yield with that obtained
from pure tropylium ion shéws that the amount of tropylium

ion present in the CAN-CHT-anhydrous acetonitrile reaction

mixture is at least 66% based on starting CHT.
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Further efidence for the intermediacy of tropylium ion
or a closely related species is that tropylium fluoborate in
aqueous solution is rapidly oxidized (less than one minute
at room temperature) by two equivaients of CAN to a 35% yield
of benzaldehyde with a benzaldehyde to benzene ratio of
80/20. In addition, tropyl ethyl ether which should give
tropylium ion upon protonation is oxidized to benzaldehyde
and benzene in the ratio of 86/14.

The intermediécy of tropylium ion or a closely related
species in the oxidation of CHT is .consistent with the
findings of Juppé and Wolf whose results indicated é
symmetrical intermediate in the chromium trioxide oxidation

of CHT to benzoic acid (vide supra) (89).

As is the usual case in reactions of oréanic compounds
with metal ions, the detailed mechanism by which cerium(IV)
converts CHT to tropylium ion or a closely related species
can only be speculated upon. The rapidity of the reaction
of CHT with CAN is'somewhat unexpected. Normal olefins,
for example cyclohexene, are rather unreactive and give
mixtures of many products when the reaction is forced to
completion (99).

The initial step of the reaction may be complex forma-
tion befween CHT and a cerium(IV) atom. Stable CHT-metal
complexes are well known for metals chef than cerium (100).

There is no physical evidence for such complexing, however,
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and it must be admitted that the chemical behavior of cerium,
a rare earth metal, and the transition metals, for which
stable CHT-metal complexes are known, is drastically differ-
ent. A major difference can be expected because of ﬁhe
differing electroﬁic configurations‘around the metal ions.
The stabilities of coordination compounds -of the d-type
transition metal ions are related tb participation of the

d electrons in the metal-ligand bond through hybridization of
‘metal electronic orbitals and overlap of these hybrid orbitals
with appropriate ligand orbitals (29). If.overl;; of rare
earth metal ion hybrid orbitals with ligand orbitals is to
occur, it must of necessity involve normally unoccupied
higher energy orpitals (e.g., 54, 6s, 6p), and hybridization
of this type can be expected only with the mést strongly
coordinating ligands (29). Hence it seems unlikely that a
CHT molecule wéuld be able to compete effectively with water
or nitrate ions for coordination sites around the ceﬁium(IV)
ion.

The most feasonable first step for the CAN-CHT reaction,
then, seems to be an outer sphere reaction of the metal ion‘
aggregate. That is, the CHT molecule never enters the first
coordination sphere of the metal ion énd electron transfer
‘occurs througﬁ the ligands coordinated to the metal ion.

" While this argument for an outer sphere oxidation by CAN is

certainly not rigorous, it seems much’ more likely than an
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inner sphere process, i.e., one involving direct coordination
of a CHT molecule to the cerium(IV) ion.

The following possibilities then exist for the CHT =+

tropylium ion conversion:

1) The first step is a one-electron transfer from CHT
to the cerium(IV) via a ligand to give a radical cation.
Loss of a proton from the radical cation gives a radical
which is rapidly oxidized to tropylium ion via another one-
electron oxidation.

2) Protbh removal by a base, possibly a ligand, occurs
concurrently with the initial one-electron oxidation to give .
a tropyl radical directly. Oxidation of the radical gives

tropylium ion. These two possibilities are summarized in

Chart 4.

Ce (IV)
HH 2th 1

Ce(1IV)~L BH
path 2 + or
Ce-1~H
" Ce:izl/////

Chart 4. Oxidation of CHT to tropyllum ion via stepwise
one-electron oxidations _

v
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The intermediacy of a reiatively long-lived free radical
in this reaction seems unlikely because of the high recovery
- of products generally found. However, a free radical species
might be an intermediate with its further oxidation to
tropylium ion being suffiéiently rapid to prevent typical
free radical reactions from 6ccurripg. There is also the
possibility that association of the free radical with a
metal ion species stabilizes the radical towards side
reactions, thé result being a metal ion-free radical aggre-
gate of the soft proposed by Kochi in the chromium(II)
reductions of benzyl halides and other organic halides
(101-103) .

Hunter has studied the chemical and plysical properties .
of the cycloheptatrienyl radical (104). He. found that this
free radical is not prone to undergo hydrogen atom abstraction
reactions and that it has a relatively low reactivity with
.oxygen. He reported a resonance energy of 25.8 kcal./mole
for the radical and concluded that the cycloheptatrienyl
radical is a highly delocalized, probably planar radical whose
chemical reactiéity is apparéntly not high. Thus it seems
possible that the cycloheptatrienyl radical might be an inter-
mediate in the cerium(IV) oxidation of CHT.

3) The initial.oxidation is a two-electron oxidation
by one cerium(IV) ion with concurrenf removal of a proton by_

a base to generate tropylium ion and a transient cerium(II)
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species which is rapidly oxidized to cerium(IIIX). This
possibility is illustrated in Chart 5. Although cerium(II)

is not known in solution, it is possible that the driving

H H ' H

Ce(IV)-L _ % Ce(Igi-L-H
or Qe(IV)+B= Ce(II)+BH
Ce(IV)
2 Ce(III)

Chart 5. Oxidation of CHT to tropylium ion via a
single two-electron oxidation by cerium(IV)
force afforded by the direct conversion of CHT to tropylium
ion with its large resonance stabilizatiop might favor this
process.
4) The initial oxidation is a two-electron oxidation
by a cerium(IV) dimer to generate tropylium ion directly

(Equation 72). Gryder has found that ca. 80% of the cerium(IV)

"H ,H ' H

(Ce(1V)), + —_ + 2Ce(III) + HY (72)

exists as a dimer in 5-6 F nitric acid, indicating that it is
at least possible that the oxidant in this reaction is -
cerium(IV) aimer (42,80).

5) The initial oxidation is a two-electron oxidation
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involving a one-electron reduction of cerium(IV) and a one-

electron reduction of nitrate (Equation 73). The No2

+ Ceonoz"f3 N + cet3 + o1 + NO,
. ' (73)

produced might escape from solution or be reoxidized by

H

cerium(IV) to nitrate ion. This mechanism is analogous to
that suggested by Gryder and Dorfman for the one step
oxidation of thallium(I) to thallium(III) by cerium(IV)
(Equation 74) (805. |

A choice between the five mechanistic possibilities
presented above is not possible with the information accumu-
lated in this study. A2all havé both good and bad pointé. The
intermediacy of tropyliﬁm ion or a closely related species,
however, seems to be firmly established and in discussion of
the .subsequent stebs of the reaction it will be assumed that

tropylium ion is involved.
The Final Steps of the Reaction

Assuming that tropylium ion, a tropylium ion-metal ion

aggregate, or a tropylium-like species such as ll is indeed

!

an intermediate in the CHT-CAN reaction, a possible subse-
quent reaction is the combination of tropylium ion and water

to form tropyl alcohol (1l2). The tropyl alcohoi could then
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be oxidized to the observed products, benzaldehyde and

benzene (Chart 6).

e *@ -0 0

Chart 6. Oxidation of tropylium ion to benzene and
benzaldehyde via tropyl alcohol
An alternative path is the reaction of tropylium ion
with nitrate ion which may be complexed with cerium(IV) or
uncomplexed. Further oxidation of this tropyl nitrate

species (13 or 14) would lead to products (Chart 7). That

13 does not lead to the observed broducts in the absence of

H ONF)2
03 Ce(IV)
+ or
’ Ce-ONO
H ONO Ce
14

Chart 7. Oxidation of tropylium ion to benzene and °
benzaldehyde via tropylium nitrate
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cerium(IV) has been demonstrated by heating sodium nitrate
and tropylium bromide and showing that no benzaldehyde or
benzene is produced. |

A third possible reaction path involves the formation
of tropone (15) and subsequent rearrangement of éi to ben-
zaldehyde and-benéene (Chart 8).v The formation of ég from
the oxidation of both CHT and tropylium ion has been reported.
Radlick has reported that the selenium dioxide oxidation of
CHT leads to 15 in 25% yield (55). Nozoe; Mukai, Tezuka,
and Osaka found that chromium trioxide in pyridine converts
CHT to 15 in 30% yield, and tropylium ion to ég in 40% yield
(94) . The possible involvement of ég in the CAN oxidation
of CHT has been eliminated by demonstrating that ég does
not rearrange to benzaldehyde and/or'benzene‘under the

reaction conditions.

4 +

+4ce™ + 50 —m + ace™ + 4=
15

l rearrangement
CHO

J3-0

Chart 8. Oxidation of CHT to benzene and benzalde-
hyde via tropone '
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The choice between the mechanistic paths illustrated
in Charts 6 and 7 is not easy, however all available evi-
dence implicates the involvement of nitrate in the reaction
(i.e., Chart 7). 'When'ﬁhe oxidaéion of CHT is carried ou£
in anhydrous acetpnitrile, the products are still benzalde-
hyde (79.5% yield) and benzene (17.5% yield), the same as in
agqueous media. The only pdssible source of the ox&gen in-
corporated into the benzaldehyde is nitrate ion. The possi-
bility that okygen incorporation into the benzaldehyde
occurred during aqueous workup of the reaction mixture was
eliminated by i.r. analysis of the anhydrous reaction mixture
before workup, which showed the characteristic absorption
band of the carbonyl group. The p&ssibility of incorporation
of molecular oxygen into tﬁe broduct was eliminated by
showing that benzaldehyde was still a major product when
the reaction was carried out under nitrogen in degassed
acetonitrile.

Since the product ratio and total yield of products are
very nearly the same in solvents ranging from anhydrous to
entirely aqueous (see Table 22) the involvement of nitrate
ion complexed with cerium(IV) in all these reaction seems
likely. Additional support for nitrate involvement is given
by the low yield (3.2%) of benzaldehyde obtained from the
oxidation of CHT by ceric perchlorate in perchloric acid. If

the oxidation was occurring via tropyl alcohol (Chart 6) one

~
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might expect that ceric perchlorate should oxidize CHT to
benzaldehyde in high yield._ Hdwever if a tropyl nitrate
intermediate is.involved in the reaction (Chart 7) it is easy
tb explain the low yield of benzaldehyde in the ceric per-
chlorate oxidation. A two electron oxidation involving a
cerium(IV) -nitrate species has been proposed by Gryder for
the oxidation of thallium(I) by cerium(IV) (Equation 74)

(80).

4~-n

.
3)n 1 + Tlp + NO

Ce(NO3)§-n + TL(I) —— Ce(NO (74)

2

The oxidation of tropyl nitrate (or tropylium ion) to
benzaldehyde or benzene is an overall two electron 6xidation.
As suggested by Doering and Knox for the chromic acid oxida-
tion of tropylium bromide to benzaldehyde (91), the reaction
can ﬁe pictured as proceeding via a norcaradiene intér-

mediate (Chart 9), although this is not strictly necesSary.
' - OZ+(n+1) .

0z
+ 0z —— — H
— -
. 5
H
Tt — QT
e
H
H
H .
L7
[::::E;;Zg Z [:::]:

Chart 9. Oxidation of tropylium ion to benzene and
benzaldehyde via a norcaradiene intermediate

+ Hco+
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In the case of the CAN oxidation of CHT it is not clear
whether one concerted two-electron oxidation or two successive
one-electron _oxidations occur in the conversion of tropylium
ion to benzaldehyde and benzene. Since cerium(IV) has al-
ways been considered to be a one-electron oxidant, it is
expected that the tropylium ion to benzene—bengaldehyde
conversion should occur via two one-electron oxidationms.
However, it is simpler ﬁo imagine the reaction océﬁrring
via a single two-electron oxidation as illustrated in Chart
9.

Since a tropyl nitrate intermediate has been implicated
by previously cited eviden?e, the two-electron oxidation might.
- be represented as in Chart 10. The cerium species initially
formed, ég, can be thought of as a cerium(IV)-nitrite ion

complex or a cerium(III)-nitrogen dioxide complex. The

H ONO,Ce”
ovo,ce*
'_ ceonot3
ceono™3 + ce™ + H,0 — CeON02+2 +ce™3 & 2H+
1 , | 17

- Chart 10. Oxidation of tropylium nitrate -to benzaldehyde
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species’%g:would then be rapidly oxidized to 17, a cerium(III)-
nitrate ion aggregate. We have independently'shown that
nitrite ion is rapidly oxidized to nitrate ion by two equiva-
lents of cerium(IV), illustrating that it is at least possible
that a change in the formal oxidation state of nitrogen may

be occurring in this reaction.

The possibility that. the oxidation of tropylium ion to
benzene and benzaldehyde occurs via two consecutive one-elec-
tron transfers also exists. It might be argued that if a
free radical is formed it should undergo some side reactions
typical of free radicals resulting in é low yield of benzeﬁe
and benzaldehyde or it should be capable of being trapped
by some free radical trap. However, if the free radical
undergoes further oxidation before side reactions or trap-
ping can occur, high yields of products might be obtained.

Some experimental results which give an ihdication of
the small tendency for free radicals to undergo side reac-.
tions (i.e., reactions other than further oxidation) in the
presence of cerium(IV) have been obtained by Bierman and
Trahanovsky (105) and L. H. Young and Trahanovsky (60). One
part of their study concerned the oxidation of pinacol
(;g) to acetone by cerium(IV) (Equation 75). They repeated
the work of Mino (28{ and found that CAN oxidizes 18 to
acetone in 84% yield. The initial step of the reaction was

shown to be the oxidation of 18 by one equivalent of cerium(IV) .
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OH
18

to one equivalent of acetone and one equivalent of the

::tou + 2ce™d — 2::>= o + 20t + 2ce™3 (75)

radical 19 by demonstrating that the yield of acetone was
reduced to 47% in the presence of acrylamide, a free radical
scavenger (Equation 76). The feature of this reaction which

should be noted is that relatively large amounts of a free

—-0H
18

T 4 ce™ ———>>=o + >fOH + ce™3 + 5t (76)
: 19

radical, ii, are being generated, yet these radicals are very.
effeciently oxidized to acetone by cerium(IV) in the absence
of a free radical trap before other typical free radical
reactions occur.  That is, one may expect that if free
radicals are generated iﬁ.the cerium(IV) oxidation of tropy-
lium ion and CHT, they will probably be rapidly oxidized
further by cerium(IV) before any side reactions can occur.
In addition, Bierman and Trahanovsky'have demonstrated
that some "free" radicals may not be trappable by normal
means in the presence of cerium(IV) and hence are not prone
to uﬁdergo typical free radical reactions in prefeieﬁce to
further oxidation.. They found that similar to pinacol (18),
meso-hydrobenzoin (20) is oxidized to benzaldehyde by two

equivalents of cerium(IV) (Egquation 77).
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4

+ 2ce™ —— 2¢cHO + 2cet3 + 2mT (77)

Since it was demonstrated that in the oxidation of pinacol
one free radical (i%) was produced for every molecule of

pinacol oxidized, it is likely that a free radical is pro-
duced in the oxidaﬁion of 20, presumably 21. However, it

was found that acrylamide which scavenged the radical 19

produced in the oxidation of pinacol (18) was ineffective in
scavenging a radical from the oxidation of %g. Thus, either
no free radical is produced in the oxidation of 20, or more
likely, based on.anélogy with the pinacol oxidation, the
stability of radical %i Has tipped the balance.in favor of
further oxidation of 21 b& cerium(IV) rather than addition
of the radical to acrylamide.

Thus it may be strongly argued that a reaction which
does indeed proceed via two consecutive one-electron oxida-
tions may have all the characteristics of a concerted two-

electron oxidation. The conclusion which must be redched re-
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garding whether the oxidation of tropylium ion or tropyl
nitrate to benzeﬁe and benzaldehydé by cerium(IV) occurs
via a single two<electron transfer or two stepwise one-
electron transfers must be that it.is impossible to dis-
tinguish between the two poséibilities with the data accumu-
lated in this study.

The question of whether a norcaradiene-type inter-

mediate is involved in the reaction or not is impossible to
answer. Corey found no evidence for any norcaradiene in
CHT using n.m.r.'(106). The only known stable norc;radienes
are those which contain strongly electron withdrawing groups
at C-7, for example 7,7-dicyanonorcaradiene,‘(107,108).
The use of the norcaradiene structufe in previous aﬁd follow-
ing schemes should only be considered as a convenient manner
in which to view the reaction, since the same products could
just as well be formed in a concerted ring contraction-

oxidation process as illustrated in Chart 1ll.

7B |
H @)
oz 4
H

ob .
27— e

Chart 1ll. Concerted ring contraction-oxidation mechanisms
for benzaldehyde and benzene formation



174

The identity of the base which removes the proton on C-1
in the transition state leading to benzaldehyde may be specu-
lated upon. Inspectipn of the data in Tables 22 and 23 re-
veals that the benzene/benzaldehyde ratio remains remarkably
constant in solvents of widely varying basicities. The trans~-
ition state for formation of benzaldehyde involves removal of
-a proton by base while that leading to benzene involves no
base (see Chart 9). The most reasonable explanation for
this constant benzene/benzaldehyde rétio is that the,solvent
itself is not acting as base, but rather some species which
is constant from one sélvent to another removes the proton.

A likely candidate is a ligand, probably'nitfate, which is
attached to the cerium. If any other species were acting

as a base to remove the proton on C-1, it would be extremely
coincidental if the benzene/benzaldehyde ratio remained so
nearly constant. .Thus the transition state leading to ben-
zaldehyde can be pictured as in Chart 12. A similar process
could be draﬁn for two consecutive one-electron transfers

A

N
P o .
/‘O cet2 CHO
(o]
H oﬁﬁ; s
0O — + HONO2 + CeONO
H

Chart 12. Mechanism for benzaldehyde formation showing
ligand participation

instead of a two electron transfer. Although the atoms in-~
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volved in the cyclic transition state constitute an apparéntly
unfavorable ten membered riné, it must be remembered that
cerium probably has a coordination number of at least six
and probably more. Since several of the ligands will be
nitrates, there will be several conformations of the metal
ion aggregate which allow the close proximity of a nitrate
to the proton to be removed..

The mechanism supported by the results of this study is
illustrated in Chart 13.- The oxidation of tropylium ion is
illustrated as a tﬁo electron oxidation occurring via a

norcaradiene intermediate for convenience.



Chart 13. Proposed mechanism for the oxidation of CHT
by CAN . :
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EXPERIMENTAL

Materials

Cycloheptatriene (CHT) was either Shell technical grade
(91-92% pure) or Aldrich (96% pure) and was used uhparified
or after distillation, b.p. 114-116° (1 atm.), lit. (87)
b.p. 117° (749 mm.). The absence of benzene as an impurity
was shown by v.p.c. and n.m.r. The majdr impurity was toluene.
Ceric ammonium nitrate(CAN) and 0.5 N ceric perchlorate in 6
g.pérchloric acid were from G. F. Smith Chemical Co. Glacial
acetic acid and potassium permanganate were Mallinckrodt
analytical grade reagents. Chromic acid was Baker and
Adamson reagent grade. Palladium chloride was from Matheson, .
Coleman, and Bell. Tropone was obtained from Dr. T. H.
Kinstle. Acetonitrile was used without distillation or
after distillation from calcium chloride and was Baker
analyzed reagent. The same results wefe obtained wheﬁher
purified or unpurified -acetonitrile was used. Sulfolane
was from the Phillips Petroleum Co. and was purified by
distillation from calcium hydride, b.p.. 111° (0.07 mm.).
Tropylium fluoborate was prepared using the method of Conrow
(109) or Dauben (110). Ethyl tropyl ether was obtained from
tropylium fluoborate using the method of Conrow (11l), b.p.

64° (8:5 mm.), lit. (111) b.p. 62° (8 mm.).
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Standardization of Cerium(IV) Solutions

Reagent grade ferrous ammonium sulfate hexahydrate was
used as a primary standard. Freshly prepared 0.1 N solu-
tions in ca. 1 N sulfuric acid.were used to titrate cerium
(IV) solutions to the ferroin end point (3).

Cerium(IV) Oxidations of
Cycloheptatriene (CHT)

In pure water

To 0.202 g. (2.2 mmoles.) CHT was added 9.2 ml. (8.9
mmoles.) 0.97 N CAN solution. The mixture was heated and
stirred on a hotplate-stirrer for ca. 3.5 min. at which time
the solution was light yellow. The mixtu;e was cooled and
extracted with 1.5 ml. carbon tetrachloride. Tetramethyl-
silane was added and the n.m.r. spectrum was obtained.

The integrals for the benzene protons'ana the aldehyde
proton were used to calculate relative yields. PhCHO/PhH
= 87/13.

To 0.37 g. (4.1 mmoles.) CHT was added 33 ml. (16.0
mmoles.) of a 0.485‘§>CAN solution. The mixture was heated
and stirred on a steam bath for 8 min. A quantity of 0.2165
~g. Xylene (standard) was added and the mixture was ex-
tracted with 25 ml. ether. The ether layer was dried over -

magnesium sulfate and analyzed by v.p.c. The peak areas of

Xy

p;oducts were APhH=l9O; APhCHO=l407; A 1ene=l304;
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APhCH3+CHT=63'

Control A quantity of 33 ml. 0.485 N CAN solution
was reduced by heating with ca. 10 drops of acetone.
Benzene, benzaldehyde, and xylene were weighed into'the
solution and the solution was worked up as described above.
Wt. PhH=0.0721 g.; wt. thHO=0.1528'g.; wt. xylene=0.1473
g.i Bpp=860; APhCHO=1635; Ainene=1850' Yield'PhCHO=64%,
PhE=11%, PhCHO/PhH=85/15. o

In 0.15 N potassium hydroxide

To 0.357 g. (3.9 mmoles.) CHT was added a solution of
33 ml. (16.0 mmoles.) 0.485 N CAN and 3.3 ml. (5.0 mmoles.)
1.5 N potassium hydroxide. The mixture was heated and
stirred on a hotplate-stirrer for 25 min. A white precipi- -
tate formed on standing. The mixture was.extracted with 25
ml. ether and the ether layer was dried over magnesium |

sulfate and analyzed by v.p.c. PhCHO/PhH=86/14.

In 0.5 N perchloric acid

To 0.3750_§. (4.1 mmoles.) CHT was added a solution of
lG.S‘ml.'(lG;l mmoleé.) 0.973 ¥ CAN and 16.5 ml. (16.5 mmoles.)
1 N perchloric acid. The mixture was heated and stirred on a
steam bath for 2 min. A quantity of 0.1970 g. xylene
(standard) was added and the solution was extracted with 25
ml. of ether. The ether.layer was washed with 25 ml. 1.5 N
potassium hydroxide, dried over magnesium sulfate, and analyzed

by v.p.c. The peak'areas were APhH=14;; ?PhCH _CHT=0;'

3
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Axylene=1165; Appcpo=1252.
Control A solution of 16.5 ml. 0.973 N CAN and 16.5

ml. 1 N perchloric acid was reduced to cerium(III) by heating
with 10 drops of acetone. Benzene, benzaldehyde, and xylene
(standard) were weighed in and the mixture was worked up as
described above and analyzed by v.p.c. Wt. PhH=0.0868 g.:
wt. PhCHO=0.2000g.; wt. xyleneé0.2149‘g.; A?hH=465: APhCHO=

1060; A

xylene 1340 Yield PhCHO=58%, PhH=9%, PhCHO/PhH=

87/13.

In 10% aqueous acetic acid

To 0.3758 g. (4.0 mmoles.) CHT was added a solution of
16.5 ml. (16.1 mmoles.) 0.973 N CAN and 16.5 ml. 20% agqueous
acetic acid. The mixture was heated and stirred on a steam
bath for one hour. A quantity of 0.1985 g. xylene(standard)
was weighed in and the mixture was added to 25 ml. of water
and extracted with 25 ml. ether. The ether layer was washed

with 35 ml. 1.5 N potassium hydroxide, dried over magnesium

sulfate, and analyzed by v.p.c. APhH=121; APhCH _CHT=42;
3
Axylene=1620; Apycpo=1390. | | |
Control A solution of 16.5 ml. 0.973 N CAN and 16.5

ml. 20% aqueous acid was reduced to cerium(III) by heating
with 10 drops of acetone. Benzene, benzaldehyde, and xyiene
(standard) were weighed in and'the mixture was worked up as
above, and analyzed by v.p.c. Wt. PhH=0.0843; wt. PhCHO= .

0.2251 g.; wt. xylene=0.2030 g.; A, .=480; =1308;
‘ hH AphcrO
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A =1385. Yield PhCHO=46%, PhH=6%, PhCHO/PhH=88/12.
Xylene

In 50% agueous acetic acid

A guantity of 0.368 g. (4.0 mmoles.) CHT was dissolved in
16.4 ml._élacial acetic acid and 16.4 ml. (l6.l1 mmoles.) of a
0.974 N solution of CAN was added. The solution was stirred
at room temperature for 2 hrs. and then added to 50 ml. water
and extracted with 30 ml. etﬁer. The ether layer was washed
with 40 ml. 1.5 N potassium hydroxide, dried over magnesium
sulfate, and analyzed by V.P.C. PhCHO/PhH=80720.

A quantitj of 0.3567 g. (3.9 mmoles.) CHT was dissolved in
16.5 ml. glacial acetic acid and 16.5 ml. (16.l1 mmoles.) of a
0.973 N solution df CAN was added. The solution was stirred at
room temperature for 41 hrs. A quantity of 0.2055 g. xylene
(standard) was added and the solution was poured into 50 ml. of
water and extracted with 30 ml. ether. The ether layer was

washed with 40 ml. 1.5 N potassium hydroxide, dried over mag-

nesium sulfate, and analyzed by v.p.c. Apyg—460; Apher _CHT=84;
: ’ 3
Axylene=2845; APhCHO=20?O’

Control A solution of 16.5 ml. 0.973 N CAN and 16.5

ml. glacial abetic acid was reduced‘to cerium(III) 5y heating
with 10 drops of aéetone. Benzene, benzaldehyde, and xXylene
were weighed in and the solution was worked up and analyéed

as above. Wt. PhH=0.1989 g.; wt. éhCHO=0.l905 g.; wt.
xylene=0.1788 g.7 APhH=1575; Aphcro™1025; AXYlene=l425’ -Yield
PhCHO=60%, PhH=14%. PhCHO/PhH=80/20. '
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A quantity of 0.368 g. (4.0 mmoles.) CHT was dissolved in
1l6.4 ml. glacial acetic acid and 16.4 ml. (16.0 mmoles.) of a
0.974 N solution.of CAN was added. Thé solution was heated
on a steaﬁ bath for 8 min., 200 microliters of xyléne(standard)
was added, and the solution was poured int6 50 ml. water and
extracted with 30 ml. ether. The ether layer was washed with

40 ml. 1.5 N potassium hydroxide, dried over magnesium sulfate,

and analyzed by v.p.c. APhCHO(AxYlene=l'123; Ath/Axylene=

0.314; ACHT/AXYlene=O'057' |
Control A solution of 16.4 ml. glacial acetic acid

and 16.4 ml. 0.974 N CAN was reduced to cerium(III) by heating
with ld drops of 95% ethanol. A quantity of 0f337 g. benzalde-
hyde and.ZOO microliters xylene(sfandard) were added and the
solution was worked ﬁp apd analyzed as above. APhCHO/AxYlene=
1.241. The yield of benzene was calculated by assuming that
thermal conductivities and extraction .ratios are the same for
benzaldehyde.and.benzene. Yield Phcﬁ0=72%, PhH=20%;,'
'PhCHO/PhH=78/22.. . ,

A qﬁéntity of 0.3670 g. (4.0 mmoles.) CHT was dissolved
in 16.5 ml. glacial acetic acia and 16.4 ml. (16.1 mmoles.) of
a 0.974 N solution of CAN Qas added. The solution was placed
in an oil bath at 130° for 3 min., cooled, and 0.2073 g.
xylene (standard) was added. The sélution was éouéed into 50 _
ml. water and extracted with 30 mi. ether. The ether layer

was washed with 1.5 N potassium hydroxide, dried over
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magnesium sulfate and analyzed by v.p.c. APhH=336; AXylené=
1690; APhCHO=1660.

Control The following results were obtained: wt.
PhH=0.1989 g., wt. PhCHO=0.1905 g.; wt. xylene=0.1788 g.;
App=1575; APhCHO=1025; Axylene=l425' Yield PhCHO=79%,
PhH=16%. PhCHO/PhH=83/17.

In 50% aqueous acetic acid-0.l5 N sodium. acetate

To 0.357 g.-(3.9'mmoles.) CHT was added a solution of
16.5 ml. (16.0 mmoles.) 0.9735 N CAN, 16.5 ml. glacial acetic '
acid, and 0.40 g. (4.9 mmoles.)'sodium acetate. The solution
was heated on a hotplate-stirrer for 18 ﬁin. and worked up
using 50 ml. water, 25 ml. ether, and 35 ml. 1.5 N potassium
hydroxide. The ether layer was dried over maghesium sulfate
and analyzed by v.p.c. PhCHO/PhH=78/22.

In 80% agueous acetic acid

To a solution of 0.368 g. (4.0 mmoles.) CHT in 25.6 ml.
glacial.acetic acid was added a solutioﬁ of 8.992 g. (1l6.0
mmoles.) CAN in 6.4 ml. water. The solution was heated on a.
steam bath for 17 min; and worked up using 50 ml. water, 36
ml. ethér, and 60 ml. 1.5 N potassium hydroxide. The ether
layer was dried over magnesium sulfate and analyzed by v.p.cC.
PhCHO/PhH=70/30. L

A solution of 0.3858 g. (4.0 mmoles.) CHT, 25.6 ml.
glacial acetic acid, 6.4 ml. water, and 8.992 g. (16.0

mmoles.) CAN was heated on a steam bath for 12 min. A -

quantity of 0.200 g. Xyleﬁe(standérd) was added and the
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solution was worked up using 80 ml. water, 30 ml. ether, and
. 70 ml. 1.5 N potassium hydroxide. The ether layer was dried

over magnesium sulfate and analyzed by v.p.c. APhH=4O4;

Ppnch,-car” %7 Pyylene™4907 Pppco™i208-
Control A solution of 25.6 ml. glacial acetic acid,

6.4 ml. water, -and 8.992_g. CAN was reduced to cerium(III) by
. heating with lOldrops acetone. Beﬁzene, benzaldehyde, and
xylene were weighed in and the solution was worked up and
analyzed as described above. Wt. PhH=0.1317 g.; wt. PhCHO=

A

xylene=1120- Yield PhCHO=70%, PhH=21%. PhCHO/PhH=77/23.

In glacial acetic acid

To 0.368 g. (4.0 mmoles.) CHT dissolved in 32 ml. glacial
acetic acid was added 8.99 g. (16 mmoles.) CAN. The mixture
was heated and stirred for 33 min. at which time the solution
was yellow and the undissolved solid was white. ‘The mixture
was added to 50 ml. of water and extrécted with 30 ml.. ether.
The ether layer was washed with 1.5 N potaséium hydroxide,
dried over magnesium sulfate, ana analyzed by v.p.C.
PRCHO/PhHE=70/30. | |

To 0.3712 g. (4.0 mmoles.) CHT dissolved in 32 ml. glacial
acetic acid was added 8.99 g. (16 mmoles.) CAN. .The mixture was
heated and stirred on a steam bath for 1 hr. at which time the
solution was,oraﬁge and the undissoived yellow-white. A

quantity of 0.2005 g. xylene(standard) was weighed in and the -
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reaction mixture was worked up using 100 ml. water, 40 ml.
ether, and 75 ml. 1.5 N potassium hydroxide. The ether layer

was dried over magnesium sulfate and analyzed by v.p.c.

APhH=432; AXYlene=l390; APhCHO=960'

.

Control To a mixture of 32 ml. glacial acetic acid
and 8.99 g. (16 mmoles;) CAN was added ca. 10 drops of ace-
tone. The mixture was heated and sfir:ed on a steam bath
until the ligquid was'yello& and the-solid yellow-white.
Benzene, benzaldehyde, and xylene wereAweighed in and the
solution was worked up as above. Wt. PhH=0.1303g.; wt.
PhCHO=0.2040 g.; wt. xylene=0.1954 gf; RApyy=774: APhCHO=730;

A'xylene

In 50% aqueous acetic acid confaining 3 N nitric acid

=1205. Yield PhCHO=56%, PhH=21%. PhCHO/PhH=73/27.

To 0.184 g. (2.0 mmoles.) CHT in 15.3 ml. glacial acetic

acid was added 15.3 ml. (8.0 mmoles.) 0.522 N CAN in 6 N
nitfic acid. The solution was heate@ on a steam bath for
13 min. and then cooled. A quantity of 100 miéroliters
xylene(standafd) was added and the reaction mixtgré was added
to 100 ml. saturated sodium chloride solution and extracted

with 25 ml, ether. The ether layer was washed with 55 ml. -
1.5 N potassium hydrbxide, dried over magnesiﬁm sulfate, and
analyzed by v.p.c. APhH=l8l; Axylene=759; APhCH0=587’ In a
duplicate experiment using 0.1896 g. (2.06 mmoles.) CHT, the

following results were obtained: Appp—224i A lene=770;

Xy
Aphcro~670-
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Control A few drops of acetone were added ‘to a
solution of 15.3 ml. 0.522 N CAN solution in 6 N nitric acid

and 15.3 ml. glacial acetic acid and the resulting solution

‘was heated on a steam bath until it was reduced (colorless).

To the resulting solution were added 0.1313 g. benzaldehyde,

" 0.0384 g. benzene, and 100 microliters Xylene. The solution

_ was worked up as described above and analyzed by v.p.c.

Apy=340; Axylenef769; Anpero=869-

A second control experiment was carried out the same as
above except that after the cerium(IV) solution was reduced,
0.1375 g. benzaldehyde and 0.0408 g. bénzene'were added and
the resulting solution was heated on a steam bath for 20 min. ;
The solution was cooled, 100 microliters 3yiene.was added, and
it was treated aé described aﬁove. .APhH=230; AxYle#e=712;
Pphcmo~ 814+

The two control experiments demonstrate that no ben-
zaldehyde is destroyed under the reaction. conditions (e.g.,
through'oxidation'by nitric acid), but some benzene is lost.
Using the éverage values from thé oxidation experimeﬁts to |
calculate yields, the first contfol experiment gives 45% -
benzaldehyde, 14.7% benzene, PhCHO/PhH=75.5/24.5. Using the
second contrél experiment, yield PhCHO=47%, PhH=21.4%,

PhCHO/PhH=69/31.

In 50% aqueous acetic acid containing 3 N perchloric acid

To 0.1900 g. (2.1 mmoles.) CHT in 16.2 ml. glacial
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acetic écid was added 16.2 ml. (8.1l mmoles.) 0.496 N ceric
perchlorate in 6 N perchloric acid. The soluﬁion was heated
on.a steam bath for 5 min. and then cooled. A quantity of 100
microliters xylene(stanaard) was added and the solution was
poured into 100 ml. saturated sodium chloride solution and
extracted with 25.mlr ether. . The ether laver was washed with
- 25 ml. water; 30 ml. l.5j§;potéssium hydroxide, and dried
over magnesium sulfate. V.p.c. analysis gave the following

results: APhH=12.7; Axylene=465; APhCH0=28°
Control experiments A few drops of acetone were added

to a solution of 16.2 ml. glacial acetic acid and 16.2 ml.
0.496 N ceric perchlorate in 6 g:percﬂlqric acid. The re-
sulting solution was heated on a steam bath until reduced
(colorless) and then cooled. To the solution was added
0.1200 g. benzaldehyde, 0.0410 g. benzeﬁe, and 100 micro-. =~
liters xylene. The resulting solﬁtion was wo;kedvup and
analyzed as above. APhH=381; Axylene=792;'APhCH0=8Si’

This control experiment was carried out the same as
above except‘0.137i g. benzaldehyde and 0.0430 g. benzene
were added to the reduced soiution'and the resulting solu-
tion was heaied on a steam bath for 5 min. It was then cobled,
100 microliters xylene was added, and it was worked up and

Xy
The two control experiments demonstrate that no

analyzed as above. APhH=428; A lene=8l9; APhCHO=904'

benzaldehyde or benzene is lost or.destroyed under these con-
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ditions. PhCHO/PhH=69/31. Yield PhCHO=3.2%. These reaction
conditions apparently allow polymerization of the starting
material.

In 50% aqueous sulfolane

To 0.184 g. (2.0 mmoles.) CHT was added 8.7 ml. sulfolane
and 8.7 ml. (8.7 mmoles.) 1.009 N CAN solution. The solution
was heated on a hotp}gte-stir;er for 6-12 min. at which time
the solution was pale yéllow._ The solution wésfcooled, poured
into 30 ml. of saturated sodium chloride solution, and ex-
tracted with 15 ml. ether. The ether layer was dried over
magnesium sulfate and analyzed by v.p.c. PhCHO/PhH=82.6/17.4.

Control A solution of 8.7 ml; sulfolane and 8.7 ml.
1.009 N CAN solution was reduced by heafiqg with a small
amount of acetone until the solution was’colo?less. Benzalde-
hyde and benzene were weighed in and the solution was‘worked
up as described above and analyzéd by v.p.c. .Wt. PhCHO=
0.1714 g.; wt. PhH=0.1000 g.; APhCHO=712; APhH=54O. Correc-
tion of the benzaldehyde/benzene ratio found in the oxidation

experiment’gives PhCHO/PhH=83.1/16.9.

In 50% aqueous sulfolane containing 3 N nitric acid

To 0.184 g. (2.0 mmoles.) CHT was added 15;3 ml.
suifolahe and 15.3 ml. (8.0 mmoles.) of a CAN sblution in 6
N nitric acid. The solution was heated and stirred on a
hotplate-stirrer for 12 min., pdured.into 60 ml. cold saturated

sodium chloride solution, and extracted with 20 ml. ether.
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The ether layér was dried over magnesium sulfate and analyzed
by v.p.c. PhCHO/PhH=79/21.

In 50% agueous sulfolane containing 3 N perchloric acid

To 0.184 g. (2.0 mmolés.) CHT: in 17.7 ml. sulfolane was
added 17.7 ml. (8.8 mmoles.) of a 0.496 N solution of ceric
perchlorate in 6 N perchloric acid. The solution was heated
and stirred on a hotplate-étirrer for 5 min. at which time
the solution was cloudy lighf yellow. The soiution was
cooled, poured into 60 ml. coid, saturated sodium chloride
solution and extracted with 20 ml. ether. The ether layer
was dried over magnesium sulfate and analyzed by v.p.c. A
semiquantitative estimate of the total amount of benzene and
benzaldehyde recovered indicaéed less than 10% total recovery.
PhCHO/PhH=82/18. |

In 100% sulfolane

To 0.184 g. (2.0 mmoles.) CHT dissolved in 16 ml. dry
sulfolane was added 4.496 g. (8.0 mmoles.) CAN. Care was
taken to'exclude water from. the reaction mixture. . The mixture
was heated and stirred on a hotplate-stirrer for 3.8 ﬁr.
during which time the solid CAN diésolved to give a homo-
geneous solution. The solution was cooled, lOO.microliters
xXylene(standard) was added, the solution was pdﬁred into 50
ml. saturated sodium chloride sglﬁtion, and extracted with 15
ml. ether. 'The ether layer was dried over magnesium sulfate

and analyzed by v.p.c. APhH=338;AAxylene=1193;
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ACHT+PhCH3=121; APhCHO=1z41. PhCHO/PhH=79/21. In a duplicate

experiment the following results were obtained: APhH=452;

AxYlene=991; ACHT+PhCH3=lOO; APhCHO=107§. PhCHO/PhH=70/30.
Control A quantity of 4.496 g. CAN in 16 ml. sulfolane

was reduced to cerium(III) by heating with a small amount of"
acetone. Into the resulting solution were weighed 0.1128 g.
benzene and 0.1563 g. benzaldehyde. A guantity of 100 micro-
liters xyléne was addea and the solution was worked up as
before. APhH/Axyiene=l.38; Apncao/rylene=1+28. Using the
average valués from the two oxidations, yieid PhCHO=61.4%,
PhH=14.9%. PhCHO/PhH=80/20.

In 100% sulfolane. Two eguivalents of CAN

To 0.184 g. (2.0 mmoles.) CHT in 8 ml. sulfolane was
added 2.248 g. (4.0 mmoles.) CAN and the mixture was heated
and stirred 6h a hotplate-stirrer for 1.3 hr. auring which
time the CAN'dissoived.' A quantity of 100 microliters xylene
(standard) was added and the solutioﬁ was added to 25 ml.
saturated sodium chloride solution and extracted with 10 -

ml. ether. The ether layer was dried over magnesium sulfate

and_ana}yzed by v.p7c. Experlmgnt 1l: APhH=150; Axylepe=436;
APhCHO=291’ Experiment 2: APhH=95; Axylene=436;.APhCH0=196f
Control experiment A gquantity of 2.248 g. CAN, 8 ml.

sulfolane, and a few drops of acetone were heated until the
cerium(IV) was reduced. To the reduced solution were added

100 microlitgrs xylene, and weighed amounts of benzene and
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benzaldehyde. The solution was then worked up as described

above and analyzed by v.p.c. Experiment 1l: Wt. PhH=0.0848 g.;
wt..PhCHO=0.1569.g.;.APhH=365; Axylene=379; APhCHO=53°'
Experiment 2: Wt. PhH=0.1010 g.; wt. PhCHO=0.1395 g.; A, .=
444; Axylene=378i APhCHO=521’ ‘U51ng average values from

the two control experiments, the yields from the oxidation
experiments are: experiment 1, PhCHO=32.8%, PhH=18.9%,
PhCHO/PhH=63/37; experiment 2, PhCHO=22.5%, PhH=12.2%,
PhCHO/PhH=65/35.

In 100% acetonitrile; four equivalents of CAN

To 0.184 g. (2.0 mmoles.) - CHT was added 16 ml. aceto-
nitrile and 4.496 g. (8.0 mmoles.) CAN. The mixture was
heated and stirred on a hotplate stirrer for 1.75 hr. at
which time the solid wés white and the solution orange. The
reaction mixture waékfiltered'and thé filtrateiadded to 50
ml. water andfextracted with a few.milliliters carbon tetra-
chloride; N.ﬁ.r. analysis of the cafbon tetrachloride layer
indicated the presenée of benzene and benzaldehyde.

To 6.1814'9.5(148 mmoles.) CHT iﬁ'lB,O ml. acétonitrile.
was added 3.94 g. (7.1 mmoles.) CAﬁ.. The mixtufe was heated
and stirred for 8 min. on a'hotéléﬁe-stirrer at‘which time
the solid was white and the solutibn orange. The mixture
was‘cooled, 100 microliters xylene(standard) was added, and
the mixture was poured.into 50 ml. water and extracted with

15 ml. ether. The ether layer was dried-over magnesium
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sulfate and analyzed by v.p.cC. APhH=320; AxYlene=11957

Appcgo=1465-

Control experiment To 16 ml. acetonitrile and 4.77 g.

CAN was added a few arops of acetone and the mixture was
heated and stirred on a hotplate-stirrer until the solid was
white. To this mixturé was addéd benéaidehyde and 100 micro-
liters xylene. The mixture was poured into 50 ml. water and
extracted with ié mi. ether. The‘ether layer was dried over
- magnesium sulfate and analyzed by v.p.c; .Wt. PhCHO=0.1197 g.:
.AxYlene=537; Appcmo=474- Yield PhCHO=79.5%; yield PhH=17.5%
(calculated on the basis of no correction for extraction or
thermal conductivity). PhCHO/PhH=81.5/18.5. |

To 0.184 g. (2.0 mmoles;) CHT in 16 ml. acetonitrile was
added 4.496 g. (8.0 mmoles.).CAN and the mixture was heated
and stirred on a'hofplate-stirrer for 10 min.- The mixture
was worked uﬁ-using 50 ml. water and 15 ml. ether..- The
ether lafer wés dried over magnesium;sulfate.and analyzed
by v.p,c; - Two succeésive V.p.c. analyses gave the following

results:. A, .=238; Ay ., ;=919. A, .=366; A, .. =883.
Control experiment To 4.456 g. CAN ip'lG ml. aceto-

nitrile was added a few drops of écetone and the mixture was
heated and stirred until the solid'was whitg. The mixtu;e;Was
cooled and 0.173.g; benzaldehyde and 0.099 g. benzene were
added and the mixture was treated as above. APhH=723;

APhCHO=880. Correcting the benzaldehyde/benzene ratio for
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extraction and thermal conductivity differences gives for
the first V.p.c. analysis.PhCHO/PhH=80/20; and for the second .

72/28.

In 100% acetonitriie; three equivalents of CAN

To 0.3916 (3.88 mmoles.) CHT in 23 ml. acetonitrile was
added 6.37 g. (11.65 mmoles.) CAN. -Tﬁe mixture was heated
and stirred on a ﬁotplate-stirrer for 8 min. at which ﬁime
the.solid was white. To the cooled mixtgre was added 100
microliters xylene (standard) and 50 ml. water and it was
extracted with 20 ml. ether. 'The'etﬁer layer was dried over
magnesium sulfate and analeed bf‘v.p.cﬁ Axflene=473;
=776. |

AphcrO |
Control experiment ° To 6.37 g. CAN in 23 ml. aceto-

nitfile was aéded a few drops of acetone and the mixture was
heafed and stirred on a hotplate-stirrer for 30f60Amin.z

To the cooled mixture was added 0.1961 g. benzaldehyde and
100 microliters xylene and it was worked ﬁp'as described
above aﬁd analfzed by j.p.c. AxYlene=393; APhCHO=705‘ Yield -
PhCHO=43.6%. }The amount of benzene was not determined Se-
cause of OVeflgpping of solvent and benzene in the v.p.c.
traces. |

In 100% acetonitrile; two equivalents of CAN

To 0.3806 g. (3.78 mmoles.} CHT in 15 ml. acetonitrile
was added 4.1419 g. (8.56 mmoles.) CAN and the mixture was

.heated and stirred on a hotplate-stirrer for 5 min. To the
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cooled mixture was added 100 microliters xylene(sténdard)
and the mixture was worked up using 50 ml. water and 25 ml.
ether. The ether layer was dried over magnesium sulfate and

analyzed by v.p.cf AxYlene=l36;-APhCHO=10'7’
Control experiment ~To 4.1419 g. CAN in 15 ml. aceto-

nitrile was added 2 ml. acetone and the mixture was heated
and stirred on a stirrer-hotplate for a few hours until the
solid was white. A quantity of 100 microliters xylene and
0.2657 g. (2.40 mmoles.) benzaldehyde were added and the mix-
ture was treated as above. AxYlepe=496; APhCHO=1248' Yield

PhCHO=2%. .

In 100% acetonitrile; stepwise addition of four equivalents

of CAN

To 0.202 g. (2.0 mmoles.) CHT in 8 ml. acetonitrile was
added'2.248 g. (4.0 mmoles.) .CAN. The mixture was heated and
stirred on a.stirrer-hotplate for 5 min. at which time the
solid was white and the liquid orange. To this mixture was
added 8 ml. acetonitrile and 2.248 g. (4.0 mmoles.) CAN and
the mixture was heated and stirred for another 35 min. af
which time the solid was white and the solution orange. To
the cooledvmix£ure was added 100 microliters xylene(standard). -
The mixture was poured into-50 ml. water and extracted with
15 ml. ether. The ether layer was dried over magnesium
sulfate and analyzed by v.p.c. APhH=226; A =891;

‘ . Xylene .
APhCHO=l185. The data for the control experiment for four
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'equivalents of CAN in 100% acetonitrile was used. Wt.

PhCHO=0.1197 g.; A

xylene 377 APhCHO=é74’. Yield PhCHO=85%.

PhCHO/PhH=85/15.

In 50% aqueous acetonitrile; two equivalents of CAN

~ To 0.3917 g: (3.88 mmoles.) CHT in 7.8 ml. acetonitrile
was added 7.8 ml. (7.8 mmoles.) 1 N CAN solution. The orange
cerium(IV) color faded immediétely to cloudy pale vellow.
The solution warmed up slightly and two layers formed. The
mixture was stirred for 2 min., 100 microliters xylene
(standard) was added, and the mixture was added to 25 ml.
water and extracted with 15 ml. ether.. The ether layer was
dried over mégnesium sulfate and analyzed 5y V.p.C. APhH=

100; AxY;éne=578; APhCH3 .
any correction for extracticn or thermal conductivity

+CHT=531; APhCHO=553‘ Neglecting

differences, PhCHO/(CHT+PhCH,)=51/49; PhCHO/PhH=85/15. There
may be an appréciable error in measuring APhH sinceiit'comes
on the tail of the acetonitrile peak.

Isolation of trxopyl ethyl ether from the oxidation of CHT

by two equivalents of CAN in 100% acetonitrile

To a solution of 28.3 g. (50.0 mmoles.) CAN in 100 ml.
acetonitrile at 30° C. was added dropwise with stirring 2.52
g. (27 mmoles.) CHT. Immediate reaction ensued upon addition
with white solid precipitating. When addition of the CHT
was complete, the nmixture was stirred for a few minutes and

.then added to 500 ml. water and extracted three times with
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_ether. A quantity of 250 ml. absolute ethanol was added ‘to
the aqueous layer and solid sodium bicarbonate was added
portionwise with stirring until the evolution of carbon
dioxide ceased. The cerium salts which precipitated during
the addition of Qﬁdium bicarbonate were filtered and the
filtrate was extracted four times with ether. The ether
layer was washed two, times with water, dried over magnesium
sulfate, and evaporatively distilled through a Vigreaux

- column on a steam bath. A quantity of 100 microliters
toluene(standard).was added to the resulting yellowforange‘
liquid and the resulting solution was analyzed'by n.m.r. The
chemical shifts, assignments, and correspbnding n.m.r.

integrals of the product were as follows:

Table 24. N.m.r. spectrum of tropyiethyl ether isolated from
the oxidation of CHT

. Chemical
Assignment Shift Integral
Hl 6.63 A 175.5
H2 6.12 178
H3 5.48 178
H6 1.20 187
Hyps ca. 3.6 195
PhCH 2.30 18.2
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Since the density of toluene is 0.867 g./ml., 9.4 x 10"4

mole was added as standard. Based on the average integral
for Hys Hy, and H3, the amount of the 7-oxy-CHT moiety is

2

9.4 x 10~% x 3/2 x 178/18.2 = 1.38 x 10~ mole. Based on

the integral. for HG' the amount of the ethoxy moiety is

3

9.4 x 10™% x 187/18.2 = 9.65 x 10 > mole. The amount of

CHET starting méterial was 2.74 x 10-2 mole. The n.m.r.
spectrum is nearly'idéptical to that of authentic tropyl
ethyl ether. In addition, there is no evidence for the
presence of ethanol or diethyl ether in the n.m.r. sample.
Yield of ethoxy moiety = 35.2%. Yield of 7-oxy—CHf'moiety

= 50.4%. ' The ethoxy moiety must be part.of the tropyl ethyl
ether, while the extra 7-oxy-CHT moiety (15.2%) may be due to
either ditrbpyl ether or tropyl alcohol; Support for the
presence of tropyl alcohol is lent by the observation that
the product formed a small second layer, probably‘water, on
standing, possibiy from the known reaction of two molecules
of tropyl alcohol to form one molecule of ditropyl ether and

one of water.

Control experiment To a stirred solution of 500 ml.

water and 250 ml. ethanol was added 4.86 g. (27.4 mmoles.)
tropylium fluoborate. To this solution solid sodium bi-

" carbonate was added portionwise until carbon dioxide evolu-.
tion ceased; The resulting mixture was added to 0.5-1

.liter of water and extractgd three times with ether. The
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combined layers were washed two times with water and dried
over magnesium sulfate. ihe ether was evaporétively distilled
through a Vigreaux column, the last traces of ether being re-
moved on a rotary evaporator. Yield of crude product,

2.6807 g. The chemical shifts, assignments, and n.m.r.
inteérals_of the c¢rude perucf were as follows:

Table 25. N.m.r. spectruﬁ of tropylethyl ether isolated

in control experiment

. Chemical
Assignment Shift Integral

H, 6.63 163
Hy 6.12 173
‘H3 5.48 180
Hyys 2. 3.6 219
He 1.20 201

To 0.15 g; crude sample dissolved in deuterochloroform in an
n.m.r. tube was added 50 microliters toluene (standard) and
the n.m.r. integrals of Hl’ Hz, H3, and toluene CH3 were ob-
tained. The a&erage integral for Hl’ Hz' and H3 was 159 and
for the toluene CH3 was 106. Thus the yield of the 7-oxyf
CHT moiety was 69% and of the ethoxy moiety (i.e., tropyl
ethyl ether) was 53.6%. |

Thus the amount 6f tropyl ethyl ether obtained from the
pxidation of CHT by two equivalents of CAN in 100% aceto- '

nitrile is 66% (35.2/53.6 x 100) of theoretical. It is likely
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that the surplus "7-oxy-CHT moiepy observed in these reactions

is tropyl alcohol.

I.r. and v.p.c. detection of benzaldehyde in the oxidation of

'CHT by four equivalents of CAN in 100% acetonitrile

To 1.0 g. (10.9 mmoles.) CHT in 87 ml. acetonitrile was
added 24.4 d. (43.6 mmoles.) CAN. The mixture was heated and
stirred on a hotplate-stirrer for 2 hr. Thé solid was removed
by filtration. The i.r. spectrum of the 1i§uid was obtained
in a 0.5 mm. polyethylene cell and showed an absorption at

1. control experiments showed that this was not due

1700 cm.
to the cell or acetonitrile or CAN and that an authentic
sample of benzaldehyde in acetohitrileisqlution.gave an

absorption at 1700 cm:l.

In addition, a portion of the acetonitrile solution from
the oxidation was injected directly into the v.p.c. A peak
which was enhanced by an authentic sample of benzaldehyde

was observed.
Oxidation of Tropyl Ethyl Ether by CAN

To 0.27 g. (2.0 mmoles.) tropyl ethyi ether was addedl-
4.3 ml. glacial acetic acid and 4.3 ml. (4.0 mmoles.) 0.93
N CAN solution. The solution was heated on a steam bath for
7 min. and then added to 25 ml. water and extracted with 20 ml.
ether. The ether layer was washed with 40 ml.ll.s N potassium

hydroxide, dried over magnesium sulfate, and analyzed by.
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v.p.c. The benzene/benzaldehyde ratio (peak areas) was
14/86. v

Control To 0.27 g. (2.0 mmoles.) tropyl ethyl ether
was added a solution qf 4.3 ml. glacial acetic acid-and 4.3
ml. 0.93 N CAN solution which had been reduced by heating
with 10 drops ethanol. The solution was heated on a steam
bath for 7 min. énd worked up és above. V.p.C. anélysié
showed trace amounts of what may be benzene and benzaldehyde.
These products were estimated to be less .than 10% of the

amount produced in the oxidation.
Oxidation of Tropylium Fluoborate by CAN

A quantity of 1.0 g. (5.68 mmoles.) tropylium fluoborate
dissolved in ca. 10 ml. water was added with stirring to 10;11
ml. (10-11 mmoles.) 1 N CAN solution. Immediate evolution of
gas occurred and the solution turned cloudy yellow. After
stirring for 1 min. at room temperature, the mixture wés ex-— .
tracted two times with ether. The ether layer was dried
over magnesium sulfate and the ether was remo&ed on a rotary
evaporator. A quantity of 0.2079 g. toluene (standard) was
addéd and the solution was analyzed by n.m.r. The integrais'_
were as follows: methyl group of toluene: .191; CHO of ben-
zaldehyde: 55. Yield PhCHO=35%. , ‘. -

To 0.711 g. (4.0 mmoles.) tropylium fluoborate was added -

8.25 ml. 0.973 N CAN. The mixture was heated and stirred on a
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hotplate-stirrer for 20 min. at which time the mix&ure was
milky yellow. The mixture was extracted with ether and ana=~
lyzed by v.p.c. PhCHO/PhH=80/20.
Reaction of Tropylium Fluoborate
with Sodium Nitrate

A solution of sodium nitrate and tropylium fluoborate in
water was allowed to react at steam bath'temperatufe for 30
min. V.p.c. analysis of the ether extract of the reaction
mixture showed no benzéne or benzaldehyde.

Oxidation of CHT by CAN in Anhydrous
Acetonitrile under Nitrogen

To 0.20 g. (2.18 mmoles.) CHT was added 10.0 ml. an-
hydrous acetonitrile in a 50 ml. Erlenmeyer flask. The flask
was capped with a serum étopper and nitrogen was bubbled
through the solution for 10 min. A quantity of 4.7 g. (8.6
mmoles.) CAN was added quickly and the flow of nitrogen was
resumed. The mixture was heated and stirred under nitrogen
on a hotplate-stirrer for 20 min. The mixture was cooled and
100 microliters toluene was added as a standard. The solution
was ahalyzed by v.p.c. (SE-30, 6' x 1/4") without exposure
to the air. Benzaldehyde was identified by its retention time
(enhanced by authentic sample). The benzaldehyde peak area
was approximately equal to the standard peak area indicaéing a

yield of benzaldehyde of ca. 50%.
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Oxidation of CHT by Permanganate

Acidic medium_

To 0.92 g. (10.0 mmoles.) CHT in 7 ml. acetone and 2 ml.
4 N sulfuric acid were added 1.58 g. (10.0 mmoles.) potassium
permanganate in 39 ml. 2 N sulfuric acid. There was an
immediate exothermic reaction. After 4 hr. at room temperature
the reaction mixture was extracted with 3 ml. carbon tetra-
chloride. N.m.r. analysis showed the.absepce of benzene and
benzaldehyde.

Neutral medium

To 0.92 g. (10.0 mﬁoles.) CHT was added 1.58 g. (10.0
.mmoles.) potassium permanganate in 15 ml. water. After
stirring at room temperature for 0.7 hr. the reaction mixture
was filtered and extracted with 3 ml. carbon tetrachloride.
N.m.r. analysis showed the absence of benzene and.benzalde-

hyde and showed only starting material.
Oxidation of CHT by Chromium(VI)

A.quantity of 0.376 g. (4.0 mmoles.) CHT was weighed into
a flask containing 0.82 g. (ca. 8 mmoles.) chromic acid
dissolved in 11 ml. glacial acetic acid and 3 ml. water. Heat
was evolved immediately and the sblution turned dark. The
solution was allowed to stand at room temperature for 42
hrs. After addition of a standard and workup, V.p.c. analysis

indicated a 3.3% yield of benzene and a 34.4% yield of
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benzaldehyde. PhCHO/PhH=91/9. Extraction of another reaction
mixture with carbon tetrachloride and n.m.r. analysis gave a

benzene/benzaldehyde ratio of 6.7/93.3.
Stability of Tropone to Cerium(III) Solutions

To a solution of 16.4 ml. (16.0 mmoles.) 0.974 N CAN
and 16.4 ml. glacial acetic acid was added 13 drops of 95%
ethanol and the solution was heated until it was colorless..
This solution was added to ca. 0.3 g. tropone and the re-
sulEing solution was heated on a steam bath for 12 min. The
solution was added to 40 ml. water and extracted with 30 ml.
ether. The ether layer was washed with 40 ml. 1.5 N
potassium hydroxide, dried over magnesium sulfate, and

analyzed by v.p.c. The v.p.c. trace showed no benzene or

benzaldehyde.

Determination of Carbon Monoxide

Presence of carbon monoxide

A guantity of 20 ml. of a palladium chloride solution
(prepared from 0.5 g. palladium chloride, 150 ml{ water, and
2.5 ml. concentrated hydrochloric acid) was placed in a 100
ml. round-bottom flask which was then evacuated. Into this
flask‘was drawn the gas evolved during the oxidatién of CHT -
by CAN in 50% aqueous acetic acid. After 45 min., palladium

metal was floating on the surface of the solution. The re;
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duction of palladium(II) indicates the presence of carbon

monoxide (112).

Volume of gas evolved

The volume of gas evoived from the oxidation of -5 mmoles.
CHT by CAN in 50% aqueous acetic acid was measured over water
and found.to be 18.7 ml. at 748 mm. Hg and 25° C. This
quantity is éorrécted for the amount of gas evolved in a
control experiment where no CHT was present. Correction for
the water vapor pressure and to STP gives 0.73 mmoles. of gas.
fhis corresponds to a 14.6% yield of benzene if the assump-
tion is made that one molecule of carbon monoxide is evolved
for each molecule of benzene formed.

Mass spectral analysis

Thejgas evolved from the oxidation of CHT by four equiva-
lents of CAN in 50% aqueous acetic acid was collected and
analyzed by mass spectrometry. The ratio of m/e 28 to m/e
32 from analysis of a sample of air was 84/16. The gas
collected from the oxidation of CHT gave a ratio of 91.4/8.6,
while the gas collected from a control experiment where every-
thing was the same as  in the oxidation experiment except for
" the ébsence of CHT gave a ratio of 82.6/17.4. Thus the oxida-
tion of CHT produces a gas of mass 28, presumably carbon

monoxide. ) o -
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Oxidation of Nitrite Ion by CAN

A ca. 1 N solution of sodium nitrite was prepared by
dissolving 69.0 g. sodium nitrite in 1 1. solution. A
quantity of 25 ml:. of this solution was titrated with 1 N
CAN solution. When 25 ml. of the 1 N solution had been
added the solution was clear and colorles;. This condition
persisted until 50.0 ml. 1 N CAN solution had been added.
Upon addition of more CAN solution the orange cerium(IV)

color persisted.

V.P.C. Methods

Routine analyses were carried out using a 6' x 1/4"
column packed with 20% QF-1 on Chromosorb P (30/60 mesh) at
80-200° or a 5' x 1/4" column packed with 20% Apiezon L on
Chromosorb P (60/80 mesh) at'100;225°.' A6' x 1/4" column
packed with 20% Carbowax 20M on Chromosorb P (60/80 mesh) at’
75° was used for the analysis of toluene in CHT.

Peak areas were determined either by cutting out and
weighing or by multiplying the height times the widtp at
.half height. Yields were determined by using a control ex-
periment to calculate the ratio of product/standard expected
for a4100%‘yie;d of the proéuct, and then quparing this ratio

to that found in the reaction under consideration.
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Equipment

N.m.r. spectra were obtained on a Varian A-60 spectro-
metef. V.p.c. analyses were carried out on an Aerograph
Model 200 fitted with dual thermal conductivity detectors.

A Corning model PC-351 combination hotplate-stirrer was used
to heat and stir several of the reactions. The polyethylene
cells used for i.r. analysis of benzaldehyde in the CAN

oxidation of CHT were far i.r. cells from Barnes Engineering.
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SUMMARY |

Severél benzyl and related alcohols are converted to the
corresponding carbonyl compound by ceric ammonium nitrate in
aquéous or 50% aqueous acetic acid solution. The reaction is
synthetically useful in many cases since it is easy to follow
and the product is obtained in a relatively pure form and in
high yield.

Cyclopropanemethanol is oxidized to cyclopropanecarbalde-
hyde in 64% igolated yield by aqueous ceric ammonium nitrate
(1 M). This conversion represents a convenient synthesis of
cyclopropanecarbaldehyde from commercially available
starting materials.

Equilibrium constants fo:‘the formation of the 1:1
cerium(IV)-alcohol complex were measured in 70% aqueous aceto-
nitrile, 70% aqueous acetic acid, and water containing 0.5 M
nitric acid utilizing a spectrophotometric technique. In 70%
agueous acetonitrile.and 70% aqueous acetic acid a "reverse
steric effect" was found whereby the equilibrium constants
for tertiary alcohols > secondary > primary. In water the
effect was reversed Wifh primary > secondary > tertiary. For
benzyl alcohols in 70% aqueous acetonitrile it Was'found that
ring substitution causes little change in the equilibfiuﬁ
constant. Evidence is presented which excludes bidentate

complexing of the 1,4- and 1,5-a,w-diols, but indicates some
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extra stability of the 1;24 and 1,3-diols which may or may
not be due to bidentate attachment of the glycol to cerium(IV).

The ‘kinetics of the cerium(IV) oxidation of benzyl and
substituted benzyl alcohols in 75% aqueous acetonitrile-1 M
nitric acid was studied. It is concluded that the oxidation
proceeds zié fapid 1:1 alcohol-cerium(IV) complex formation
and rate dg@grmining unimolecular decomposition of the complex.
The substituent effect and deuteriﬁm isotope effect indicate
that the a=C-H bond is being broken in the transition state
of the rate determining step ahd that the amount of charge
development on the a-carbon varies with the nature of the
substituent. It is concluded that a mechanism involving
varying amounts of charge development at the a-carbon and on
oxygen depending on the nature of the alcohol best explains
the experimental results encountered in this study and in
studies already in the literature.

Ceric ammonium nitrate in a variety of media oxidizes
cycloheptatriene to benzaldehyde, benzene, and carbon
monoxide in very high yield. All expérimental evidence indi-
cates that the reaction proceeds ggg‘tropylium.ion formation
and subsequent oxidation of tropylium ion to the observed
products.. Participation of nitrate ion in the reaction,
probably as a ligand of the metal ion, is éupported by the

experimental results.
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