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Chapter 1 General Introduction

The carbonium ion has been long considered to exist
only as a transient species (i.e., a reaction intermediate)
in various types of organic reactions. On the other hand,
a rapid development in modern organic chemistry in the
last two decades has enabled us to isolate, in a purely
crystalline state, a variety of carbonium ions with either
classical or non-classical structure. The study on the
Physical and chemical properties of these "stable" carbo-
nium ions has attracted much interest among the chemists
in the fields of both theoretical and applied chemistry.
However, it seems that the chemical studies concerning
these carbonium ions have been mainly focused on their ionic
reactions and that the homolytic reaction, i.e., a trans-
formation of the carbonium ion to the organic radical by
one-electron reduction, has received comparatively less
attention in spite of its significance as one of the most
essential reactions from both the synthetic and mechanistic
standpoints.

Although the reactivity scale of carbonium ions in one-
electron reduction in gaseous phase has received considera-
ble theoretical interest in association with the ionization

1)

potential of organic radicals to carbonium ions, relative-

ly little attention has been given to the reducibility scale



in solutions. Furthermore, the range investigated of car-
bonium-ion structure is quite small. Heretofore, the
electrochemical method has been applied for the quantitative
assessment of the reducibility of the stable carbonium ions

in solutions., The polarography has been conducted on the

2) 3)

tropylium and triarylcyclopropenium ions,

2c, 4)

and poly-

arylmethyl cations, in both agueous and non-agueous

media.. Also, the cathodic reduction of the tropylium ionS)

and the triphenylmethyl cation6)

have been performed on a
preparative scale. A more guantitative study has been
carried out by the measurement of the reversible electrode
reduction potentials of the equilibrated solutions of tri-
arylmethyl cations and the corresponding radicals.7)
However, in these electrochemical methods, there is a
severe limitation in the carbonium-ion structure and also
some special technique is required for the observation of
the "reversible" reduction potentials.

On the other hand, there are some qualitative studies
reported on the chemical reduction of carbonium ions in
solutions. The reductants employed in these studies are
classified into the inorganic species, i.e., metals and
low-valent metallic ions, and the organic species, either
neutral or anioniec, including corganometallic compounds.

In a saries of their systematic investigation, Conant
and his co-workersa) first demonstrated that the wvanadous

and chromous ions readily reduce various types of diaryl-

and triarylmethyl cations including some xanthyl



cations. Ever since, the chromous ion has been widely em-

9)

ployed in the reduction of organic halides, but examples

of the chromous-ion reduction of the well-defined carbonium

ions are confined to the qualitative studies reported on

10)

the reduction of the triphenylmethyl cation and the

tropylium, pyridinium and pyrylium ions.11)
Among the metallic reductants, zinc powder has been

most frequently used, for example, to reduce the substi-
12, 13, 14) 15)

18, 19) 20)

tuted tropylium, cyclopropenium, pyrylium,

16,

17) thiopyrylium, and pyridinium ions, since

a facile reduction of the tropylium ion to give bitropyl
was found by Doering and Enox.2') Metals with the higher

22) sodium-potassium

ionization tendency, such as potassium,
alloy,zs) and sodium amalgam24) have been applied for the
generation and ESR measurements of radicals of the tropyl
22, 23) and pyridiny124) systems,

As for the organic one-electron reductants, olefinic

25) and tetraphenyl-p-

compounds such as vinyl alkyl ether
Xylylene26) have been reported. In the former case,
electron transfer to the tropylium ion was shown to initi-
ate the vinyl polymerization, whereas in the latter case,
the reduction rate of fthe p-xylylene dication was roughly
determined by the use of a spectrophotometric method.

The rate of the electron transfer between the triphenyl-
methyl cation and radical has alsc been measured with an

27) Furthermore, stable aromatic carbanions

ESR technique.
' 28, 29)

such as the cyclooctatetraene dianion and the



22)

heptaphenyltropenide anion, organometallic compounds

30, 31)

such as ferrocene

33)

and triphenyltropyltin,Bz) and

34)

some nitrogen- compounds have

22, 29, 30,

and oxygen-containing
been shown to reduce the cations of tropylium,

32, 33) 8) 1305 31y 34) octems,

pyrylium,2 and triarylmethy
In the reactions described above, the radical which
is produced is either stable enough for the direct obser-
vation with ESR or otherwise unstable, easily dimerizing
or reacting with oxygen to give the peroxide., In addition,
there are some reports that the one-electron transfer to
the triphenylmethyl cation from anionic reductants, such

as potassium t-bu‘toxide,as) ethyllithium,36)

37)

and phenyl-
magnesium bromide, results in coupling of the both re-
agents to afford the products, which, at first sight, appear
to have been formed by an ionic combination reaction.

However, the studies cited aboveBs)

are mostly guali-
tative in nature; heretofore, no attempts have been made to
estimate quantitatively the chemical reactivity of the
stable carbonium ions in the one-electron reduction.

The purpose of the present study lies in the explora-
tion of new chemical methods to assess the "one-electron"
reducibility of stable carbonium ions in the liquid phase,
the application of thus obtained methods to the carbonium
ions with a variety of structure, and the examination of
the structure-reactivity relationship in this reaction.

The present thesis composed of ten chapters. The

contents of each chapter will be briefly described below.



In Chapter 2 is described the results of an attempt to
estimate the reducibility of the tropylium ion and the tri-
phenylmethyl cation from the different reactivity toward
various metals and metallic ions with a wide range of oxi-
dation potentials.Bg)

In Chapter 3 is presented an evidence, shown by the
use of the radical trapping technique, of the one-electron
transfer mechanism in the zinc reduction of the tropylium
ion as a representative case for the metal reduction of
stable carbonium ions.40)

Chapter 4 deals with a mechanistic study on the chro-
mous-ion reduction of the tropylium ion in agqueous media.41)
The role of the various added anions is discussed in detail.

Based on the results obtained in Chapter 4, a kinetic

study was carried out on the chromous-ion reduction of some

of the substituted tropylium ions, as is described in Chap-

ter 5.42) The results are discussed in comparison with
other physicochemical properties of the cations, such as
electron affinities, polarographic half-wave potentials,
and pKR+ values, to show the wvalidity of the present method
for the estimation of the "one-electron" reducibility of
stable carbonium ions.

In Chapter 6, the work is extended to a series of the
aryltropylium and n-alkyltropylium ions, in order to examine
the substituent effects exerted upon the seven-membered ring
acrossed a phenyl group and of the n-alkyl group.43)

In Chapter 7 is presented the. results of the explora-

-5-



tion of another method for the estimation of the reducibi-
lity, i.e., the competitive reduction with zinc, applicable
to a variety of hetero-atom substituted tropylium ions

44) Some synthe-

which are quite unstable in aqueous media.
tic studies of new substituted-tropylium salts are also
included.

In Chapter 8, the kinetic study on the chromous-ion
reduction is further extended to a series of phenyl and/or

45) The applica-

n-propyl-substituted cyclopropenium ions.
bility of this method to the carbonium ion with a structure
other than the tropylium system is successfully demonst-
rated.

Chapter 9 is concerned with an ESR study on the homo-
lytic dissociation equilibrium of 7-triphenylmethyl-1,3,5-
cycloheptatriene, a crogs-coupled product of the radicals
formed by the competitive reduction of the triphenylmethyl
cation and the tropylium ion.46)

Finally, in Chapter 10 is given the general conclusion

obtained though the present study.
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Chapter 2 The Reduction of the Tropylium Ion and the
Triphenylmethyl Cation with Metallic Powders

and Metallic Ions

Introduction

Although the reactivity scale of carbonium ions in a
one—electron reduction in gaseocus phase has received much
theoretical interest in asscciation with the ionization

1

potential of organic radicals to carbonium ions, rela-
tively little attention has been given to the reducibility
scale in solutions. Furthermore, the range of carbonium-
ion structures investigated is quite small. Heretofore,
the tropylium ion,z) the triarylcyclopropenium ion,3) and

2¢, 3, 4)

the polyarylmethyl cations ave been reported to

be carbonium ions whose reducibilities in the liquid phase
have been determined by a polarographical methodz’ 3) and
by the measurement of the reversible-electrode reduction
potentials of the‘equilibrated solutions of carbonium ions
and the corresponding radicals.4)
Thus, a systematic investigaticn inte the reducibility
scale in solution for the carbonium ions with a wide range
of structures should be of considerable interest. However,

preliminary to a systematic scrutiny into the carbonium-ion

structure, the exploration of simple reducing agents with

—11.=



a wide range cof applicability is needed because of the
restricted applicability of the electrochemical measure-
ments.2-4)
LAs for the reducing agents of the carbonium ions,
Conant and his collaborators5) first demonstrated that the
vanadous ion reduces various types of stable polyarylmethyl
cations. There have since been employed such reductants

6) 7 8) 9)

as the chromous ion,
10)

zine, potassium,

tetraphenyl—p—xylene,11)
2) 13)

sodium,

the dinegative ion

13)

ferrocene,

carbazole, phenylenediamine,

15)

of cycloocta‘tetraene,1

the triphenylmethyl radical,14) triphenyltropyltin, and

others.16)

Among these reducing agents we chose wvarious
metals and low-valent metallic ions, with the idea that
these reducing agents would show various degrees of
reducing power corresponding to their oxidation electrode
potentials and oxidation-reduction potentials, and that a
spectrum of the percentage yield of the reduction products
would reflect the intrinsic reducibility of the carbonium
ion concerned., In this chapter will be described the
results of the reduction of the tropylium ion and the tri-
phenylmethyl cation with these reductants in agueous and
in acetonitrile solutions. Also some discussion will be
made on the applicability of the spectrum of the radical

yields as a measure for estimating the reducibility of the

respective stable carbonium ions.

—12-



Experimenta117)

Materials. Tropylium fluoroborate was prepared from
tropilidene according to the method of Conrowfa)that is, by
hydride abstraction with phosphorus pentachloride and by
the subsequent addition of agueous flucroboric acid. Tro-
pilidene was prepared by the reaction of a large excess of
benzene with diazomethane in the presence of cuprous
bromide as a catalyst, according to the method of Miller
and Fricke.19) Priphenylmethyl fluoroborate was prepared
by the reaction of triphenylcarbinol with agueous fluoro-
boric acid in propionic anhydride, according to %the method

20) Acetonitrile was refluxed over phos-

of Dauben et al.
phorus pentoxide and distilled; bp 80.8-81.2°C. For all
the inorganic reagents, except silver powder, commercial
materials were used as received. Metallic silver was pre-
pared by the reduction of silver nitrate with saccharose,

1)

as has been described By Brauer,2 while metallic copper
employed was the electrelytically-prepared material sup-
prlied by the E. Merck Co.

The Reduction _of the Tropylium Ion in an Aqueous

Solution with Metallic Powders. The results are shown in

Table 1; the details of the procedure are illustrated in
the following description of a representative run with
metallic iron.

The Reduction of the Tropylium Ion in an Aqueous

Solution with Iron. In a 50-ml, round-bottomed flask

-13=



equipped with a magnetic stirring bar, a thermometer, and
a nitrogen inlet and outlet, 0.399 g of tropylium fluoro-
borate (2.24 mmol) was dissolved in 22.4 ml of 0.1 N
aqueous hydrochloric acid to give a clear, colorless solu-
tion. To the stirred solution of the tropylium ion there
was then added a 1.865-g portion of iron powder (200-250
mesh) (33.4 mg atom) under an atmosphere of nitrogen at
30.8°C. The reaction temperature immediately rose by
1.1°C and remained almost constant for 10 min. The reac—
tion mixture was then filtered and washed with three 5-ml
portions of 0.1 N agueous hydrochloric acid and with five
10-ml portions of ether. The amount of the unchanged

tropylium ion in the aqueous layer was estimated from the

0. 1N HC1

ultraviolet absorbance of the tropylium ion ( e

219 andr 275 @#); 79.4% of the charged ion. The organic
layer was washed once with 40 ml of 5% aqueous sodium
carbonate and twice with 40 ml of 10% aqueous sodium
chloride, dried over magnesium sulfate, concentrated by
distillation, and evaporated in vacuo to give 0.0407 g of
bitropyl (0.224 mmol, 20.0% yield), identified by the
superimposability of the infrared spectrum on that of the

authentic sample.

The Reduction of the Tropylium Jon in an Agueous

Solution with Low-Valent Metallic Igns. The results are

shown in Table 2; the details of the procedure are illus-
trated in the following description of a run which affords

a small amount (<1% yield) of the reduction product.

it



The Reduction of the Tropylium Ion in an Aqueous

Sclution with Ferrous Chloride. In a 50-ml, round-bottomed

flask equipped with a magnetic stirring bar, a thermometer,
a rubber serum bottle cap, and a nitrogen inlet and outlet,
0.322 g of tropylium fluoroborate (1.81 mmol) was dissolved
in 6.0 ml of 0.1 N agueous hydrochloric acid and then kept
under an atmosphere of nitrogen. The aqueous solution of
ferrous chloride was prepared by dissolving 1.067 g of
FeClz-4H20 (5.37 mmol) in 12.1 ml of 0.1 N aqueous hydro-
chloric acid. The ferrous chloride solution was added with
a syringe through the rubber serum cap to a stirred solution
of tropylium fluoroborate. A specific change in neither

the color nor reaction temperature was observed. The solu-
tion was stirred under nitrogen at 18.0-20.0°C for two hours
and then extracted with three 20-ml portions of ether. The
amount of the unchanged tropylium ion was determined from
the ultraviolet absorbance (vide supra) of the aqgueous layer
(102% of the charged tropylium ion). The organic layer was
washed with a 30-ml portion of 5% agueous sodium carbonate
and with two 50-ml portions of 10% aqueous sodium chloride,
and was then dried over magnesium sulfate. The dried ether-
eal solution was concentrated and evaporated in vacuo to
give 0.0027 g of a-colorless oil, which was shown to be a
mixture of bitropyl, benzaldehyde, and other minor compo-
nents by a study of the infrared spectrum. The t.l.c.
analysis of the oily product with the authentic bitropyl

indicated that the bitropyl content was ca. 38 wt% of the

= B



0il; 0.0055 mmol, 0.6% yield, based on the charged tropylium
ion,

The Reduction of the Tropylium Ion and the Triphenyl-

methyl Cation in an Acetonitrile Solution with Metallic

Powders. The results are shown in Table %; the reaction of
the triphenylmethyl cation are illustrated in the following
description of a representative run with metallic iron.

The Reduction of the Triphenylmethyl Cation in an

Acetonitrile solution with Iron. In a 50-ml, round-bottom-

ed flask equipped with a magnetic stirrer, a thermometer,
and a nitrogen inlet and outlet there was placed a 0.504-g
portion of triphenylmethyl fluoroborate (1.53 mmol). In a
stream of nitrogen 15.3 ml of acetonitrile was added, and
a clear, orange colored solution was obtained by magnetic
stirring; the initial concentration of the triphenylmefhyl
cation was 0.100 N. To the stirred solution there was
then zdded a 1.299-g portion of iron powder (150-250 mesh)
(23.3 mg atom) under an atmosphere of nitrogen at 20.5°¢C.
The reaction temperature rose by 4.1°C within two minutes
and remained almost constant for the rest of the reaction
time. With the increase in temperature, it was observed
that a white precipitate appeared and was dispersed through-
out the reaction vessel., After the reaction time of 10
min, 10-ml portions of water and ether were added to the
reaction mixture with continuous stirring in order to stop
the reaction by the hydrolysis of the unchanged cation.

The reaction mixture was filtered and washed with three

~16-



10-m1l portions of ether in a stream of nitrogen. Air was
then bubbled into the pale yellow organic layer. A white
precipitate was formed with the simultaneocus disappearance
of the yellow color of the solution. This precipitate was
filtered, washed with ether, and dried at 60°C under reduced
pressure (5 mmHg) to give 0.272 g of white, powdery crys-
tals, identified as triphenylmethyl peroxide by the super-
imposability of the infrared spectrum; C.524 mmol, 68.6%
yield. The organic layer of the filtrate was separated,
washed with a 80-ml portion of 5% aqueous sodium carbonate
and with two 80-ml portions of 10% aqueous sodium chloride,
and dried over magnesium sulfate. The dried ethersal
solution was concentrated by distillation and evaporated

in wvacuo to give 0.117 g of white crystals: the crystals -

were identified as triphenylcarbinocl by a study of the

infrared spectrum; 0.448 mmol, 29.3% yield.

Results and Discussion

Reduction of the Tropylium Ion in an Agqueous Solution

with Metallic Powders. A 0.1 N soclution of tropylium
22)

fluoroborate in 0.1 N; hydrochloric acid was treated with

various metallic powders at room temperature for ten

minutes. As Doering and KnoxTa) found in zinc-dust reduc-
tion, most of the metals examined (see Table 1) were found

to reduce the tropylium ion to bitropyl readily. As Table

i




1 shows, magnesium, aluminum, manganese, zinc, iron, cad-
mium, cobslt, tin, lead, and antimony afforded bitropyl in
fairly good yields, whereas the yield of bitropyl was poor
in the cases of chromium (1%), nickel (0.4%), copper (0.2%).
and mercury (0.03%). In each reduction only the unchanged
tropylium ion was identified as an organic compound other
than bitropyl, and a good material balance (>94%) was
obtained. Sinrce these reductions were carried out under
heterogeneous conditions and with metals of various grain
sizes, the percentage yields of bitropyl might not exactly
reflect the intrinsic reducing powers of these metals.
However, an examination of the standard oxidation electrode
potentials of these metals reveals that there exists a
correlation between the spectra of the values of the
bitropyl yield and of the oxidation electrode potentials

of these metals; that is, under these reduction conditions
the reducibility of the tropylium ion seems to correspond
to the values of the oxidation electrode potential between
those of mercury and silver, i.e., -0.789 and -0.799 V.

Reduction of the Tropylium Ion in an Aqueous Solution

with Low-=Valent Metallic Ions. An agueous 0.1 N hydro-

chloric acid solution of tropylium fluoroborate (0.1 N)
was treated with about three equivalents of various metal-
lic ions at room temperature under an atmosphere of nitro-
gen. As shown in Table 2, bitropyl was readily obtained
as the sole product in the reductions with chromouszB) and

titanous ions, whereas it was obtained in poor yields in

-18-



TaBrLt |. THE REDUCTION OF THE TROPYLIUM ION
’ IN THE AQUEOUS SOLUTION WITH METALLIC
POWDERS AT 21—31°C®

Metal Oxidat.iorb; Bitropyl Troi];);ll’lum
(tnesh) pOt(c{}t)lal ) ‘{f,;];i unchanged®
0 (%)
Mg (200—250) 2.37 92 3.2
Al (200—250) 1.66 99 0.0
Mn (>400) 1.18 98 1.8
Zn (>400) 0.763 100 0.0
Cr (200—250) 0.74 1.0 99
Fe (200—250) 0.440 20 79
Cd (>>200) 0.403 26 73
Co (>>250) 0.277 94 0.0
Ni (>400) 0.250 0.4 95
Sn (>400) 0.136 100 0.0
Pb (200—250) 0.126 60 41
Sb (200—250) —0.212 5.4 94
Cu (200—250) —0.521 0.29% 95
Hg (liq.)® —0.789 0.039 99
Ag (=200) —0.799 0.0 99

a) Except when otherwise noted, all reactions were
conducted with about 15 molar equivalents of
metallic powder under an atomosphere of nitro-
gen for ten minutes, aqueous hydrochloric acid

(0.IN) being used as the solvent.

Initial concen-

tration of tropylium fluoroborate was 0.100 n.
b) W. M. Latimer, “Oxidation Potentials,” Prentice-

Hall (1952).

¢ ) The reaction was carried out for 30 min with 50
molar equivalents of mercury, aqueous nitric acid
(0.1n) being used as the solvent.

d) Estimated by t.l.c. analysis.

¢) Determined by UV spectrophotometry.
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TasLE 2.

THE REACTION OF THE TROPYLIUM ION IN THE AQUEOUS SOLUTION WITH

METALLIC 10Ns AT 18—28°C™

Ion

Cr(11)®
Ti(TT)
Sn(11)
Cu(l)
Fe(1I)
Hg(I)®
Fe(III)
Hg(1I)
Ag(I)

Oxidation
potential®

Reaction Bitropyl Benzaldehyde  Tropylium ion
time yield yield unchanged”
(hr) (%) (%) (%)
0.01 100 0.0 0.0
0.17 18 0.0 84
2 0.29 0.0 97
2 0.020 0.0 101
2 0.69 ~0.1 102
2 0.0n 35 0.0
2 0.09 9.3 65
2 0.00 46 0.0
2 0.0D ~I1 100 .

a) Except when otherwise noted, all reactions were conducted with three molar equivalents of metal

chloride under an atmosphere of nitrogen, and aqueous hydrochloric acid (0.1n) was used as the

solvent.

Initial concentration of tropylium fluoroborate was 0. 100n,

b) W. M. Latimer, “Oxidation Potentials,” Prentice-Hall (1952).
¢ ) Chromous sulfate was used.
d) Mercurous nitrate was used, along with 0.02n nitric acid as the solvent.
e) Determined by UV spectrophotometry.

f ) Estimated by t.l.c. analysis.



the reduction with stannous, cuprous, and ferrous ions.
However, the mercurous ion, which oxidation-reduction
potential is the lowest among the ions examined, afforded
rioc detectable amounts of bitropyl, but an oxidation product
of the tropylium ion, i.e., benzaldehyde,24’25) in the 3%%
yield. TFurthermore, in this reaction the mercurous ion
was reduced to metallic mercury by the tropylium ion. The
formation of benzaldehyde due to the oxidation of the tro-
pylium ion was also observed in the reection with mercuric,
ferrie, and silver ions in yields of 46, 9.3, and ¢1% res-
pectively (Table 2). Thus, as in the case of metallic
powder reduction under heterogeneous conditions, the corre-
lation between the reducing power of low-valent metallic
ions, as measured by the use of the yields of bitropyl,
and of the oxidation-reduction potential of these metallic
ions seems to be fairly good; in Table 2 it is ClﬁﬁPlM____ﬁﬂ_-__
demonstrated that the tropylium ions in agueous solution
can be reduced by the ions with the higher values of the
oxidation-reduction potentials than that of ferrous ion,
and that under these resaction conditions the oxidation-
reduction potential of the tropylium ion seems to be just
between those of ferrous and mercurous ions, i.e., -0.771
and -0.920 V.

Reduction of the Tropylium Ion and the Triphenylmethyl

Cation in an Acetonitrile Solution with Metallic Fowders.

Since it has been demonstrated for the tropylium ion that
its reducibility can be estimated by the use of a spectrum

of bitropyl yields in the reduction with various metallic

=21 =



powders, the reducibility of the other carbonium ion was
examined by the use of this method. Among the other car-
bonium ions the triphenylmethyl cation was chosen as a
representative carbonium ion, which is stable in an aceto-
nitrile solution. For the purpose of comparison, the
tropylium ion was reduced also in an acetonitrile solution.
In each reduction the respective carbonium ions were allow-
ed to react with 15 molar equivalents of various metallic
powders under exactly the same reazaction conditions as those
employed in the experiments with the tropylium ion in an
aqueous solution.

The spectrum of the yields of the reduction product
is shown in Table 3, along with the values for the oxida-
tion-electrode potentials of metals and the ﬁalf—wave
potentials of the respective metallic ions in an acetoni-
trile solution.

In an acetonitrile solution the triphenylmethyl cation
was smoothly reduced by zinc dust to the triphenylmethyl
radical, which was identified as triphenylmethyl peroxide
and a minor amount of benzophenone after its oxidation by
air., Similarly, the tropylium ion in acetonitrile was
readily reduced by zinec dust to bitropyl, as was observed
in an aqueous solution. Iron powder and copper powder also
reduced each carbonium ion with ease. It is of interest
to note that the yield of bitropyl in copper rgduction
increased from 0.2% in an aqueous solution (Table 1) to

100% in acetonitrile (Table 3). This dramatic increase in
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TapLe 3. 'THE REDUCTION OF THi TROPYLIUM ION AND THE TRIPHENYLMETHYL CATION IN THE
ACETONITRILL SOLUTION WITH MLETALLIC POWDERS AT 14—24°(C%

/n e Ni Sh Cu Ag

Metal (mesh) (>400)  (150-250) (=400) (200 250) (-400)  (=200)

Reduction of tropylium ion:
Bitropyl, yicld (%) 100 48 0.19 2.3 100 0.0mn

Tropylium ion, - . N
unchanged (7%,)0 .0 91 0.0 82

Reduction of tripheaylmethyl cation:

_ga_

;li il!:!h(‘;y‘:);‘j;“"h”' radical, 73 69 0.6 1.7 63 43
I;ﬁ';f:}g’;‘é“f‘,h)y,‘) cation, 19 29 98 100 27 51
(_H?ﬁl::: tj;ﬁ‘:i“(i{,‘i)i‘*” 0.70 1.00 0.33 = 036  —0.32
Oxidation electrode pot.™ 0.74 ~ B . 0.38 _0.23

in acetonitrile (V)

a) All reactions were conducted with about 15 molar equivalents of metallic powder under an atmos-
phere of nitrogen for ten minutes.  Initial concentrations of tropylium ion and ol triphenylmethyl
cation were 0, 100N,

b) Tropone (15%, vield), identiticd by the superimposability of the IR spectrum, was obtained as a
reaction product.

¢ ) Estimated by t.l.c. analysis.

d) Determined by UV spectrophotometry.

¢) The sum of the yiclds of triphenylmethyl peroxide and of benzophenone. The yields of benzo-
phenone were ca. 19, for Zn, ca. 47, lor Cu, and ca. 29; for Ag. No benzophcnone was produced
in the reactions with Fe, Ni and Sb powders.

f ) Isolated as triphenylcarbinol.

g) The half-wave potentials of the corresponding metallic ions, measured rs. aqueous SCE; 1. M.
Koltholl and J. I. Coetzee, J. Am. Chem. Soc., 79, 870, 1852 (1957).

h) W. A, Placskow, Zh. Fiz. Khim., 22, 351 (1948).



the yield may be a reflection of an intrinsic increase in
the reducing power of copper in acetonitrile, as is shown
by the .relatively higher values of the oxidation-electrode
potential of the metal and the half-wave potential of the
ion (Table 3), values which are closely related to the
stabilization o2f the cuprous ion caused by the strong sol-
vation by the acetonitrile molecules (see the references
cited in Table 3).

As has been shown in an agueous solution, nickel and
antimony, which have relatively lower oxidation-electrode
potentials, were found to have low reducing powers in
acetonitrile for each carbonium ion, this being shown in
the low yields of the reduction product from each carbonium
ion (Table 3).

Silver did not show any reducing power to the tropy-
lium ion under these reaction conditions; this is a result
similar to that observed in an agueous solution (Tables 1
and 3). In contrast to this, the triphenylmethyl cation
was easily reduced by silver powder, indicating that this
cation is more reducible than the tropylium ion (Table 3).

The rzady reducibility of the triphenylmethyl cation
observed in these experiments is consistent with the
following reactivity sequence of these two cations: (a)
the half-wave potentials of the tropylium ion and the
triphenylmethyl cation, measured in methylene dichloride
by direzt-current polarography, are estimated to be -0.45

2c)

and -0.135 V respectively, showing the ready reducibi-
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lity of the latter cation; (b) the ionization potentials
of tropyl and triphenylmethyl radicals in the gaseous

phase are determined to be 6.60 and 7.25 eV26)

respective-
ly, indicating that the former radical is more easily
transformed into the tropylium ion (in other words, the
tropylium ion is less reducible). The loss of delocaliza=-
tion energy resulting when the tropylium ion is converted
to the tropyl radical is calculated to be -0.45@ (from the

simple H.M.O. theory),27)

whereas between the triphenyl-
methyl cation and radical there exists no difference in
delocalization energy. When we assume that reducibility
of the cation is governed by the difference in the electro-
nic stabilization (delocalization) energy between the
carbonium ion and the corresponding radical, this result

of calculation is alsc consistent with the ready reducibi-

1lity of the triphenylmethyl cation.

Summary

The reaction of tropylium fluoroborate in an agueocus
solution has been carried out at Toom temperature with
powders of various metals (Mg, Al, Mn, 2Zn, Cr, Pe, Cd, Co,
Ni, Sn, Pb, Sb, Cu, Hg, and Ag) under heterogeneous condi-
tions and with several metallic ions (Cr(II), Ti(III),
Sn(1I), Cu(I), Fe(II), Pe(III), Hg(I), Hg(II), and Ag(I))

in a homogeneous solution, All these reasgents, except
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Ag, Fe(III), Hg(I), Hg(II), and Ag(I), reduce with ease the
tropyliur ion to give the tropyl radical, which then rapidly
couples to bitropyl; their reducing powers, estimated by
comparing the yields of bitropyl under the same reaction
conditions, currelate with their oxidation electrode poten-
tials and oxidation-reduction potentials. The ferric iomn,
the mercurous ion, the mercuric ion, and the silver ion
afford no bitropyl, but only an oxidation product of the
tropylium ion, i.e., benzaldehyde. Silver powder gives
neither a reduction nor an oxidation product under these
reaction conditions., The reduction has also been carried
out in an acetonitrile solution, and the reducibility of
tropylium fluoroborate with powders of Zn, Fe, Ni, Sb, Cu,
and Ag has been compared with that of triphenylmethyl fluo-
roborate under heterogensous conditions. Both the tropylium
ion and the triphenylmethyl cation are smoothly reduced by
Zn, Fe, Ni, Sb, and Cu in this solvent. The tropylium ion,
however, is not reduced by silver powder, while the tri-
Phenylmethyl cation is reduced to the triphenylmethyl radi-
cal. This greater reducibility of the latter cation is
consistent with what could be anticipated from the data of
half-wave potentials, ionization potentials, and H.M.O.
calculation reported with respect to these two carbonium

ions.
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Chapter 3 Trapping of the Cycloheptatrienyl Radical
with 2-Methyl-2-nitrosopropane in the Course

of Zinc Reduction of the Tropylium Ion

Introduction

In the preceding chapter was described a systematic
study on the reduction of the tropylium ion and the tri-
phenylmethyl cation with metals and metallic ions. The
study was based on a fundamental supposition that ?Eﬁ
reduction of the carbonium ion with these reagents invari-
ably proceeds via the formation of the radical species,
i.e., with the one-electron reduction mechanism,

In their report on the zinec reduction of the tropylium

1)

ion to give Dbitropyl, Doering and Knox suggested the
initial "one-electron”" transfer, resulting in the forma-
tion of the tropyl (ecycloheptatrienyl) radical, and the
subsequent radical coupling. This mechanism certainly
seems most reasonable, since the course of this reaction
was not altered by the presence of water, thereby preclu-
ding a carbanionic mechanism. ZEver since, zinc has been
employed as the "one-electron" reductant by several inves-
tigators.z) However, there has not been given any direct
and clear evidence for the generation of the radical
gspecies in this type of reaction.

Thus, in order to confirm the validity of this mecha-
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nism, the "spin trapping" technique3) by the use of t-
nitrosobutane (2-methyl-2-nitrosopropane) was aprlied to
the zinc reduction of the tropylium ion as the representa-
tive case for the reaction concerned; the results will be

presented in this chapter.

Experimenta14)

Materials. Tropylium fluoroborate and t-nitrosobutane

5)

were prepared according to the methods of Conrow and of

6)

Emmons, respectively., Zinc powder was of a reagent-

grade quality. THF was distilled over 2,6-di-t-butyl-p-
cresol; bp 66.0—66.200.

_/'-‘Ar‘

Zinc Reduction of the Tropylium JTon in the Presence _—

of t-Nitrosobutane. Procedures for a representative run

with reaction time of 30 min are described below. To a
stirred solution of 0.750 g (4.20 mmol) of tropylium
fluoroborate and 2.95 g (33.9 mmol) of t-nitrosobutane in
220 ml of H,0-THF (7:3 by volume), there was added 1.38 g
(21.0 mg;atom) of zinc powder under an atmosthere of
nitrcgen. After the rezction of 30 min .at 31°C in the
dark, the excessive zinc powder was filtered off. The
filtrate was worked up in the usual way to give 0.667 g
of partially solidified red oil, which was then chromato-
graphed over 25 g of silica gel (Nakarai, No. II-a, 100-

200 mesh). FElution with n-hexane-benzene (4:1 by volume)

.



afforded 0.180 g (0,989 mmol) of bitropyl as white crystals
with an identical infrared spectrum with the authentic
sample; 47.71% yield. The fractions eluted with benzene-
ether (3:2 by volume) gave 0.317 g (1.79 mmol) of the
nitrone I as white crystals, whose identity was established
by the infrared and ultraviolet spectra and mixed mp; 42.6%
yield; mp 73.0-74.5°¢ (Lit.T) mp 75-76°C). On the other
hand, fractions eluted with ethanol and the ethereal ex-
tracts of the aqueous layer which had been made alkaline
gave 0.0870 gg) (0.978 mmol) of N-t-butylhydroxylamine as
pale yellow crystals which exhibited the identical infra-
red spectrum as the authentic sample; 2.9% yield based on
t-nitrosobutane; 23.3% of the tropylium ion used.

In another run with the half scale of the above-men-
tioned reaction,. after the reaction time of 5 min and the
usual work-up, the reaction mixture was distilled under
vacuum to give 0.0184 g of a brownish-red o0il; bp 70-85°C
(bath temperature)/0.4 mmHg. The distillate was immediate-
ly dissolved in benzene and sealed in a Pyrex tube (outer
diameter, 4mm) under vacuum. An ESR spectrum was taken on
the sample to give the results described in the text.

Hydrogenation of the Crude Product Mixture. In the

same way as described above, 1.00 g (5.60 mmol) of tropylium
fluoroborate was reduced with 1.83 g (28.0 mg-atom) of zinc
powder in the presence of 3.90 g (44.8 mmol) of t-nitroso-
butane in 292 ml of H2O—THF (7:3 by volume) at room tempe-

rature. After 1 min, the reaction mixture was worked up
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and concentrated in vacuo to ca. 10 ml, which was subse-
quently hydrogenated over 0.8 g of palladium carbon
(Nakarai, 5%) in dry THF to give 0.519 g of a yellowish
0il, From this o0il were isolated 0.315 g (1.62 mmol) of
bicycloheptyl (58% yield; NMR, f0014 7.9 (br m, 2H,
methine), 8.5 (br s, 24H, methylene); vggi4 1450 (sh),
1460, 2870, 2940 cm™') and 0.088 g (0.51 mmol) of N-t-
butyl-N-cycloheptylhydroxylamine (9.2% yield, NMR, Toog

4
6.% (br s, 1H, methine), 7.1 (br s, 1H, OH), 8.5 (br s,

21H, methylene, methyl); ngi4 1025, 1120, 1215, 1350,
1380, 1450(sh), 1460, 2870, 2930, 3420, 3630 cm—1), by the
use of preparative thin layer chromatography over silica
gel (Merck, Kieselgel PF254J with benzene-ether (2:1) as
the eluent.

Found: C, 71.53; H, 12.30%. Calcd for C11H23NO:
C, 71.30; H, 12.51%.

Reaction of t-Nitrosobutane with Zinc in an Acidic

ESR Measurement. Into a Pyrex tube (outer

Solution.-

diameter, 10 mm) with a capillary side tube (outer diameter
1 mm) for ESR measurement, there was charged 0.020 g

(0.23 mmol) of t-nitrosobutane and 0.10 g (1.5 mg-atom)

of zinc powder. The tube was connected to a vacuum line
and 1.6 ml of a solution of acetic acid (0.04 M) in H,O0-
THF (1:1 by volume) was transfered into the tube with
vacuum distillation. After sealing off the tube under
vacuum, the mixture was shaken at room temperature in the

. dark and an ESR spectrum of the supernatant solution was
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immediately recorded to give the results described in the

text.

Thermal Dissociation of Bitropyl in the Presence of

ESR Measurement. Into a Pyrex tube

t-Nitrosobutane.

(outer diameter, 5 mm) for ESR measurement, there was
charged 0.015 g (0.17 mmol) of t-nitrosobutane and 0.090 g
(0.50 mmol) of bitropyl, which had been purified by subli-
mation (5100/1 mmHg). The tube was connected to a vacuum
line and 0.5 ml of dry m-xylene was added by vacuum distil-
lation. After being sealed off under vacuum, the tube was
shaken well in the dark and introduced into the ESR cavity,
which had been kept at 60°C with a JEOL variable-tempera-
ture equipment, JES-UCT-2X. After 10 min, signals com-
posed of an equivalent triplet of doublet (aN=14.5 G,
ag=2.2 G) began. to appear in the ESR spectrum and kept

increasing in intensity.

Results and Discussion

The tropylium ion was allowed to react with an excess
of zinc powder in the presence of 8 molar equivalents of
t-nitrosubutane in H,O-THF (7:3 by volume) at room tempera-
ture for 30 min. The reaction products were separated by
elution chromatography to give bitropyl, o-phenyl-N-t-
butyl-nitrone (IJ), and a comparable amount of N-t-butyl-

hydroxylamine. The product distributions in the shorter
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reaction times were also examined to give the results
summarized in Table 1.
The yields of bitropyl are almost invariable (50+5%),

whereas those of the nitrone I and N-t-butylhydroxylamine

Table 1. The product distribution for the zinc reduction

of the tropylium ion in the presence of t—nitrosobutane.a)

Reaction time Temp. Yield, %
min il Bitropyl Nitrone I Hydroxylamineb)
1 24.0 50.4 4.4 ~ 0
2 5% .0 54.3 8.6 s
15 31.0 45.5 52,0 ~10.7
30 31.0 4741 42.6 ~21.0
a) [Tropylium fluoroborate] = 1.91%1072 M; (Zn) = 5.0 atom

equivalent with respect to the tropylium ion; [t-BuNO] =
0.153 M; Solvent = H,O0-THF (7:3 by volume).
b) N-t-Butylhydroxylamine; the yield is calculated with
reference to the tropylium ion. The real yield of this
compound is supposed to be greater; see Ref. 8 in the

Experimental.
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definitely increase with the prolonged reaction time. On
the other hand, an analysis with ultraviolet spectroscopy
of the aqueous layer revealed that the tropylium ion was
completely consumed within one minute.

These results seem to indicate that the zinc reduction,
which initially gives a primary product (presumably the
tropyl radical), is rapidly completed and that about a half
of the primary product so formed is trapped by t-nitroso-
butane to give a transient product (II), which subseguently
rearranges to the nitrone Ig) (see Scheme 1).

The isolation of this transient product was unsuccess-
ful owing to its instability and volatility. However, the
reaction mixture with a short reaction time (5 min), after
the usual work-up and vacuum distillation, gave red oil
which, after immediate dissolution in benzene, exhibited
an ESR spectrum composed of an equivalent triplet of doub-
let; this radical was assigned to be t-butyl tropyl nitro-
xide (iI) (aN=14.6 G, ag=2.2 G), the trapping product.

The identical ESR spectrum was observed in the reaction of
t—nitrosobﬁ%ane with the tropyl radical, which is produced

by the thermal dissociation of bitropleO)

in m-xylene at
60°C (see Experimental). Furthermore, when the product

mixture of a short reaction time (1 min) was catalytically
hydrogenated on palladium-carbon, N-t-butyl-N-cycloheptyl-
hydroxylamine (III), which is supposed to be derived from

the trapping product (the nitroxide II), was isolated (9%

yield) along with bicycloheptyl, which was produced by the
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hydrogenation of bitropyl. These results are illustrated

in Scheme 1.

CoHo* H,/Pd-C
el S ((]_],H,ﬂ-2 — (cyclo—C,?H.fj-)-Z

+ Zn ]
gl === Ky PR Bu(t-)
) . LBul t=
Primary t-BulNO CrH,-Nt-Bu(t-) — \C=N’
product i 2l 5 T
0~ (I1)
Trapping (1)
product H,/Pd-C
cyclo-C?H13—$—Bu(t-)
OH
(I11)
A t=BuNO

_— .
(CqHa3y =—= 2 CqH,r ——> (1I)
in m-xylene

Scheme 1

The control experiments to examine the course of the
formation of I indicated that the coexitence of three
components, i.e., t-nitrosocbutane, zinc, and proton,11) is
a necessary condition in order to transform II into I.
Namely, the three reactions were continued for 30 min,
respectively after the immediate removal of t-nitrosobutane
(by bubbling off with air), zinc powder (by filtration),
and proton11) (by neutralization with NaOH) from the reac-
tion mixtures of a short reaction time (1 min); no more

than a trace amount of the nitrone I was detected in the
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respective reaction mixtures, whereas bitropyl was always
found as the major product.

In another control experiment, the interaction of t-
nitrosobutane with zinec in aqueous THF solution, acidified

1) was found to give t-

by the addition of acetic acid,
butyl nitroxide (IV), which was identified by the ESR spect-
rum (an equivalent triplet of doublet; aN=13.9 G, ay=

12.9 G12)). In addition, a nitroxide radical is known to

be able to abstract a hydrogen atom.13)

Consequently, it is most probable that in the mixture
of a prolonged reaction time the nitroxide IV is produced
in situ, and immediately abstracts a hydrogen atom from
the nitroxide II or its valence tautomer II' to give N-t-
butylhydroxylamine. This is illustrated in Scheme 2.

In Course (A), the nitrone V would be produced by the
abstraction of d-hydrogen of the niftroxide II, and subse-
guently be converted to the nitrone I through a norcara-
diene-type intermediate V' under the acidic condition in
the reaction mixture or in the course of isolation, e.g.,
during elution chromatography on silica gel.

As for Course (B), it is supposed that the cyclohep-
tatriene-norcaradiene equilibrium lies to the norcaradiene
side (II'), when the electron-withdrawing nature of the
partially polarized N-O bond in the nitroxide II is taken

into consideration.14)

The subsequent B-hydrogen abstrac-
tion from the norcaradienyl system (II') to give the

benzal system (I) may be plausible from the analogy of the
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ionic rearrangements of the similar type found in litera-
tures.]' 15) Thus, the preferred course (A or B) of the

formation of the nitrone I from the nitroxide II has not

been completely clarified.

However, on the basis of the ESR spectrum of the
nitroxide II and of the isolation of the nitrone I and
also hydroxylamine III from the reaction mixture, it is
concluded that the primary product of the zinc reduction

of the tropylium ion must be the tropyl radical.
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Summary

The zinc reduction of the tropylium ion was carried
out in the presence of 2-methyl-2-nitrosopropane (a radical
scavenger) in H,0-THF (7:3 by volume) at room temperature.
In the reaction mixture with a short reaction time (5
min), t-butyl tropyl nitroxide (II) (a radical trapping
product) was identified by the ESR analysis. d—Pﬁenyl—N—'
t-butylnitrone (I), which was isolated from the reaction
mixture of a prolonged reaction time (30 min), was proved
to be derived from the nitroxide II through the hydrogen
abstraction by t-butyl nitroxide, which was formed from
2-methyl-2-nitrosopropane in situ in the acidic reaction
mixture in the presence of zinc powder. Hydrogenation
(on P4/C) of the product mixture with a short reaction
time (1 min) gave N-t-butyl-N-cycloheptylhydroxylamine and
bicyeloheptyl. On the basis of these observations it is
concluded that the primary product of the zinc reduction

of the tropylium ion must be the tropyl radical.
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Chapter 4 A Kinetic Study on the Reduction of the
Tropylium Ion with Cr(II) — The Effect

of the Added Anions

Introduction

In Chapter 2, it was demonstrated that the variation
of the reduction-product yields of the stable carbonium
ions, observed in the reduction with a series of metals
and metallic ions, can be used for a qualitative estimation
of the reducibility of the carbonium ions. A mechanistic
support for this method was given in a study described in
Chapter 3. As an extension of this work, a more quantita-
tive investigation of the reducibility by the use of kine-
tic measurements seems to be of interest. Among the
various reductants examined in the previous work, Cr(II)
was found to be a satisfactory reagent, especially for
kinetic measurements. This is because the one-electron
‘reduction with Cr(II) proceeds quite readily without form-
ing any by-product, as has already been reported in the
éase of some carbonium ions.1’ 2) Prior to the kinetic
étudy with respect to the reducibility of various stable
éarhonium ions, it seems necessary to clarify the mechanis-
tic characteristics of this reaction by the use of a

single representative carbonium ion, e.g., the tropylium
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ion.

Ip the field of inorganic chemistry, the mechanisms
for the reduction of several trasition-metal complexes
with Cr(II) are well established, and are in general clas-
sified into "inner-sphere" and "outer-sphére" mechanisms
depending upon whether an electron-transfer bridge between
the reductant and the oxidant exists or not.3)

On the other hand, for organic compounds, Cr(II) is
known to be a potent and versatile reducing agent, and has
been used in the reduction of carbonium ions,1'
halides,Qc’ 4) olefins,B) and carbonyl compounds.
Among these reactions, the reduction of organic halides
was interpreted as proceeding through reaction sequences
analogous to the inner-sphere mechanism mentioned above,
with the halide ion acting as an electron-transfer bridge

between the organic moiety and Cr(II):4a~d- g)
RX + COr%* — [R-X-Cr)®*—> R+ crx®* (1)

It is currently accepted that the produced radical species

is rapidly captured by the second chromous ion to furnish

an organochromic complex, which subsequently dimerizes with
an unchanged halide or undergoes protonolysis to give a

monomeric hydrocarhon,zc, 4ec, e)

There is also an excep-
tional case in which the first-formed radical abstracts
the hydrogen atom before the formation of the organometallic

complex.4g)
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In contrast to the reduction of organic halides, the
chromous-ion reduction of carbonium ions usiually gives
rise to only dimers of the corresponding radicals,1’ 2)
but no kinetic investigation of this reaction has been
reported. We chose the'tropylium ion as a representative
of stable carbonium ions, and successfully méasured the
reduction rate with Cr(II) in agueous solution by the use
of the flow method; some findings of the effect of wvarious
added anions upon the reduction rate were obtained. The
Cr(III) species produced under the various conditions were
analyzed chemically and spectrophotometrically. From the

results obtained by these experiments, we wish to clarify

the mechanism and scope of the reaction in this chapter.

Experimental6)

Materials. Tropylium fluoroborate was prepared from
tropilidene according to the method of Conrow.!’ The
agueous solutions of the chromous ion were prepared by
dissolution of chromium metal (99.99%, Nakarai Co., Ltd.)
in 2.9 M respective acid solutions under nitrogen after
activation in 2.9 M HC1l and rinsing with distilled water.
The transfer and dilution of the original chromous solution
were done by the use of a hypodermic syringe; distilled
water or acid solutions of appropriate concentrations had

previously been deoxygenatéd with nitrogen. The aqueous
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Fig. 1. A schematic diagram of ‘““flow method” apparatus
for the kinetic measurements.
A: the tropylium ion, B: Cr(II), C: water-jacketed
burette, D: Hg, E: main stopcock, F: mixing
chamber, G: water-jacketed reaction tube, H: “stop
solution,” I: knife switch connected to E, J: buzzer.

solutions of hydrochloric, hydrobromic, sulfuric, perchlo-
ric, and fluoroboric acids, the sodium salts of the respec-
tive anions, and the sodium bisulfate were of a reagent
grade and were used without further purification.

Kinetic Measurements for the Reaction of the Tropylium

Ton with Cr(II). The reaction was carried out under a

nitrogen atmosphere in the flow system shown in Fig. 1.
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Burettes and a reaction tube were covered with jackets cir-
culated with water thermostated at 25.020.2°C., The aqueous
acid solutions of the't:opylium ion and of the chromous ion,
the concentrations of which had been determined by ultrah.
violet spectroscopy. and by iodometry, respectively, were
charged into each burette from the reservoirs.and let stand
for at least 10 min for temperature equilibration. The
nitrogen pressure in the whole system was raised to 200 mm-
Hg above atmospheric pressure, and then the main stopcock
was opened for about 4 sec so that 20 ml each of the reagent
solutions ran into a glass reaction tube 3.6 mm in inner
diameter, through a mixing chamber made of T-shaped glass
tube 1.0 mm in inner diameter. The reagents were allowed

to react for 0.3-1.5 sec while flowing through reaction
tubes of various lengths; then they flowed out into 20 ml

of a magnetically-stirred "stop solution" containing 0.5 M

CuS0 The operation of the main stopcock was synchronized

4°
with a buzzer switch; while the stopcock was opened the
buzzer sound was recorded on a tape recorder, and from the
distance of the recording tape between the starting and
ending points of the buzzer sound the flowing time of the
reagents was determined. The time-distance calibration was
made by the use of the standard time service of the Nippon
Telegram and Telephone Corporation. Thus, when the time
required for a total flow of 40 ml was determined to be

4.00 sec, for example, the reaction times were calculated

to be 0.26, 0.3%6, 0.46, 0.60, 0.72, and 1.04 sec with
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reaction tubes of the length of 25.1, 35.1, 45.0, 58.8, 70.2,
and 102.5 cm respectively. The reaction solution was ext-
racted three times with 50-ml portions of n-hexane, washed
with three 100-ml portions of 10% aqueous sodium chloride,
and dried over magnesium sulfate. The solvent was evapo-
réted under reduced pressure to give white-crystals which
were identified as bitropyl from the superimposability of
the infrared spectrum with the spectrum of an authentic
sample. The amount of the product was determined by ultra-
violet spectroscopy in ethanol, using 255 mu (e, 7080) as
8)

a characteristic band for bitropyl. The rate constants
were determined graphically from the ordinary second-order
rate equation. The efficiency of mixing in the mixing
chamber was examined by the method described by Roughton,g)
i.e., the measurement of the heat of neutralization, which
was evolved when equivalent aqueous solutions of HC1 and
NaOH were mixed together under the same conditions as in
the chromous-ion reduction. It was confirmed that 100%
mixing was attained within 0.02 sec after both reagents

flowed through the mixing chamber.
Test for the Efficiency of the Quenching of Cr(II)

with Cu(II). To 20 ml of a 2.9 M HC1l solution of the tropy-

lium ion (0.02 g-ion/l) and CusSo, (0.5 mol/1), was added

10 ml of a 2.9 M HC1l solution of Cr(II) (0.04 g-ion/1)
under an atmosphere of nitrogen at room temperature. After
10 min, the ultraviolet spectrum of an aliquot showed that

the amount of the tropylium ion had not been affected.
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The Analysis of Cr(III) Complex in Solution. By tue

use of an apparatus employed in the kinetic measurements,
40-ml portions each of a solution of the tropylium ion and
of Cr(II) in agueous hydrochloric acid of various concent-
rations were mixed anﬁ allowed to react for 10 min at room
temperature under nitrogen in a Erlenmeyer flask, set under
the mixing chamber. The initial concentrations of both
reagents were set as is shown in Tables 3 and 4 (see Results
and Discussion), so that the amount of the tropylium ion
was a 1.5-1.8 fold excess. After the extraction of the
organic product with three 60-ml portions of n-hexane, the
agueous layer was subjected to the measurement of its visi-
ble spectrum or to the chemical analysis of the chloride
ion bound to Cr(III) as follows; the free chloride ions in
the solution were first determined by conductometric titra-
tion with 0.1 M AgNOB. The solution was then heated at
100°C for 30 min and titrated again with 0.1 M AgNO5. The
differences in titers before and after the heating of the
solution was regarded as corresponding to the amount of

chloride ions bound to Cr(III).

Results

Kinetic Measurements of the Reaction of the Tropylium
1,

Ion with Cr(II). As has already been reported, 2d) the

tropylium ion reacts with Cr(II) quite rapidly and guanti-
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tatively to give the dimer, bitropyl. The kinetic measure=-
ment of'this reaction was made at 25°C by the use of the
apparatus depicted in Fig. 1 (see Experimental). The
aqueous acid solutions of the tropylium ion and of Cr(I1)
were mixed in a T-shaped mixing chamber and then allowed to
react while flowing down through a reaction tube. The
reaction time was 0.2-1.5 sec, depending on the length of
the tube. After guenching of the reaction by the use of
the instantaneous oxidation of the unchanged Cr(II) with
an‘aqueous solution of CuSO4,1O) bitropyl was extracted
wifh n-hexane and determined by ultraviolet spectroscopy.
The initial concentrations of both the reagents were set

so that the concentration of Cr(II) would be 1.5 to 3.0
fold greater thap that of the tropylium ion. The results
for the various reaction times were treated according to
the ordinary second-order rate equation (first-order for
each reagent) to give a good straight line through the
point of origin, as is shown in Fig. 2. The reaction con-
ditions and the graphically-obtained values of the second-
order rate constants are listed in Tables 1 and 2.

In a representative run, the unchanged tropylium ion
was determined from the ultraviolet spectrum of the aqueous
layer, and the material balance was found to be $97.5%.

The product, bitropyl, was characterized on the basis of
its infrared spectrum, the purity being ascertéined by

thin-layer chromatography.
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Fig. 2. The rate of the reaction of the tropylium ion with
Cr(II) in 0.2~ HCI at 25°C.
[CyH{*]4=0.81 X 10-2 g-ion/l
[Cr(11)]y=1.8x 102 g-ion/l

The Effect of Added Anions on the Reduction Rate.

In order to obtain information on t'he mechanism coperating,
especially at the electron-transfer step, the reaction of

the tropylium ion with Cr(II) was carried out in aqueous

acid solutions containing various anions (C1~, Br , 8042_,

HSO,”, BF,

or as sodium salts; the effects of the concentrations and

~, and 0104-), which were added as proton acids

of the reaction were then examined. Among the results
s:how‘n in Tables 1 and 2 and in Figs_.r_w___B_l and 4, the following
are noteworthy: (a) Cl1°, Br_,r and 8042_ have the charac-
teristic effect of increasing the rate of the reaction;

(b) this rate-increasing effect approaches its maximum as
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ACID SOLUTIONS AT 25°C

THE RATE CONSTANTS FOR THE REACTION
OF THE TROPYLIUM ION WITH Cr(II) IN AQUEOUS
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l/g-ion-sec

Cr(11)

10-3
g-ion/l

C,H#

10-2

Initial concentration
g-ion/l

soLuTioNs (0.2 N) AT 25°C

g-ion/1

TABLE 2. THE RATE CONSTANTS FOR THE REACTION OF
ANIONS ADDED AS SODIUM BSALTS IN AQUEOU! ACID

THE TROPYLIUM 10N WITH Cr(II) IN THE PRESENCE OF
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100

ky, 1/g-ion-sec

[Acid], mol/l

Fig. 3. The effect of anions added as proton acids on the
reaction rate.

O: HCl, @: HBr, A: H,SO,, (: HBF,, @©: HCIO,.

the concentration of the anion is increased; (c) on the
contrary, BF4_ and C104- show only a slight rate-retarding
effect; (d) the extrapolation of the concentration of each
anion leads %o the same intercept where k,=9 (1/g-ion+*sec)
at 25°C; (e) H,S0, and HSO4_ seemingly exhibit a rate-
accelarating effect at lower concentrations and a rate-
retarding effect at higher concentrations. Among these

findings, the observation (d) clearly indicates that the
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kg, l/g-ion-sec

[Added anion], g-ion/!

Fig. 4. The effect of anions added as sodium salts on the
reaction rate,
O: Cl-, @: Br, A:S80¢2°, A: HSO,, : BF,
O: ClO~.

presence of halide ions is not essential for the reduction
of the tropylium ion, as has been reported in the cases of

2¢)  pnig

the triphenylmethyl and diphenylmethyl cations.
result is in sharp contrast to the observation made by
Castré4b) that the 1,1-diphenylethyl cation can not be
reduced by Cr(II) unless the chloride ion is added. The
characteristic effect shown by H,80, and HSO4_ as described

in (e) seems to be attributable to the equilibrium composi-
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tion11)

of H,S0,, HSO,”, and 5042' in an aqueous solution;
at lowgr concentrations, the 8042_ ion, which is predomi-
nant as a result of the nearly complete dissociation of
H2804 or HSO4_, exerts a rate-accelerating effect, whereas
at higher concentarions, undissociated HZSD4 and HSO4-

seem to retard the reaction.

The Analysis of Cr(III) Species. Although Cr(II) is

labile to the substitution of its ligands, Cr(III) is known

to be sluggish to ligand substitution.qg)

Thus, the analy-
sis of the group attached to Cr(III), which is produced as
a result of Cr(II) reduction, makes it possible to deduce
the nature of the activated complexes. Taking advantage
13)

of these properties, Taube and his coworkers succesfully
demonstrated that one-electron transfer reactions from
Cr(II) to several inorganic metallic complexes proceed
through an activated complex in which a single anion or a
molecule acts as an electron-transfer bridge. With the
expectation of obtaining information on the function of
the added chloride ion on the electron-transfer step, we
conducted the reaction of Cr(II) with an excess of the
tropylium ion in variable HCl concentrations at room tempe-
rature and analyzed the Cr(III) species chemically and by
their visible spectra.

An excess of the tropylium ion was allowed to react
with Cr(II) in 0.1 to‘2.9 M aqueous HC1l for 10 min (more

than 100 half-lives) under nitrogen; after the subsequent

extraction of the organic product, the visible spectrum of
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Cr(III) was taken. As is shown in Table 3 and Fig. 5, the
absorption maximum of Cr(III) at longer wavelengths was

found to make a bathochromic shift to 605 mm, which cor-

TasLe 3. Tue errFecT oF THE HCl CONCENTRATION
ON THE VISIBLE SPECTRA OF Cr(III) FORMED BY THE
REACTION OF THE TROPYLIUM IoN wiTH Cr(II)

Initial concentration

- - for ‘GugiIT
Hon  [GH,+]  [crany  for Sr(ID
N g-ion/l g-ion/1 K
0.07 0.026 0.014 588
0.14 0.080 0.051 592
0.26 0.080 0.050 595
0.40 0.080 0.050 598
0.55 0.080 0.047 602
0.58 0.080 0.048 602
2.90 0.047 0.029 606
610
600 |
bl
o)
=]
K
590 |
580 ';
575 ‘ e 35 ‘
0 0.2 0.4 0.6 2.9
HC1l ,

Fig. 5. The effect of HCl concentration on
Apax OFf Cr(III)



responds to CrCl(Hzo)Bz*,14) with an increase in the concen-

tration of HCI. This indicates that the Cr(III) species
formed at lower HC1l concentration is a mixture of Cr-
(H,0) > (A 575mp'4)) ana Crc1(H,0) %, but at higher

HC1 concentrations most of the Cr(III) exists as CrCl(H20)52+.
The results of the chemical analysis of the chloride ion
attached to Cr(ITII) exhibit qualitatively the same tendency,

ag is-‘shown in Table 4.

TasLe 4. Tre errecT OF THE HCl CONCENTRATION ON
THE AMOUNT OF THE CHLORIDE ION BoUND TO Cr(III)»

HqA Ratio of Cl bound to Cr(III)
N _ to total Cr(III)

0.072 0.47

0.110 0.51

0.139 0.53

0.175 0.59

5) [Cr(ID)]: 0.014 g-ion/l, [C;H,*]: 0.025 g-ion/l.
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Discussion

One‘of the simplest mechanisms for the formation of
bitropyl by the reduction of the tropylium ion with Cr(If)

is the radical mechanism shown below:

G7H7"‘ + Cr(II) —> CHye  + Cr(III) (2)

2 CqH,- (CoH-¥, (3)

At present, it still remains open whether the radical
produced is entirely free or is loosely affiliated with the

metal ion (Step (4)); consequently, the possibilities for

the reactions through [C?Hj--;gi———]2+, depicted in Steps

(4) and (5) or in Steps  (4) and (65, can not be rigorously

eliminated:

|
I,’

C.Hie + Cr(II) ——s (CoHy-- Cr.-F* (4)

LA
s I

(CqHr-- Cr---F* + CoHyt — (CoHop, + CO2(II)  (5)

(6 B --gr---F* + c.H

P |

¥ ——(CH Y, + Cx(III) (6)

T

Among these, however, Steps (2) and (3) seem most likely

because, regardless of the acidity of the solvent, the
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reduction only gives the dimer; and no protonolysis product

1 7

L
I

(tropilidene) which can be derived from [C7H7—-—Q}---]2+

rd
s

is ever formed. Furthermore, the marked effect of the
added anions on the reaction rate indicates that, in any
case, the rate-determining step is Step (2), at which an
anion -can substantially participate.

A representative example of such an anion-affected
reaction may be seen in the reduction of [CO(NH3)5X]2+
with Cr2+. In this case the transition state in which the
anion, X, acts as an electron-transfer bridge has been pro-

posed:13)

x)2* + cr?* 4+ s5H* —» Co2* & Crx?* 4 SNH,*  (7)

(Co(NH 4

3)5
Also, in the present study, the fact that only such anions
as C1°, Br , and 8042-, which can coordinate with Cr(III),
show the rate-accelerating effect would imply that these
anions act as electron-transfer bridges between the tropy-
lium ion and Cr(II). On the other hani, when the anion
concentration is graphically extrapolated to zero, the

rate constant still has the value of 9 (1/g-ion-sec),
indicating that the electron transfer also takes place via
the HZO molecule as a bridge. Thus, in the réaction system,

paths which proceed via an anion bridge and those which

proceed via an HZO bridge are both present; they give rise

—bHG=



to Cr(H,0)X** and Cr(H,0)¢’* respectively.

The effect of the added chloride ion on the reaction
rate, however, is at most a factor of about 10 (see PFiz. 4),
much smaller than the factor of 106 found in the reaction
(7) for the C1 bridging relative to the H,0 bridging.15)
This may indicate that, although there is bridging by the
chloride ion between C?HT+ and Cr(II), it is much- less
effective than in the case of the reduction of [CO(NH3)5X]?+
since even in the activated complex, the interaction betw=zen
C7H7+ and C1l~ is considered to be quite weak becausz of the
complete delocalizztion of the positive charge in the tro-
pylium ion.

When the reaction is conducted in the presence of HCI,
the reacting species which give rise to the chloride-ion

+ 16)

bridge is supposed to be Cr(H,0)5C1 or the ion pair,

07H7+~°-Cl",17) which is in equilibrium with Cr(H,0)°* or

with cr},HT+ respectively:

Cr(H20)62+ + €17 ===Cr(Hy0)5C1* + HyO (8)

C7HT+ + 01‘_07HT+---01” (9)

Therefore, it may be supposed that, among these species,
the following reaction paths (Steps (10)-(12)) are com-

peting with each other:
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H
2+ 3+
C-H* & Cr(H,0)¢"" [CTHT---gCr(Hzo)S]

—> CoHy + Or(Hy0) 7t (10)

+ - \2+
C-HS---C1 + Cr(H20,6 'HEO

T
(e B, - -C10T(H,0) 5}
C7H7+ + CrCl(H20)5+,/’//ﬂ
—>C e + CrCl(H20)52+ (11)
01 2+
[CTHT'--CICr$H20)51
CHY---C1™ + CrC1(H,0)3 —>CoH - + CrCl(H20)52+ (12a)
+
~H,0 (c,H,+ -+ C1CTCL(H,0) ,)

+
-——9C?H7- + Cr012(H20)4 (12b)

Path (10) proceeds by means of bridging with H,0, while
Paths (11) and (12) make use of the chloride bridge. As

for Path (12), it can not be determined from the analysis

of Cr(III) which course, (12a) or (12b), is pertinent, since
CrClz(H20)4+ is known to react readily (kz”’102 1/g-ion-sec
at 20012)) with Cr2+ to give CrCl(H20)52+, as is shown below:

CrCl,(H,0),* + ©r?* —— Cre1(H,0)f + CrCl(H,0)E*  (13)

sl



The tendency of the rate-increasing effect of anions
to approach its maximum with an increase in the anion con-
centration (shown in Figs. % and 4) can be ascrived to the
shift of the equilibria (8) and (9) to the right, with the
result that the reaction proceeds completely via the bridg-
ing with the chloride ion so that no more rate acceleration
becomes observable. This is also consistent with the result,
obtained from the chemical analysis, that the amount of
the chloride ion attached to Cr(III) increases with an
increase in the HCl concentration.

From these results, it is concluded that the one-
electron reduction of the tropylium ion with Cr(II) in the
aqueous acid of the appropriate concentration does not
occur directly between the two reagents, but proceeds by
means of the electron-transfer bridge mechanism. Therefore,
it may be expected that, so long as the acid solution is
used in a concentration sufficient for the bridging, the
reactivity of the various stable carbonium ions in this
reaction will mainly reflect the inherent electron affinity
of the respective carbonium ions and that the effect of the
steric factor will be minimized. The investigation on the
correlation of such a reactivity with the electron affinity
of the various stable carbonium ions will be described in

the following chapter.
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Summary

The one-electron reduction of tropylium fluoroborate
with Cr(II) was carried out in agueous solution convaining
various anions (C1l~, Br , 3042_, HSO4", BF4_, and 0104-)
which were added as proton acids or as sodium salts, and
the reaction rate at 25°C was measured by the use of the
flow method. It was found thet C1~, Br , and 5042' exhibit
the characteristic rate-accelerating effect, whereas BF4_
and 0104- show a slight rate-retarding effect. From the
extrapolation of the anion concentration to zero, it was
indicated that this reaction can proceed even in the
absence of added anions. From these findings, together
with the results of chemical and spectrophotometrical
aralyses of the Cr(III) species, it was concluded that the
reduction of the tropylium ion with Cr(II) proceeds through
an electron-transfer step where the anion (Cl~, Br~, or
3042_)'or the water molecule acts as a weakly interacting
electron-transfer bridge. This mechanism is essentially
analogous to the "inner-sphere mechanism" known in the

field of inorganic metal complex chemistry.
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Chapter 5 A Kinetiec Study on .he Reduction of Some
Substituted Tropylium Ions with Cr(II)

Introduction

Although the one-electron reduction of carbonium ions
in gascous p...3e has raised much theoretical interest in
association with the ionization potentials of organic
radicals to carbonium ions, the reducibility of stable
carbonium ions in solution has received rather little atten-
tion; quantitative studies of it have been restricted to
electrochemical ones, such as pola.rogra.phy1J and emf mea-
surements of the cells made of equilibrated solutions of
the carbonium ions and the corresponding radicals.z)

In the preceding chapter, it was shown that, among
various inorganiec reducing agents, Cr(II) is a suitable
reagent for the kinetic study designed to estimate quanti-
tatively the reducibility of stable carbonium ions in so-
lution.

Thus, the kinetics of the chromous-ion reduction of
the substituted tropylium ions were studied with the idea
tnat the change in the electron affinity of these cations
caused by the introduction of various substituents will be
reflected in the rate of reduction. The relative electron

affinities of carbonium ions have been estimated from the
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transition energies of the charge-transfer bands, and also
from the polarographic half-wave potentials. In this zhap-
ter will be discussed the correlation of the reducibility
of these carbonium lons with the relative electron affini—
ties thus obtained, and also with the pKR+ values measured
for the respective cations. Also will be shown the appli-
cability of this method (the chromous-ion reduction) to the
evaluation of the reducibility of stable carbonium ions of

the tropylium system in solution.

ExperimentalB)

Materials. All the reagents employed were of a rea-
gent-grade quality except when otherwise noted. Acetonit-
rile and ethyl acetate were refluxed over phosphorus pen-
toxide and then distilled; -acetonitrile, bp 81.0—81.500;
ethyl acetate, bp 77 6~77:4°8.

Tropylium fluoroborate was prepared from tropilidene
according to the method of Conrow.4)

7-Methyl-, 7-ethyl-, 7-isopropyl-, and T-t-butylcyclo—
heptatrienes were obtained by the reaction of T-ethoxy-
cycloheptatriene with the corresponding alkylmagnesium
halides, as has been reported by Nozoe and his co—workers;s)
7-methylcycloheptatriene, bp 53°C/63 mmHg (1it, bp 63°C/
80 mmHgs)); T-ethylcycloheptatriene, bp 84°C/35 mmHg; T-

isopropylcycloheptatriene, bp 88°c/36 mmHg (1it, bp 749/
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33 mmHgs)); 7-t-butyleycloheptatriene, bp 90°C/24 mmHg
(1it, bp 95-98°C/45 mm Hg?)).

7-Phenylecycloheptatriene was prepared by the reaction
of tropylium fluoroborate with phenyllithium according to
the method of Doering and Knox;6) bp 76°C/0.4 mmHg.

7-Triphenylmethylcycloheptatriene was synthesized by
reference to the thesis of Rifi.T) In a 100-ml four-necked
flask equipped with a mechanical stirrer, a thermometer,
and a nitrogen inlet and outlet, there was stirred a sus-
pension of 1.467 g (8.74 mmol) of tropylium fluoroborate in
40 ml of dry ethyl ether. To this mixture was slowly added
63 ml of a 0.14 M ethereal solution of triphenylmethyl-
sodium (8.8 mmol), prepared from triphenylmethyl chloride
and 1% sodium amalgam according to the method of Renfrow

8)

and Hauser, over a 10-min period by the use of a hypo-
dermic syringe. The dark red color of the solution of tri-
pPhenylmethylsodium was instantaneously discharged when it
was added to the ethereal suspension of tropylium fluorobo-
rate. The yellowish gray mixture was stirred for a further
2 hr at 24-26°C under nitrogen. After the addition of 100
ml of water, the organic layer was separated and worked up
in the usual way to give 2.928 g of a yellowish white solid,
which was then chromatographed over 100 g of silica gel
(Nakarai, No. II-A, 100-200 mesh). Elution with n-hexane-
benzene (4:1) gave 1.263 g (3.78 mmol) of 7-triphenylmethyl-

cycloheptatriene as white crystals; the same infrared spect-

rum as the authentic sample; 43.3% yield; mp 166.6-170.7°C
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(dec) (1it, mps 167-170°C (dec)g) and 156007)).

The isomerization of 7-substituted cycloheptatrienes
to the mixtures of 1-, 2-, and 3-substituted cycloheptatri-
enes was effected thermally by successive sigmatropic 1-5

10) so that the steric hindrance at the

hydrogen shifts,
step of hydride abstraction by the triphenylmethyl cation
(vide infra) might be diminished. 7-Methyl-, 7-ethyl-,
T-isopropyl-, T7-t-butyl-, and 7-phenylcycloheptatrienes

were sealed in Pyrex ampoules under vacuum ((10_3 mmHg ),
heated in an o0il bath at 17500 for 1.5 hr,s) and distilled
under reduced pressure; methylcycloheptatrienes, bp 65-67°C/
72 mmHg; ethylcycloheptatrienes, bp 95-98°C/41 mmHg; iso-
propylcycloheptatrienes, bp 90-94°C/35 mmHg; t-butylcyclo-
heptatrienes, bp 79-80°C/24 mmHg; phenylcycloheptatrienes,
bp 77-79°C/0. 4 mmHg. 7-Triphenylmethylcycloheptatriene

was dissolved in m-xylene and similarly sealed in a Pyrex
ampoule under vacuum. After heating at 14500 for 5 hr, the
isomeric mixtures were recovered as white crystals by
chromatography over silica gel (Nakarai, No. II-A, 100-

200 mesh), with n-hexane-benzene (4:1) as the eluent.

Methyltropylium perchlorate (Ia) was synthesized
11)

following the method of Corrow. Into a suspension of
7.00 g (0.0204 mol) of triphenylmethyl perchlorate in 40
ml of acetonitrile, we added 2.079 g (0.0195 mol) of ther-
mally-isomerized methylcycloheptatrienes with magnetic
stirring at room temperature. In 1 min, the precipitates

of triphenylmethyl salt all dissolved. After 10 min,
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the solvent was evaporated under reduced pressure, a 50-ml
portion of ethyl acetate was added, and the yellow solid
mass was pulverized. Then the mixture was evaporated again,
followed by the addition of another 100 ml of ethyl acetate
and by the trituration of the solid., This time the preci-
pitates were collected under a stream of nitrogen, washed
with ten 10-ml portions of ethyl acetate, and dried in a
vacuum desiccator to give 3.879 g (0.0190 mol) of crude Ia;
97.4% yield. Recrystallization from acetonitrile-ethyl
ether under nitrogen gave white crystals, which rapidly
decompose on exposure to air; mp 110.0-111.5°C (1it, mps
11) 0.1M HC1 287 mp (€, 4760)

max
(1it, ACORC 2804 588 mu (e, 3500)12)),

111-112°¢"") ana 109%c'2)); A

Ethyltropylium perchlorate (Ib) was obtained from the

isomerized ethylcycloheptatrienes, as white crystals with

a pink tinge, by the same method; 90.5% yield; mp 84.0-
0.1M HC1

84.3°C; Anc 292 mu (€, 4880).

Isopropyltropylium perchlorate (Ic) was similarly pre-

pared as brownish-white crystals from the isomerized iso-

propyleycloheptatrienes, except that dry ethyl ether was

employed instead of ethyl acetate for the washing of the
. . - ] On. 0.1M HC1

product; 76.7% yield; mp 35.8-39.8°C; o 294 mu

(€, 5030).

t-Butyltropylium perchlorate (Id) was obtained as

white crystals by the same procedure as was used in the
preparation of Ia except that the reaction time was pro-

longed to 2 hr; 64.0% yield; mp 179.0-180.0°C (dec);
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0.1M HC1
Mo 293 mu (€, 4880).

Phenyltropylium flmoroborate (I=) was prepared as

yellow crystals by the same method, except that triphenyl-
methyl fluoroborate was used instead of perchlorate salt;

74.9% yield; mp 151.0-152.0°C (1it, mp 153-154°C'3));

hp'1M HC1

A 226 mu (€, 37700), 270.5 mp (14800), 368 mu(16200).

Triphenylmethyltropylium fluoroborate (If) was synthe-

sized by an essentially similar method. In a 100-ml two-
necked flask equipped with a thermometer and a reflux con-
denser connected to soda-lime tube, was charged a solution
of 0.330 g (1.00 mmol) of triphenylmethyl fluoroborate in
15 ml of acetonitrile. To this solution was then added
0.3%36 g (1.04 mmol) of thermally-isomerized triphenylmethyl-
cycloheptatrienes, and the whole mixture refluxed for 6.5
hr. The reaction mixture was then evaporated in vacuo,
pulverized in 7 ml of freshly-added ethyl acetate, and
evaporated again. Then an 18-ml portion of ethyl acetate
was added; the yellowish precipitates were then collected,
washed with three 5-ml portions of ethyl ether, and dried
under reduced pressure. Recrystallization of the crude
product from acetonitrile-ethyl ether yielded 0.204 g (O.
485 mmol) of If as white crystals with a silvery tinge;
46.6% yield; mp 243.0-243.5°C (dec); A2:M HCl 536.5 my
(€, 46600), 260 mu(sh) (10500), 309 mu (5850); NMR, TCH,CN
0.44 (m, 6H, tropylium ring protons), 2.34 (s, 15H, phenyl
protons).

Found: C, 74.25; H, 4.77%. Calecd for 026H21BF4: C,
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74.30; H, 5.04%.
The solution of chromous chloride in 10% HC1l (2.9 M)

was prepared as has been described in the previous chapter.

One-Electron Reduction of the Substituted Tropylium

Ions with Cr(II). In a 100-ml, four-necked flask equipped

with a magnetic stirring bar, a serum rubber cap, and a
nitrogen inlet and outlet, there was charged a solution of
0.258 g (1.05 mmol) of Id in 40 ml of 10% HCl. To this
solution was then added 5 ml of 1 M solution of chromous
chloride in 10% HC1 (5 mmol) by the use of a hypodermic
syringe under an atmosphere of nitrogen. The reaction mix-
ture immediately became cloudy with an organic substance
dispersed in the solution. The mixture was stirred for 10
min and worked up in the usual way to give 0.157 g (0.534
mmol) of x,x'-di-t-butylbitropyl as a viscous oil; 100,1%
yield; NMR, Tgoy, 3.3-4.1 (m, 6.2H, 1378y, 4.7-5.1 (m, 3.8H,
w27y, 8.2 (s, 28, H'), 8.8, 8.9 (two s, 18H, t-butyl).

Reductions of Ta, b, ¢, e and f were carried out in the

same way. The ultraviolet spectra and the results of the
elementary analyses of all the products are tabulated in
Table 1.

Kinetic Measurements. The reaction rate was measured

in 10% HC1l at 25.0:0.200 by a method described in the pre-
ceding chapter. The products were determined by ultraviolet
spectroscopy using the characteristic bands listed in Table 1.

Measurements of the Charge-Transfer Bands with Pyrene.

In 5 ml of the solution of pyrene in 1,2-dichloroethane
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TaBLE 1. ULTRAVIOLET SPECTRAL AND ELEMENTARY ANALYTICAL DATA FOR x,x'-DISUBSTITUTED BITROPYL

ROH
A

Elementary analysis

Substituent Formula
mu  (e)
C% H% C% HY%

Methyl 254 (7400) CieHy, 91.51 8.75 91.37 8.63
Ethyl 254 (7140) C,sH,q 90.81 9.53 90.69 9.31
Isopropyl 254 (7780) CyoHy, 90.45 9.83 90.16 9.84
{-Butyl 251 (7810) C,Hy, 89.60 10.24 89.73 10.27
Phenyl 239 (37400) C,eH,, 93.27 6.64 93.37 6.63
Trityl 261 (10100) CyeHy, 93.37 6.35 93.65 6.35

a) With a shoulder at 275 mu (13700).



(0.2 M) was dissolved 2-4 mg of the purified sample of the
substituted tropylium ion salt, so that the concentration

of the cation became 23{10"3 g-ion/l. A red color immediate-
ly developed; the visible spectrum was then recorded to

give the results shown in Table 4 (see Results & Discussion)

Determination of pKR+'s. The determination of the

pKR+ in 23% azueous ethancl wzs carried c-ut spectrophoto-
metrically following =Txs mstrnod ¢ Bres’ow and Chang.21J
The ultraviclet spectrum was recorded on =sach cation in
nine or ten solutions of buffer spaced through a pH range

of about two units on each side of the pK The buffer

+.
R
solutions were mads up from various mixtures of 0,1 M
citric acid and C.2 M NaZHP04 according =o the procedure

14) The absorbance at a wavelength characteris-

of Gomori.
tic of the cation, described above, was plotted against
the pH to give a classical titration curve, whose mid-
point was taken as the pKR+. The pH's were read on a
Horiba model H pH meter calibrated with standard buffers

before use.

Polarography. The polarczrams were obtained on the

solutions of the respective cations in acetonitrile (1.0 x
1072 g-ion/1) containing Et4N+Clo4— (0.5 M) as the support-
ing electrolyte at 259C. As the reference electrode, we

used the Ag/AgCl electrode described by Popov and Geske,15)

whose potential was found to be -0.162 V vs. SCE.
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Results and Discussion

Reduction of the Substituted Tropylium Ions with Cr(II).

It has been reported that the tropylium ion was readily
reduced with Cr(II) to give a quantitative yield of the

1.16)

dimer, bitropy We have ourselves examined the reduc-

tion of the substituted tropylium salts (Ia~f) with Cr(II)

in 10% HC1 (2.9 M);17)

I

I1a: R=CH,, X=ClO, b: R=CH, X =ClO,
c¢: R=i-CH,, X=ClO, d: R=¢t-CH, X=CO,
e: R=CH;, X=BF, f : R=C(C4Hy)y, X=BF,

We ascertained that, in each case, the dimer (II) was
obtained in a yield of more than 95% without the formation
of any by-product. The elemental analysis of the respec-
tive reaction products gave satisfactory values for the
dimers. The NMR spectra (60 MHz) of the dimers showed
three goups of multiplets, centered at about T 3.5, 3.9,

and 4.8, along with a broad singlet at about 8.0, typical
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of a cycloheptatrienyl system, and also the signals corres-
ponding to each substituent. The complex patterns of

these multiplets and the multiplicity of the signals of

the substituents suggest that the product is a mixture of
isomers of x,x'~disubstituted bitropyl (II). The signals
centered at T ca. 3.5 (H4’5) and at ca. 3.9 (H3’6) were

not fully separated; therefore, integration was made for
these four protons (H3_6} as one group. It was found that,
although the average of from three to five integrations
constantly gave the relative ratio of nearly 1:5 for H1:
H2'7, the averaged ratio for H2’7:H5_6 varied with the
substituents, as is shown in Table 2., Though each integra-
tion includes the probable error of ca. 5%, there is still

a clear tendency for the integrated value of H3'6to decrease

TABLE 2. RATIO OF THE INTEGRATIONS FOR RING
PROTONS OF x,x'-DISUBSTITUTED BITROPYL

Substituent H: H*? Ha-¢
None 2.0 4.0 8.0

Methyl ~2% 2.94 7.06
Ethyl ~22 3.36 6.64
Isopropyl 1.90 3.48 6.52
¢-Butyl 1.80 3.76 6.24
Phenyl 1.88 4.10 5.90
Trityl 2.00 3.74 6.26

a) Not determined separately because of the substituent
signals which appear at the same position.
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with the increase in the bulkiness of the substituent.
This seems to reflect the steric hindrance exerted upon
the coupling of the substituted tropyl radicals formed by
one-electron transfer. Fach product mixture seemingly
gave one or hardly separating two spots on a silica-gel
thin-layer plate (n-hexane-benzene, 9:1, as the solvent),
but all attempts tv isolate the single isomer were unsuc-
cessful,

Kinetic Measurements of the Reduction of the Substi-

tuted Tropylium Ions. In order to examine the influence

of substituents on the reducibility, the rate of the chro-
mous-ion reduction of various substituted tropylium salts
(Ia~f) was measured by the use of the flow method previ-
ously described; the reaction was carried out at 2500
under a nitrogen atmosphere in 10% HC1l for 0.2~1.5 sec;
the conversion was determined by the ultraviolet spectro-
scopy of the dimers. The reaction was found to follow
good second-order kinetics with respect to each substituted
tropylium ion and Cr(II). The results shown in Table 3
demonstrate that, whereas the reactivity of the tropylium
ion is markedly increasedby the introduction of phenyl and
triphenylmethyl substituents, it is suppressed by the in-
troduction of alkyl groups, among which the effect gradual-
ly increases in this order; methyl, ethyl, isopropyl, and
t-butyl groups.

In a mechanistic study described in the previous

chapter, it was indicated that the reduction of the tropy-
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lium ion with Cr(II)

in 10% HC1l proceeds through a transi-

tion state, in which the chloride ion acts as an electron-

transfer bridge between the two reactants, rather than by

direct interaction between them.

Table 3,

Therefore, it was expected

Second-order rate constants for the

reaction of substituted tropylium Ions with

Cr(II) in 10% HC1 at 25°C

Initial concn

X
-~ . - k. 3
Substituent R-C,H,*+ Cr(lII) aycrage
10-3 10-9 1/ I/
g-ion/l g-ion/l g-ion.sec g-ion-sec
2.05 3.75 73.8
None 1 1.80 3.05 74.1 | 40
1.99 4.12 11.1
Methyl 2.60 5.39 11.0 }  11.1
2.61 5.20 11.3
2.48 4.87 9.90)
Ethyl ] 2.50 5.22 9.80f  10.3
2.60 5,22 11.1
vt {38 3E 3 am
(2.07 4.83 8.16
t-Butyl 2.47 5.06 7.74}  7.98
[ 2.51 5.78 8.05
0.426 0.857 140
FPhenyl lo.462  0.928 147 } 144
. 0.096 0.453 610
0.099 0.288 511
Trityl {0.103 0.312 615 567
0.113 0.226 510
L 0.114 0.253 590
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that the influence of the steric effect exerted by each
substituent would be minimized and that the reactivity
would mainly reflect the intrinsic reducibility of the
respective carbonium ions. This supposition seems to be
verified by the fact that the reduction of the tropylium
ion with the bulkiest substituents, the triphenylmethyl
group, 8till proceeds most rapidly. Thus, the results of
the kinetic measurements should be interpreted in terms of
the difference in the intrinsic reducibility of the respec-
tive cations. From the observed results, it also appears
that the inductive effect of the substituents controls the
reducibility sequence (t—Bu(i—Pr(Et(Me<H(Ph<PhSC) and that
the ®-conjugative stabilization exerts very little effect
in the tropylium system.

Correlation of the Reducibility with the Relative

Electron Affinity of the Carbonium JTons. It seems that it

would be of interest to compare the observed reducibility

of each substituted tropylium ion with the electron affinity
determined by the other methods. As one of such methods

we made use of the measurement of the charge-transfer bands
observed between carbonium ions and an aromatic hydro-

18) From the interpretation according to the donor-

carbon,
acceptor theory of Mulliken,19) it can be expected that
the frequency of the charge-transfer band, Hnax’ for a
series of similar stable carbonium ions with a given donor
molecule would correlate with the electron affinities of

these carbonium ions. Actually, Feldman and Winstein189)
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estimated the electron affinities of various organic cat-
ions, applying the principle mentioned above. In the
present study, it was observed that the dissolution of
each substituted tropylium salt in a 1,2-dichloroethane
solution of a condensed aromatic hydrocarbon, pyrene,
immediately gave a red-colored solution. It exhibits a
band in the visible region which is not found in the spec-
trum of either component and which can be regarded as a
charge-transfer band., The results are shown in Table 4,
along with the values of log kgfor the chromous-ion reduc-—
tion. A plot of log k2 against pmax exhibits a linear
correlation between them, as is shown in Pig. 1.

As another measure of the electron affinity of the
carbonium ions, electrochemical reduction potentials were
determined by polarography with the dropping mercury elec-
trode. The polarography of the tropylium ion was reported
to include an irreversible reduction step.1a—c) While
some effects (solvation energy, etc.) other than electron
affinity are regarded as being reflected in the half-wave
potentials for such an irreversible step, for a series of
gimilar cations the relative potentials will serve as a
measure of readiness to accept an electron. The half-wave
potentials measured in acetonitrile are listed in Table 4,
while the correlation with log k, is shown in Fig. 2. The
linear correlation observed in Figs. 1 and 2 clearly demon-

strates that the reactivity of carbonium ions toward

Cr(II) can be used satifactorily as a measure of the
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TasLe 4, RESULTS OF THE MEASUREMENTS OF QHARGE-TRANSFER BANDS, POLAROGRAPHIO HALF-WAVE
POTENTIALS AND pKg+'s OF SUBSTITUTED TROPYLIUM IONS

CT Band®
Substituent log k,*! Amax e v f.'/ gE}E pKg-?
my 10 em~1

None 1.87 540 1.852 —0.126+0.002 4.30
Methyl 1.05 513 1.949 —0.187+0.001

Ethyl 1.01 512 1.953 —0.195+-0.004

Isopropyl 0.91 505 1.980 —0.23540.002

¢-Butyl 0.90 508¢ 1.969 —0.2154:0.002 5.0
Phenyl 2.16 543 1.842 —0.090+0.002 4.1
Trityl 2:75 550 1.818 —0.069+:0.001 3.6

~560 ~1.786

a) The logarithmic value of the averaged rate constant for the chromous-ion reduction of the respective tropylium iona.
b) Measured in 1,2-dichloroethane with pyrene as a donor.

c) Corrected from the values measured in acetonitrile vs. Ag/AgCl, whose potential was found to be —0.162V »s. SCE.
d) Measured spectrophotometrically in 23% aqueous ethanol.

e) Lit, Apex 535 mu (Ref. 7d, ¢).

f) Lit, pKg+ 4.7 (measured by potentiometric titration in water; Ref. 15).

8) Lit,, Amax 503 myu (Ref. 7¢).
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Fig. 1. The correlation of log k; with CT transition energies
(Vmax)-

electron affinity.

Correlation of the Reducibility with pKR+_. In order

to examine the correlation between the reducibility and

the stability of carbonium ions, the pKR+ values of some

20)

representative substituted tropylium ions were deter-

mined in 23% aqueous ethanol by the spectrophotometric

21)

method described by Breslow and Chang. From the results

shown in Table 4, it can be seen that, whereas the alkyl
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Fig. 2. The correlation of log k3 with polarographic half-
wave potentials (— E,/;).

substituent increases the stability, the phenyl group
rather destabilizes the cation by means of its electron-
withdrawing inductive effect, as is shown by the least
stability of the triphenylmethyltropylium ion. The greater
contribution to the stabilization of the cation by the
alkyl group than by the phenyl group has been also observed
22)

in a cyclopropenyl system.

A plot of log k2 against pKR+, again, gave a good
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Fig. 3. The correlation of log k; with pKrt.

linear correlation, as is shown in Fig. 3. Since the
equation for pKp+ is written as Eq. (2), with the rate
constants for the forward and backward reactions (kf and

ky, respectively), and since it can be assumed that the
backward reaction is not greatly affected by the structural
change, this correlation may be generalized to imply that
the readiness of the carbonium ion to accept one electron

is parallel with the reactivity of the ion toward the
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electron pair of the nucleophile.

R + H,0 £~ pon + ®* (1)
k
b
PKp+ = log k, - log ko (2)
Summary

The one-electron reduction of the unsubstituted,
methyl-, ethyl-, isopropyl-, t-butyl-, triphenylmethyl-,
and phenyltropylium ions with Cr(II) in a 10% HCl solution
gives, quantitatively, the dimer of the corresponding sub-
stituted tropyl radical. The measurements of the reaction
rate at 25°C exhibit this order of reactivity: <t-butyl-
tropylium (k2=7.98 1/g*ion-sec), isopropyltropylium (8.22),
eﬁhyltropylium {103, methyltropylium (11.1), tropylium
(74.0), phenyltropylium (144), and triphenylmethyltropylium
(567) ions. The values of log k2 have a linear correlation
with the transition energies of the charge-transfer bands
observed for these carbonium ions with pyrene, and also
with the polarographic half-wave potentials of the respec-—
tive cations. These correlations indicate that the reac-
tivity of the carbonium ion in the reduction with Cr(II)
is determined mainly by the electron affinity inherent in
the respective cations. ihe values of log k2 also have a

good linear correlation with the pKR+ values, implying

e .



a parallelism between the electron affinity and the electro-

philicity of these stable carbonium ions.
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Chapter 6 A kinetic Study on the Reduction of the
Aryl- and n-Alkyl-Substituted Tropylium
Ions with Cr(II) —— The Effect of the

Substituents

Introduction

In the preceding chapter, it was demonstrated that
the reducibility of the substituted tropylium ions deter-
mined by the chromous-ion reduction method mainly depends
on the electron affinity of respective cations and is also
linearly correlated with their pKR+ values.

In this chapter are presented the results of a more
detailed investigation on the effect of p- and m-substi-
tuents on the reducibility of the phenyltropylium ion as
studied by the use of the same method. The problem with
regard to the nature and extent of the electronic effect
exerted by phenyl substituents upon the electronic state
of a tropylium ring has aroused much interest among several
investigators,1’ 2) especially when it is assumed that the
plane of the phenyl ring must have a considerable dihedral
angle with a seven-membered ring in the phenyltropylium

. 1

system. Thus, Jutz and Voithenleitner have synthesized

a series of aryltropylium ions and discussed on their

2)

pKR+'s and electronic spectra; Schuster and his co-workers
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have carried out the HMO calculation on the various aryl-
tropylium ions and compared the results with their electro-
nic and NMR spectra. However, a systematic study on the
chemical reactivity of aryltropylium ions seems to have

not been reported yet.

In addition, in this chapter will be described the
results of some synthetic study on a series of n-alkyl-
tropylium ions and of an examination into the effect of
alkyl-chain length upon the properties and reducibility of

these cations.

ExperimentalB)

Materials.. All the reagents employed were of a re-
agent-grade quality except when otherwise noted. Aceto-
nitrile and ethyl acetate were refluxed and distilled over
phospﬁorus pentoxide; acetonitrile, bp 81.5—81.70C; ethyl
acetate, bp 77.0-77.4°C. 1,2-Dichloroethane for the mea-
surement of charge-transfer spectra was refluxed and dis-
tilled over calcium chloride, bp 83.0-83.5°C.

Aryltropylium ions, Ia-f and Ih, were prepared accord-

ing to the method of Jutz and Voithenleitner.'’

?—(p—Cyanopheny1)~1,3,5—cycloheptatriene'was synthe-

sized from 7—(p—aminopheny1)—1,3,5-cycloheptatriene1) by
reference to the preparation of p-tolunitrile reported by

Clarke and Read4) as follows. Into 25 ml of 20% HC1l was
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dissolved 10.C g (54.6 mmol) of 7-(p-aminophenyl)=1,3,5-
cycloheptatriene by vigorous stirring at 60°C for 10 min.
To this turbid solution there was slowly added, with ice-
cooling, a solution of 3.9 g (57 mmol) of sodium nitrite
in 20 ml of water over & S-min pericd wiTh magnetic stirr-
ing. The mixture was stirred =t 0%C Zor 1.5 hr to give a
dark brown solution, whicz was then neutralized with ca.

7 g of sodium carbonate. On the other hand, 60 ml of the
aqueous solutior of 2uprous cyanide was prepared by the
reaction of 8.8 g (180 mmcl) 2F sodium cyaniie with the
aqueous solution of cuprous chloride, whic» had been ob-
tained from 17.2 g (68.9 mmol) of CuSC4-EH20 and 4.5 g
(77 mmol) of NaCl upon the action of 3.6 g (35 mmol) of

NaHSO3 and 2.4 g (60 mmol) of NaOH in aqueous medium.

To a stirred mixture of 50 ml of benzere-ether (4:1) and
60 ml of the aqueocus solution of .cuprous cyanide, there

was added the dark brown solution of the diazonium salt
over a 30-min period with ice cooling. The mixture was
stirred at OOC for 40 min, at room temperature for 4 hr,
and finally at 60°C for 30 min. The mixture was then ext-
racted with benzene and worked up in the usual way to give
6.1 g of a viscous, dark red o0il, which was chromatographed
over 130 g of silica gel (Nakarai, No. II-A, 100-200 mesh).
From the fractions eluted with benzene was isclated, by the
use of preparative thin-layer chromatography over silica
gel (Merck, Kieselgel PF254) with the same eluent, 1.070 g

(5.54 mmol) of crude 7-(p-cyanophenyl)-1,3,5-cyclohepta-
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triene, which was then purified by vacuum distillation
to give white crystals; 10.1% yield; dp 135°C (bath tem-
perature)/0.05 mmig; mp 68.5-73.8°C; NMR, tb014 2.5 (m, 4H,
phenyl protons), 3.4 (t, 2H, H3’4), 3.8 (m, 2H, H2'5),4.8
(d of a, 2, H''®), 7.2 (¢, 1H, HT).

Found: C, 87.13; H, 5.50%. Caled for C,,H, N: C,
87.01; H, 5.74%.

p-Cyanophenyltropylium perchlorate (InglOa) was

synthesized by the following procedures. To a solution of
0.735 g (3. 85 mmol) of 7-(p-cyanophenyl)-1,3,5-cyclohepta-
trieﬁe in 2.4 ml of acetonitrile was added 1.30 g (3.79
mmol) of triphenylmethyl perchlorate. The mixture was
stirred at 60°C for 15 min and at 80°C for 3 min to give a
dark red solution. Then, 25 ml of ethyl acetate was added
and the solution was cooled to 0°C. The glittering crys-
tals which separated out were collected, washed successive-
ly with ethyl acetate and dry ether, and dried under re-
duced pressure to afford 1.021 g (3.50 mmol) of Ig-ClO4 as
yellowish brown crystals; 92.4% yield. The crystals were

further recrystallized from acetonitrile-ethyl acetate;

1 1

mp 212.5-212.8%C (dec); p¥BT 1090 cm”

1 10% HC1
max

270.5 nm (18200), 349 nm (17400); NMR,

(0104'), 1480 cm~

(—C7H6+), 2240 cm~' (-CN); A 228.5 nm (€, 33900),

“or,Co0H 0.6 (m,
6H, tropylium ring), 1.9 (s, 4H, phenyl).

Found: C, 57.66; H, 3.27%. Calcd for C14ﬁ1ONClO4:
Cl 57-64; H, 3-46%.

T-n-Alkyl-1,3,5-cycloheptatrienes were prepared by the
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reaction of 7-ethoxy-1,3,5-cycloheptatriene with n-alkyl-
magnesium bromides following the procedures described in
the preceding chapter.B)

Alkyltropylium perchlorates (II, n = 3-6, 8, 12) were

synthesized by the hydride abstraction from the correspon-
ding alkylcycloheptatrienes, following the previously-des-
cribed method.5) The melting points and ultraviolet-
spectral and analytical data are given in Table 1.

One-Electron Reduction of the Aryl- and n-Alkyl-

tropylium Ions. The Chromous-ion Reduction of Ia-h and

II (n=%-6). Details of the procedures are illustrated

below for the reduction of the p-chlorophenyltropylium ion
(Ie) as the representative case. To a magnetically-stirred
solution of 0.209 g (0.692 mmol) of p-chlorophenyltropylium
perchlorate (Ie-ClO4) in 70 ml of 10% HC1l was added 3.5 ml
(3.5 mmol) of 1M solution of chromous chloride in 10% HC1
by the use of a hypodermic syringe under an atmosphere of
nitrogen. The solution was stirred for 5 min at room tem-
perature and then extracted with n-hexane and worked up in
the usual way to give 0.140 g (0.347 mmol) of x,x'-di(p-
chlorophenyl)bitropyl (x,x'-di-(p-chlorophenyl)biscyclo-
hepta-2,4,6-trien-1-yl) as a partially solidified viscous
0il; 100.3% yield; NMR, Topeq 2.6 (m, 4H, phenyl), 3.1-
3.5 (m, 35, H2-0), 4.4 (u, 28, B>*7), 7.8 (m, 1H, H').

The chromous-ion reduction of Ia,b,c,d,f,g,h and II (n=3-6)
were carried out in the same way to give the dimers in the

yield of 100-106%.
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Table 1. Physical properties and analytical data of n-

alkyltropylium perchlorates

Substituent mp uv Elemental analysis
Alo% HC1 (log €) Found
max (Calcd)
°C nm C% H%
g ) 300 273.5  (3.64) = -
CHy b) 110.0- 287  (3.68) — —
111.5
G b) 84.0- 292 (3.69) = —
84.3
C 4H, 36.0- 296 (3.69) 51.59 5.58
41.1 (51.62) (5.63)
€, H, 65.0- 297.5 (3.78) 53.44 6.10
66.3 (53.55) (6.13)
CgHyy 72,5+ 207.5 (3.77) 55.54 6.58
73.9 (55.28) (6.57)
oz 64.3- 298.5 (3.75) 56.69 6.85
65.2 (56.82) (6.97)
CgHy 5 77.9- 297.5 (3.76) 59,21 7.64
79.5 (59.49) (7.65)
Gy gHse 99.0- 208 (3.75) 63.43  8.75
100.0 (63.58) (8.71)

a) H., J. Dauben, Jr., F. A. Gadecki, K. M. Harmon, and D. L.
Pearson, J. Amer. 'Chem. Soc., 79, 4557 (1957).
b) Data from Chapter 5
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The Zinc Reduction of II (n=8,12). To a magnetically-

stirred solution of 0.0374 g (0.104 mmol) of n-dodecyltro-
Pylium perchlorate in 2.1 ml of acetonitrile, there was
added 0.0713 g (1.09 mg-atom) of zinc powder in a stream
of nitrogen and the mixture was stirred for 10 min at room
temperature. After filtration of the reaction mixture,

5 ml of water was added tc the filtrate, which was then
extracted with n-hexane and worked up in the usual way to
give 0.0303 g (0.0582 mmol) of x,x'-di-n-dodecylbitropyl
as a viscous oil; 106% yield; NMR, 10014 3.4-4.1 (m, 3H,
H3‘6), 4.9 (m, 28, B*7), 7.9 (br, 3H, H' and 2C-CH,-),
8.8 (s, 20H, —(CH2)1O—), .2 (t; 5H, CHB). The zinc re-
duction of II (n=8) was conducted in the same way to give
the dimer in 95.0% yield.

The Analyses of the Di-Substirtuted Bitropyls. The

elemental analysis and ultraviolet spectroscopy were per-
formed on the reduction products of Ic-h and II (n = 3-6,
8, 12), which were purified by the preparative thin-layer
chromatography over silica gel (Merck, Kieselgel PF254).
The results are listed in Table Z. In the cases of Ia and
Ib, the reduction products were not stable enough for the
purification with the chromatcgraphy. Therefore, they
were transformed to x,x'-p-methoxyphenylbiscycloheptyl and
analyzed as follows. First, 0.548 g (1.49 mmol) of crude
%, x'-di-(p-hydroxyphenyl)bitropyl was catalytically hydro-
genated over 1.0 g of palladium carbon (Nakarai, 5%) in

30 ml of dry methanol te give 0.320 g (0.845 mmol) of
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Table 2. Spectral and analytical data for x,x'-disubsti-

tuted bitropyl

Substituent uv Elemental analysis
Mo (1og £) (Balod)
nm C% H%
p-HO-CH, - 243.5 (4.31)
288 (4.16)
p-CH50-CH, - 250P) (4.42) a)
280P) (4.22)
p—CH3-06H4- 242 (4.54) g92.78 T.47
280(sh)(4.12) (92.77) (7.23)
C6H5—C) 239 (4.57) 93.27  6.64
280(sh)(4.10) (93.37 (6.63)
p-C1-CH, - 248°)  (4.58) 77.43  4.70
280(sh)(4.21) (77.42) (5.00)
p-Br-CH, - 250°)  (4.64) 63.60  4.11
(63.44) (4.10)
p-NC-C H, - 259  (4.45) 86.39%) 5,30
280(sh)(4.37) (87.47) (5.24)
m-CH;0-CgH, - 286°)  (4.16) 84.80  6.66
(85.24) (6.64)
n-CzH, - 254 (3.84) 90. 01 9.78
(90.16) (9.84)
n-c4H9- £ 5505) (3.88) 89. 68 10.54
(89.73) (10.27)
n-CgH, - 255 (3.88) 89.48  10.37
(89.37) (10.63)
n-CgH, 5= 255 (3.87) 88.83 10.68
(89.07) (10.93)
n-CgH, o= 255 (3.92) 88.50  11.60
(88.60) (11.40)
n-C Hy - 255 (3.79) 87.34. 12,24

(87.95) (12.05)

a) ‘Analyzed as the bicycloheptyl derivatives obtained by
hydrogenation (see Experimental). b) Measured in CHC1,.
c) Data from Chapter 5. d) Satisfactory analytical data

was not obtained owing to instabili%v of this comnound



X, x'-di-(p-hydroxyphenyl)biscyclohetyl; 56.7% yield. Then,
0.180 g (0.476 mmol) of the bicycloheptyl was methylated
with 0.20 g (1.6 mmol) of dimethyl sulfate in alkaline
aqueous ethanol, by reference to the method reported by

Vyas and Shah.6)

Purification of the crude product by the
use of preparative thin-layer chromatography afforded
0.102 g (0.251 mmol) of x,x'-di-(p-methoxyphenyl)bicyclo-
3.2
0014

(q, 8H, phenyl), 6.3 (s, 6H, methoxy), 7.5 (br, 4H, methine),

heptyl as a colorless o0il; 52.7% yield; NMR, T

8.3 (br, 20H, methylene).

Found: C, 82.69; H, 9.37%. Caled for C28H3802: C,
82.71; H, 9.42%.

The .reduction product of Ib was also hydrogenated in
the same way to give x,x'-di-(p-methoxyphenyl)bicyclo-
heptyl, which showed an identical infrared spectrum with

that of the authentic sample described above.

Kinetic Measurements. The reaction rate of the

chromous-ion reduction was measured in 10% HCl at 25.0+
0.2% by a flow method described in the previous chapters.
The products were determined by ultraviolet spectroscopy
using the characteristic bands listed in Table 2.

Mezsurements of the Charge-Transfer Bands with Pyrene.

The charge-transfer spectrum was measured in !,Z-cichloro-

5)

ethane as reported in the preceding chapter. The con-

centrations of pyrene and of the tropylium salts were 0.2 M
and 2:;{10'3 M respectively. The precautions were taken so

that the sample solution was shielded from the room\lightT)
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and the spectrum measured immediately after the preparation
of the sample.

Determination of pKR+'s. The spectrophotometric

method described in the preceding chapter was followed for
the determination of pKp+'s of I in 23% ethanol. As for
the cations, II, the pKR+ values could not be measured
owing to the decomposition of II in agqueous solution with

pH 2 T.

Results znd Discussion

Syntheses of the Tropylium-Ion Salts, Salts of the

aryltropyilium ions (Ia-f,h * Y ) were prepared according
to the method of Jutz and Voithenleitner.1) p-Cyanophenyl-

tropylium perchlorate (Ig-ClO4_) is a new compound and

X Y

Ia p-OH BF,

Ib p-0CH BF,

@ y- Ic p-CH BF,

X Id H BF,
Ie p-C1 c1o,
I If p-Br ClO4
Ig p-CN ' c1o0,
Ih m-0CH c10,

-



has been synthesized by hydride abstraction from 7-(p-
cyanophenyl)-1,3,5-cycloheptatriene, which in turn was
prepared from 7-(p-aminophenyl)-1,3,5-cvcloheptatriene by
the use of Sandmeyer reaction,

Perchlorates of the n-alkyltropylium ions (II:

4
(n = 3,4,5,6,8) for the first *ime, in a similar manner

C H -C H6+-C10

nHon+1=Co n = 1-6,8,12) were prepared, in part

from T-alkyl-1,3%,5-cycloheptatrienes which were synthesiz-
ed by the reaction of alkylmzgnesium bromides with 7-
ethoxy-1,3,5-cycloheptatriencs. Spectral and analytical
iata of II are listsd in Tzble 1 (see Experimental). It
is of interest “o note that the change in mp's of these
salts with the increase in the carbvon number of the alkyl
chain exhibits the similar tendency to that of n-alkyl-
benzenes, as is shown in Fig. 1.

One-Electron Reduction of *the Tropylium Ions, I and

II. The ions, I and II, are all readily solutle and quite
stabls in polar solvents such as acetonitrile and aqueous
HC1 except for II (n=8,12) which are hardly soluble in
aqueous HC1 (10%) and, rather, dissolve more readily in a
non-polar solvsnt, benzene.g) Thus, the one-electron re-
ducﬁion was carried out for I and II (n=1-6) with five
molar equivalents of Cr(II) in 10% HCl and for II (n=8,12)
with ten molar equivalents of zinc powder in acetornitrile.
Respective tropylium ions gave the dimers of each substi-
tuted tropyl radical, i.e., X,xX'-disubstituted bitropyl,

in almost quantitative yields without forming any by-

=4 =



300

0 2 4 6 8 10 12

Carbon number, n

Fig. 1. The effect of the alkyl-chain length on
mp's of alkyltropylium perchlorates and of alkyl-
benzenes. (A: mp's of alkylbenzenes, cited from
G. Egloff, "Physical Constants of Hydrocarbons,"

Vol. III, Reinhold Publishing Co., N.¥Y. (1946) )

product. The NMR spectra of the products ZIndicated a
typical pattern for a cycloheptatrienyl system together
with the signals corresponding to each substituent in a

similar manner as has been described in the preceding
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chapter, The analytical and ultraviolet spectral data are
shown in Table 2 (see Experimentzl).

The previous mechanistic study described in Chapter
4 indicated that the chromous ion (0.01-0.02 g-ion/l) in
10% HC1 (2.9 M) is coordinated with the chloride ion and,
therefore, the one-electror reduction of the carbonium ion
in this solwvsent would proceed effectively by way of the
chloride-ion bridging between the two reagents. Thus,
the kinetic measurements of the chromous-ion reduction of
I and II (n=3%3-6) were carried out in 0% HCl, by the use
of the flow method to give the results listed in Table 3.

Correlation of the Reducibility (log kZ) with the

Charge—-Transfer Energy. It has already been shown that

the transition energy for the chnarge-transfer band, obser-
ved between carbonium ions and a given electron donor

(e.g., pyrene), is correlated with the relative electron

affinity of those cationsg)

5)

and also with log k2 for the
chromous-ion reduction. The cations, I and II, were
also found to exhibit the charge-transfer band (uC.T. —

with pyrene as a standard electron donor (see Table 4).

The correlation between log k2 and the wvalues Of'pC.T. i

is reasonably goed, as is shown in Fig. 2, and, thus, seems
to support the assumption described in the preceding chap-

ter that the reducibility of these ions with Cr(II) can e

used as a relative criteria of electron affinity of the

carbonium ion in solution.
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Table 3. Second-order rate constants for the reaction of the

aryl- and n-alkyltropylium ions with Cr(II) in 10% HC1l at 25°C

Substituent Initial concn. kz kz average

+

R Cr(II)

=2 - .
10 “g-ion/1 10 2g-ion/l 1/g-ion-sec  1/g-ion-sec

p-HO-C H, - 0.470 1.10 63.3 64.3
0.497 1.06 65.2
0.533 0.825 64.5

p-CH;0-CH, - 0.458  1.09 60.3 62.1
0.490 0.957 64.5
0.510 0.947 58.7
0.528 0.877 64.9

p-CHy-C H, - 0.323 0.910 99.0 105
0.470 1,27 94.2
0.503 1.23 108
0.504 0.831 118

CGHS-a) 0.426 0.857 140 144
0.462 0.928 147

p-C1-CgH, - 0.248 0.549 230 237
0.254 0.506 260
0.273 0.406 220

p-Br-CgH, - 0.203 0.495 249 252
0.204 0.438 283
0.208 0.536 256
0.223 0.484 221

<=



Table 3. (Continued)

Substituent Initial concn k2 k2 average
R* Cr(I1)
lo_zg-ionfl lo'zg-ionll 1/g-ion-sec  1/g-ion.sec
p-NC-C6H4- 0.0440 0.200 1470 1527
0.0450 0.142 1580
0.0481 0.148 1530
m—CHBO—C6H4— 0.227 0y 525 246 243
0.211 0.502 240
H-2) 1.80 3.05 74.1 74.0
2.05 3.75 73.8
CHy-?) 1.99 4.12 11,1 11.1
2.60 5.39 11.0
2.61 5.20 11.3
CZHS-a] 2.48 4.87 9.90 10.3
2..50 5.22 9.80
2.60 5.22 101
C3H?- 0.590 1.40 11.4 11.4
0.590 1.44 11.4
CgHg' 0.440 1.53 9.52 9.69
0.511 1.36 9.86
0.950 2.43 9.70
C5H11v 0.504 1.36 10.1 10,2
0.514 153 10.6
0.574 1:22 9.79
CGH13- 0.401 1.26 9.90 9.14
0.520 1.33 9.12
0.635 1.20 8.39

a) Nata from Chapter 5.
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Fig. 2. The correlation of log k, with Charge-

Transfer Energy (Vo n ... )«
(A;

data describsd ir Chaptzsr 3)

Substituent Effects Observed in the Reduction of

Aryltropylium Ions. —— the Linear Free-Energzy Relation-

ship. With respect to the aryltropylium ions, I, reduci-

hility (log k2) is also linearly correlated to the PEp+
values, measured spectrophotometrically in 23%% ethanol
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Table 4. Results of the measurements of charge-transfer

bands and PKp+'s of substituted tropylium ions

Substituent log kza) i bandbJ pKp+
(25°C) Max Vmax Obsd. Lit.S)
am 10%an™d  (23%EtOH) (S0%MeCN)
p-HO-CH, - 1.808 533 1.876 5.32  4.96
p-CH0-CgH, - 1.793 520~ 1.923~  5.17 4,59
530  1.887
p-CH, ~C il - 2.021 535  1.869 4.61 4.17
CeHe - 2.158 544  1.838 4.10  3.88
p-Cl-CH, - 2.375 555  1.802 3.99  3.30
p-Br-CgH, 2.402 555 1.802 3.65 325
p-NC-CH, - 3.184 560  1.786 2.51 —
m-CH;0-CyH, 2.391 560 (sh)8) 4.16 3.51
n-4) 1.869 540  1.852 4.30 4.7%)
cHy - 1.046 513 1.949 3
C -4 1.013 512 1.953
C5H,- 1.057 512 1.953 -
C Hy- 0.986 511  1.957
Gl - 1.009 513 1.949
CeHy 5 0.961 504  1.984 p

a) The logarithmic value of the averaged rate constant for
the chromous-ion reduction of the respective tropylium ions.
b) Measured in 1,2-dichloroethane with pyrene as an electron
donor. c¢) Ref. 1. d4) Data from Chapter 5. e) Determined ty
the potentiometric titration in water (W. von E, Doering and
L. H. Enox, J. Amer. Chem. Soc., 76, 3203 (1954)). £) Not
determined due to the decomposition in aqueous media of pH>1.

g) Clear maximum was not obssrved.
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Fig. 3. The correlation of log k, with pKR+

(Table 4), as is shown in Fig.3. The electron-withdrawing
substituents accelerate the reaction rate, whereas the
electron-donating groups decelerate it. Thus, the Hammett
plot, shown in Fig.4, gave a positive p-value (+1.31).

The application of 6—value1o) gave a better linear corre-
lation (correlation coefficient, 0.980) rather than that
of 6+—value11) (correlation coefficient, 0.815) as the

substituent constant, This would indicate that the
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Fig. 4. The correlation of log k2 with Hammett

substituent on the phenyl group does not exert a strong

conjugative effect across the phenyl group upon the tro-
Pylium ring in both the ground and transition states, in
accord with the assumption that the phenyltropylium ion

can not be coplanar but the planes of phenyl and tropyl-
2y 12}

. ; ; 5 1
ium rings are twisted more than 450. ?

Effect of the Alkyl-Chain Length upon the Reducibi-

lity of n-Alkyltropylium Ions. The results of the kinetic

measurements with respect to n-azlkyltropylium ions indi-
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cated that the introduction of the alkyl group into the
tropylium ring brings about a decrease in reducibility of
the cation., The chain length of the n-alkyl substituent
was found to have no remarkable effect upon the reducibi-
lity, but a slight alternation of log k2 is observed (see
Table 4) with the inecrease in the carbon number of the n-
alkyl chain. The similar alternative effect is sometimes

observed in the cases of SNE reactions of n-alkyl halidesj5)

Summary

A series of substituted phenyltropylium (I) and n-
alkyltropylium ions (II) has been synthesized and kinetic
measurements for the one-electron reduction of these
cations with Cr(II) have been carried out in 10% HC1l at
25°C. A linear correlation is observed between log k,,
for I (X—C6H4—C7H6+; X = p-OH, p-OCH5, p-CHz, H, p-Cl,

p-Br, p-CN, m-OCH;) and II (C.H -C7H6+, n =0, 1-6),

2n+1
and the transition energy of the charge-transfer band of
these cations with pyrene as a donor. In addition, the
values of log k2 for I exhibit a good linear free energy
relationship with pKp+ and also with 6-value (p=+1.31),
rather than with 6%. The n-alkyl group is shown to dimi-
nish the reducibility of the tropylium ion and a slight
rate alternation effect of the length of the n-alkyl chain

is observed.
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Chapter 7 The Reducibility of the Hetero-Substituted
Tropylium Ions as Studied by the Competitive

Reduction with Zinc

Introducticon

Throughout the studies described in Chapters 5 and 6,
the tropylium ion was chosen as a standard substrate for
kinetic study on the chromous-ion reduction. Especially
with respect to the substituted phenyltropylium ions, the
existence of the Hammett linear free-energy relationship
was observed. Thus, as an extension of this study, it
seems of interest tb synthesize a series of tropylium ions
with a variety of hetero-atom substituents directly bonded
to the ring and to investigate on the much wider variation
of reactivity brought about by these substituents.

However, the previous method of the chromous-ion
reduction is not applicable to the hetero-atom substituted
tropylium ions owing to the instability of these cations
in "agueous" media; on the other hand, acetonitrile in
which these cations are stable can not be a good solvent
for the chromous iom. Hence, it was attempted to estimate
the relative reducibility of the hetero-atom substituted
tropylium ions by the use of the competitive reduction with

zinc powder in "anhydrous" acetonitrile. The use of zinec
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powder as a one-electron reductant for the carbonium ions

)

has been well documented1 since the first observation of

the zinc reduction of the tropylium ion to give bitropyl

reported by Doering and Knox.1a)

In addition, the forma-
tion of the radical species (the tropyl radical) in the
course of the zinc reduction of the tropylium ion has been
proved with the radical trapping technigue, as has been
described in Chapter 3.

In this chapter will be made some discussion on the
effect of hetero-atom substituents upon the reducibility
of the tropylium ions and, also, on the correlation of the
reducibility with the electron affinity, on the basis of

the relative reduction-rate measured by the competitive

reduction method.

)

Experimenta12

Materials. All the reagents employed were of a
reagent-grade quality. Acetonitrile and ethyl acetate
were refluxed and distilled over phosphorus pentoxide; .
acetonitrile, bp 80.5—81.100; ethyl acetate, bp 75.5-
76.5°C. Carbon tetrachloride, chloroform, and 1,2-dichlo-
roethane were refluxed and distilled over calcium chloride;
carbon tetrachloride, bp 75.0—75.500; chloroform, bp 60.0-
60.3°C; 1,2-dichloroethane, bp 83.0-83.4°C, Tetrahydro-

furan (THF) was distilled over lithium aluminum hydride,

A=



bp 66.1-66.4°C,

Chloro->) (III), methoxy-*) (VI). dietnylamino->) (VII),
and t-butylamino—B) (VIII) tropylium perchlorates were pre-
pared according to the methods reported in the literatures;

III, mp 175.0-176.0°C (1it, mp 172—173003)); hggicm 232 nm

(g, 37200) 308 nm (9100) (1it, nCA3%N 232 nm (1og €, 4.57),

308 nm (3.96)2)); VI, mp 107.0-107.5% (1lit, mp 107.5°c4)),

CH3CN ; CH3CN
Noas 232 nm (€, 34700), 313 nm (11000) (1it, hmai 232

nm (log €, 4.54) 313 nm (4.04)4)}; VII, mp 68.0-72.0°C

: _mEhin5) CH3CN : CH3CN
(lit, mp 75-76"C77), Nz 241 nm (€, 20000) (1it, Aopas

241 nm (log €, 4.30) 335 nm (4.21)5)); VIII, mp 111.5-
112.0% (1it, mp 112-113°3)), Aﬁggcm 239 nm (€, 18400),
242.5 nm (18400), 333 nm (13000) (1lit, 13230N

4.35), 330 nm (4.18)°)).

237 nm (logé,

Phenyl- (IX) and unsubstituted tropylium (X) fluoro-
borates and t-butyltropylium perchlorate (XI) were obtained
by the method described in Chapter 5.

Synthesis of Cyanotropylium Perchlorate (I).

a)

7-Cyano—7,3.5—cycloheptatriené1 was heated in an evacua-
ted ampoule at 175°C for 1.5 ﬁr and distilled under reduc-
ed pressure to give a mixture of 3- and 1-cyano-1,3,5-cyclo-
heptatrienes; bp 86.5-90.0°C/5 mmHg. To a solution of

3.498 g (29.8 mmol) of the isomeric mixture of cyanocyclo-
heptatrienes in 7.7 ml of acetonitrile was added 10.231 g

(29.8 mmol) of triphenylmethyl (trityl) perchlorate. The

mixture was magnetically stirred at 60°C for 1 hr and then
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at 8000 for 5 min; the most of the crystals of trityl per-
chlorate disappeared and the mixture turned dark red.

After an addition of 26 ml of ethyl acetate, the mixture

was cooled to 0°C. The pale yellow crystals that separated
out were collected by filtration, washed successively with
ethyl acetate and ether, and dried in vacuo to give 4.885 g
(22.7 mmol) of I; 76.2% yield. I was purified by recrystal-

lization from acetonitrile-ethyl acetate for the analyses;

CH3CN

mp 158.0°C (decomposition with violent explosion); A%

29% nm (€, 6610), 298 nm (6450); NMR, TCFchOH 0.4 (s,
£Br 740, 870, 940, 955, 1080-1150, 1380,
1440, 1480, 1525, 1595, 1630, 2220, 3020 cm™ .

tropylium ring); V

Found: C, 44.34; H, 2.81%. Calcd for 08H6NO401: &y
44,57; H, 2.81%.

Synthesis of Carbomethoxytropylium Perchlorate (II).
6)

T-Carbomethoxy-1,3,5-cycloheptatriene was thermally iso-
merized at 175°C for 1.5 hr to give a mixture of 3- and 1-
carbomethoxy-1,3,5-cycloheptatrienes; bp 74.0-77.000/3 mmHg.,
In 6.4 ml of acetonitrile, 3.509 g (23.4 mmol) of the mix-
ture of carbomethoxycycloheptatrienes was allowed to react
with 8.012 g (23%.3 mmol) of trityl perchlorate with magne-
tic stirring at 60°C for 6 min; the trityl salt disappeared
almost instantaneously when the mixture was heated and
instead pale yellow crystals separated. After addition of
24 ml of ethyl acetate, the mixture was cooled to 0°C and

then filtered to give 5.427 g (21.8 mmol) of II as pale
yellow crystals; 93%.4% yield; mp 143.0-143.3°C, after
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recrystallization from acetonitrile-ethyl acetate; REEECN

225.5 nm (€, 43000), 286 nm (4660); NMR, TCF;COOH 0.0 (m,

2H, tropylium ring), 0.5 (m, 4H, tropylium ring), 5.7 (s,
3H, methyl); uggi 680, 740, 760, 805, 870, 925, 940, 970,
1070-1150, 1250, 1270, 1290, 1350, 1370, 1440, 1480, 1615,
1730, 2960, 3015 cm™ .

Found: C, 43.21; H, 3.58%. Ca’_cd for 09H90601: Cs
43.48; H, 3.65%.

Synthesis of Methylthiotropylium Perchlorate (V).

To a magnetically stirred solution of 10.356 g (58.71 mmol)
of tropylium fluoroborate in 110 ml of O0,1N HC1l, there was
added 9.5 g of 30% methanoclic solution of methylmercaptan
(58.7 mmol); a slightly exothermic reaction took place and
the solution turned yellow. After stirring for 20 min at
room temperature, the turbid solution was extracted with
three 100 ml-portions of ether, washed with 10% NaCl and
dried over MgSO4. The ethereal solution, after distil-
lation and evaporation, gave 4.309 z (31.2 mmol) of 7-
methylthio-1,3,5-cycloheptatriens as a pale yellow o0il;
53.6% yield; bp 74.0°C/5 mmHg; NMR, oo, 3-5 () 2H,
104y, 3.9 (m, 28, H2*?), 4.7 (d of &, 2H, #'°), 6.9 (t,
18, H'), 7.9 (s, 3H, methyl).

Found: C, 69.72; H, 7.42%. Calcd for 08H1US: s
69.51; H, 7.29%.

A solution of 2.092 g (15.1 mmol) of the isomeric
mixture of methylthiocycloheptatrienes, obtained by the

thermal isomerization described above (bp, 50.0—61.000/
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4 mmHg), in 10 ml of acetonitrile was added to a magnetical-
ly-stirred suspension of 5.205 g (15.2 mmol) of trityl per-
chlorate in 10 ml of acetonitrile over a 2-min period at
~room temperature. During the addition the reaction tem-
perature rose from 22.5% to BO.OOC and all the trityl salt
dissolved to give a dark red solution. After stirring for
15 min at room temperature, 100 ml of ethyl acetate was
added and the mixture was cooled at 0°C. The yellow crys-
tals that separated out were collected, washed, and dried

as described above to give 2.860 g (12.1 mmol) of V; 80.0%
yield; mp 114.0-115.0°C (1it, mp 114-115%3)); alH3CN o4q 5
nm (€, 23300), 260 nm (17000), 380 nm (19800) (1it, AoH3CN
258 nm (€, 14800), 378 nm (£, 17400)37); pEBT 240, 845,
1040-1120, 1225, 1235, 1280, 1325, 1370, 1420(sh), 1430,
1470, 1510, 1600, 1615, 2910, 3010 cm™ .

Synthesis of 7-Triphenylsilyl-1,3,5-cycloheptatriene.

To a stirred solution of 5.791 g (45.9 mmol) of 7-ethoxy-
1,3,5=-cycloheptatriene in 20 ml of THF, there was added

130 ml of a THF solution of triphenylsilyllithium, prepared
from 15.0 g (51.0 mmol) of triphenylsilyl chloride and

1.40 g (0.202 g-atom) of lithium according to the method

of Gilman et al., 7) by the use of a hypodermic sy}inge
over a 25-min period at room temperature; the reaction tem-
perature rose from 25.0°C to 35.0°C and the dark reddish-
brown color of triphenylsilyllithium, which was, at the
beginning, instantaneocusly discharged on addition to the

ethoxycycloheptatriene solution, began to remain during the
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course of addition. The dark brown mixture with white pre-
cipitates was stirred at room temperature for 2.5 hr and
let stand overnight. Then, 150 ml of 10% HCl was cautious-
ly added and the mixture was worked up in the usual way to
give 17.5 g of a partially solidified yellowish oil, from
which, upon recrystallization from benzene, was separated
0.451 g (0.836 mmol) of hexaphenyldisilane as white crys-—
tals; mp 355-360°C (1it, mp 361—36200?)}; an identical
infrared spectrum with that of the authentic sample. The
mother liquor was concentrated in vacuo and the residual
solid, upon recrystallization from ethanol, gave 3.338 g
(9.53 mmol) of 7-triphenylsilyl-1,3,S5-cycloheptatriene as
white crystals; mp 152.0-15500 with slow resoplidification,
presumably due to the formation of 3-triphenylsilyl isomer
which eventually melts at 178°C; NMR, tCCl4 2.6 (m, 15H,
phenyl), 3.4 (t, 28, 8°%), 3.7 (m, 2H, 8%*%), 4.8 (d of 4,
on, B0 %), 8.2 (¢, 18, HT).

Found: C, 85.48; H, 6,07%. Caled for C
85.66; H, o©.33%.

The filtrate of the recrystallization, upon evapora-
tion gave 12.260 g of a yellowish solid, which was then
chromatographed over 310 g of silica gel (Nakarai, No. II-
A, 100-200 mesh). From the fractions eluted with n-hexane-
benzene (9:1~6:1) was obtained a mixture of 0.163 g (0.898
mmol) of bitropyl and 0.340 g (0.131 mmol) of triphenyl-

silane; the composition was defermined by the NMR analysis,

whereas the identities established by the use of thin-layer
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chromatography and from the comparison of the NMR spectrum
of the mixture with those of the authentic samples. From-
the fractions eluted with n-hexane-benzene (4:T'~3:1) was
isolated 4.654 g (13.3 mmol) of 7-triphenylsilyl-1,3,5-
cycloheptatriene, whereas the successive fractions eluted
with n-hexane-benzene (2:1) gave 0.657 g (1.22 mmol) of
hexaphenyldisilane after recrystallization from chloroform.
In addition, the fractions eluted with benzene-ether (1:1)
afforded 3.364 g (12.2 mmol) of triphenylsilanol after re-
crystallization from benzene; mp 152-15500 (lit, mp 153-
155%77),

Thus, the yields of each isolated product are summa-
rized as follows: bitropyl, 3.9%; 7-triphenylsilyl-1,3,5-
cycloheptatriene, 47.5%; the tropylium ion, 21.2% (deter-
mined from the ultraviolet spectrum of the aqueous layer);
hexaphenyldisilane, 4.8% (based on triphenylsilyl chloride);
triphenylsilane, 2.6% (vide supra); triphenylsilanol, 24.1%
(vide supra).

7-Triphenylsilyl-i,3,5-cycloheptatriene was sealed in
a Pyrex tube under vacuum and heated at 200°C for 30 min.
The thin-layer chromatography analysis of the recovered
sample indizated the presence of the isomeric mixture of
triphenylsilylcycloheptatrienes but no spot corresponding
to bitropyl was detected.

Synthesis of Triphenylsilyltropylium Perchlorate (IV).

T7-Triphenylsilyl-1,3,5-cycloheptatriene was thermally iso-

merized at 150°C for 5 hr to give 3-triphenylsilyl-1,3,5-
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cycloheptatriene; NMR, TCCl4 2.6 (m, 15E, phenyl), 3.1 (4,

=
11, Y, 3.7 (m, 28, 82'%), 4.5 (m, 28, E"*®), 7.7 (%, 2m,

N

~ O
&~

H7). A suspension of 7,38 g (1.82 mmol) of Z-triphernyl-
silyl-1,3,5-cyzloheptatriene arni C.6324 g (1.8% mmol) of
trityl perchlorate in 10 ml of acetonitrile was magnetical-
ly stirred av 529C for 30 min and at 22°C for 5 min to zive
a dark red solution., After addition of 100 ml of ethyl
acetate, the solution was cooled to 0°C., The glittering,
brownish crystals tha:t separated out were collected in the
usual way to give 0.702 g (1.57 mmol) of IV; 86.0% yield.
Reerystallizaticn from acetonitrile—-ethyl acetate gave mp
188.0°C (decomposition with explosion); h%i%CN 218 nm

(E, 65000), 265 nm (sh) (6960), 271.5 nm (6800), 281 nm

(6500); NMR, TCF}COOH 0.5-0.8 (m, 6H, tropylium ring), 2.5

EBr
max

940, 1000, 1030, 1070-1120, 1160, 1190, 1240, 1250, 1265,

1380, 1430, 1440(sh), 1485, 1590, 3020, 3050, 3280 cm™ .

(s, 15H, phenyl); Y é80, 70C, 71%, 745(sh), 750, 870,

Pound: G, €6.80; B, 1.%52%. DJalef Zor J,.H 4€,C184:
C, 66.88; H, -+.72%.

One-Electron Reducticsr of the 3Susstituted Tropylium

Ions with Zinc Powder. To a megnetically stirred solution

of 0.500 g (2.01 mmol) of II in 20 ml of acetonitrile,
there was added 1.315 g (20.1 mg-atom) of zinc rowder.

The mixture was stirred for 10 min at room tzmresrature
under an atmosphere of nitrogen., Tke zxecesszive zine was
filtered off and 4C ml of OCl4 and 40 ni of water were add-

ed to the filtrate, whicr was then worked ur iIn the usual
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way to give 0.317 g (1.06 mmol) of x,x'-dicarbomethoxy-
bitropyl as a viscous oil; 105.6% yield; NMR, tCC14 2.2-4.7
(m, 10H, olefinic ring protons), 6.1 and 6.2 (s, 6H, methyl),
8.0 (br, 2H, methine).

Reductions of I, I1III, IV, V, VI, IX, X, and XI were
carried out in the same way to give the di-substituted
bitropyl in the yields of 90-105%. The ultraviolet-spectral
and amalytical data of all the proiucts are tabulated in
Table 1.

Under the same reaction conditions, 0.0557 g (C.239
mmol) of VII was allowed to react with 0.160 g (2.46 mg-
atom) of zinc powder in 2 ml of acetonitrile. After filt-
ration, 20 ml of ether was added to tThe filtrate and the
white precipitates which were formed were collected to give
0.0503 g (0.216 mmol) of unchanged VII; 90.4% recovery.

The ethereal filtrate gave 0.0015 g of an unidentified oil.
An attempted reduction of VIII, with the same procedures,
also resulted in 106% recovery of unchanged VIII.

Competitive Reduction. With respect to the competitive

reduction of the cations, I, II, III, IV, IX, and X, the
details of the procedures are illustrated by the following
description of a representative run (Run No. 1-3) for the
competition of I and II. In a 25-ml, four-necked flask
equipped with a thermometer, a magnetic-stirring bar, and
nitrogen inlet and outlet, which was immersed in a water
bath thermostated at 25.0°C, there was stirred a solution

of 0.108 g (0.502 mmol) of I and 0,125 g (0.503 mmol) of
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Table 1. Ultraviolet spectral and analytical data for

x,x'-disubstituted bitropyls?

Substituent av Zlemental znalysis
EtOH Found
Mmax ) (Caled)
nm C% H%
NC- 263 (6340) 82.60 5.47
(82.73) (5.21)
CH0,C- 223.5  (37100) 71.73 6.01
(72.47) (6.08)
¢l- 261 (6800) 66.94 4.81
(66.95) (4.82)
(CgHg) 551~ 255.5  (11800) 85.173 6.10
261 (11820) (85.91) (6.06)

265(sh) (11050)

CHBS— 302 (8800)
CHBO- 250.5 (6580)

285 (5270)

70.06 6.84
(70.02) (6.61)
79.08 7.50
(79.31) (7.49)

a) As for the data for diphenyl-

di-t-butyl-, and unsub-

stituted bitropyls,see Chapter 5.
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IT in 5.0 ml of acetonitrile. To this solution was added
0.0205 g (0.314 mg-atom) of zinc powdsr and the mixture was
stirred under nitrogen atmesphere for 10 min. The reaction
appeared to be very fast, completing in less than 1 min,

as indicated by the rapid disappearance of the zinc powder.
The solution was evaporated to dryness under reduced pres-—
sure. The residual o0ily so0lid was then extracted with 25
ml of carbon tetrachloride in five portions. The carbon
tetrachloride solution was washed with three 35-ml portions
of water, dried over MgSC,, and evaporated to give 0.0644 g
of a colorless oil, which was then analyzed with NMR as
follows; regarding +the product 0il as the mixture of sub-

stituted bitropyls suchn as:

S
NC5 " CN NC ¥ COzMe M802 2 COZME
7

the molar ratio of the cyanotropyl and carbomethoxytropyl
groups were determined to be 2.85: 1.00, from the r=lative
values of integrated intensitiess (average of 5 measurements)
for the signals corresponding to tire methyl protons ard the

HE‘T). From this molar ratio

total olefinic ring protons (
and the weight of the product mixture, the radical yield
was calculated to be 76,.0% for the reduction of I and 26.7%
for the reduction of II. On the other nand, the residual
solid from carbon tetrachloride extraction was dissolved

in acetonitrile and subjected to the ultraviolet spectro-

scopy. The amounts of unchanged cations, I and II, were
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determined to be 7.53 mmol (15.0% recovery) and 3.36 mmol
(66.7% recovery), respectively, by the use of the absor-
bance and the molar extinction coefficient of respective
cations at the wavelengths corresponding to the maximum ab-
sorptions of individual cations, assuming the additivity

of the absorbance of the resspective cations at each wave-
length.

With respect to the cations, V, VI, X, and XI, exactly
the same method was adopted except the following procedures;
after the reaction, 20 ml of 10% HC1l was added to the reac-
tion mixture and the products were extracted with ether,
worked up, and analyzed as described above, while the un-
changed cations were determined from the ultraviolet spect-
rum of the acidic aqueous layer.

The results of the competitive reduction are listed
in Table 2. The validity of the analytical methods men-
tioned above is verified by the fairly good material balance
(90 ~110%) obtained in each case, as is snown in the Table.

Measurements of the Charge-Transfer Bands with Pyrene.

The charge-transfer spectra were measured in 1,2-dichloro-
ethane as described in previous chapters. The ccncentra-
tions of a donor (pyrene) and of an acceptor (the substi-
tuted tropylium ion) were 0.2 M and 2x16_3 M, respectively.
The previously-described precautions were taken against the
light and the spectrum was measured immediately affer pre-

paration of the sample solution.
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Table 2. Results of the competitive reduction of the

hetero-atom substituted tropylium ions (X_CTH6+) with

zinc at 2500.3)

Run” Zn X-C.H.* Radical Cation Balance [-c B X, /k
776 _log—1 & A"TB
Yield Recov. [X=c Hgo
mg-atom % % %
Competition of NC-07H6+(A) Vs, CH3020 -C H6 (B)
i B {A 41.7 42.7 84.40) 0.234} .7
B 10.8 89.8 100. 6 0.050
b
Gud B {A 50.7 26.9 77.60) 0.407} -
B 19,1 80.0 99. 1 0.092
1.3 0.314 { A 76.0 15.0 91.0 0.620 } 4.59
B 26.7 66.7 93.4 0.135
(e flegdy . = 457
Competition of CHBOEG -C H6 (4) vs. 01-07H6+(B)
Sod bR {A 46. 1 52.5 98. 6 0.268} 5. 73
B 26.2 69.0 95.2 0,132
T { A 50, 2 49.0 99.2  0.303 } 9. 15
B 27.9 Th.3 102.2 0.142
2-3  0.252 { A 50.2 43.4 2.6 0,303 }o2.26
B 26.5 92.0 118. 5 0.134
o4 0.294 { A 67.6 36,0 103.6 0. 489 } 5.00
B 43,0 53.8 96.8 0.244
(kA/kB)Aver. = 2.11
N + s +
Competition of Cl—C7H6 (A) vs. Ph381—?7H6 (B)
31 0.188 { A 36, 1 48.6 ° 94.7 9.194 } 2.37
B 17.2 81.8 99.0 0.082
5.5 0.220 { A 45. 1 50.0 95.6 0.260 } 3. %3
B 227 64.3 B0 0.112

-126-



Table 2. (Continued)

Run” Zn X-C.H.® Radical Cation Balance [(X-C.E}] k,/k
786 g 106 “HB
: ' e
Yield Recov. [X~G7Héo
mg-atom % % %
m BB { A 55.0 42.8 97.8  0.347 } .
B 33.0 60.0 93.0 0.174
Uky/kp) pyer, = 2-23

Competition of Phy8i-C H."(A) vs. C7H7+(B)

gy

Qi 0,905 { A 57.4 51.0  108.4  0.371 } 1.0
B 16.73 81.8 98. 1 0.077

48 LB { A 46.5 47.5 94.0  0.272 } 5 17
B 1.4 82. 1 93.5  0.053

4-3  0.255 { A 47.5 52.7 100.2  0.280 } 350
B 13.3 89.6  102.9  0.062

gk 1,685 { A 724 1 39,5 111.6  0.554 } 5. 2%
B 21,7 75. 3 97.0  0.106

(kA/kB)Aver. = 4.93

Competition of Ph—C7H6+(A) vs. C7H7+(B)

5.1 0,248 { A 41.4 51,4 92.8 0.232 } 2. 58

B 18.7 81.9 100. 6 0.090
Sep 0 BHE { A 51.0 49.6 100. 6 0.310 } 550

B 24.7 70,7 95. 4 0.123
5.3 0.250 { A 58.0 47.0 105.9 0.377 } 5. 64

B 28. 1 68.7 96.8 0.143
S e { A 35.8 63.0 98.8 0.192 } 5. 04

B 18.0 82.6 100. 6 0.086
(kA/kB)Aver 2.30
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Table 2. (Continued)
Run”  2n X—C7H6+ Radical Cation Balance [X—C7Hg] kA/kB
) -logem—m—m0 0
Yield Recov. [X—C7Hglo
mg-atom % % %
. g .0 * +
Jompetition of CTHT (A) vs. CHBS_CTH6 (B)
o1 0203 {4 36.3 70.3  106.6  0.196 } =
: B 122 81.2 93.4 {0..057
6-2 o.2i2 | 71.3 31,0 102.6  0.542 } ey
B 26.3 T1a7 98.0 0. 132
TR { A 61.6 40.4  102.0  0.416 } % g5
B 220 65. 87.1 0.108
E4 6840 { A 64.5 43.7 108.2  0.450 } i
B 22.7 68,2 90.9 0.112
B .85 { A 68. 2 32.0  100.2  0.498 } .
B 24.3% 64,2 88.5 0.121
(ky/%p) pyep, = 3-91
nns + b . +
Competition of CHBS-C7H6 (A) vs. © G4H9 C7H6 (B)
7-1 0.113 { A 26.8 68. 4 95.2 0.135 } 1.61
B 176 85.6 103.2 0.084
72 .19 | 4 29. 4 66. 0 95.4  0.151 } o6
B 18.8 79.8 98.6 0.090
B 19.4 81.0  100.4  0.0%4
14 o.249 { A 58. 2 38.8 97.0  0.370 b oo
B 38.4 578 96.2 0.210
75 0,348 { A 56. | 41.2 97.3  0.358 } 1. 50
B 35.2 60.8 96.0 0.188
B 38.9 60.7 99.6 0.214
7-7%) 0.503 { A 48.2 44.3 92.5  0.286 } 1.87
"B 29.7 T .4 100.8 0.153
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Table 2. (Continued)

Run? 4n X-C.H.* Radical Cation Balance [x-C_HE) X, fx
776 NPl LT
: ‘ +
Yield Recov. [X—CTHGk
mg-atom % % %
7-82) 9.505 { A 28.2 68. 1 96.3 C.144 } i
B 1T 2 86.2 103.4 0,082
7-98) 0.512 { A 423 56.9 9%.2  0.239 } 1,74
B 8. B 77.5 104.7 0.138
7_70f)1.02 { A 54.1 49.1 103..2 0.338 } 1,69
B 36,9 69.9 106.8 0.200
(kA/kB)Aver. L
Competition of t-C4H9—C7H6+(A) vs. CH3 7H6+(B)
84 D.okg { A 54.6 40.3 94,9  0.343 } 5. 20
B 14.0 67.3 81.3 0.066
82 0.249 | 8. Rl 1.2 89.0 9.574 403
B 16.0 72.9 88.9 0.076
8-3  0.249 | A 51, 4 4348 MGG Rl } 4.85
B 17.8 SHEE: 75 1 J.085
8-4  0.283 { A 71.6 21.5 93.1 0.547 } 4.88
B 22.8 61.8 84.6 0.112

a) Solvent: acetonitrile, 5 ml. Initial concentratiocn of

each cation: 0.10 M. Reaction time:

10 min.

b) The relatively poor velue of the material balance is pro-

+

bably due teo partial decompocszition of the unchanged NC—C7HE

during UV spectroscopy, caused by moisture in the sclvent.

¢) Reaction time: 1.2 min,
d) Reaction time: 0.6 min.
e) Reaction time: 0.9 min.
f) Reaction time: 0.2 min.
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Results and Discussion

Syntheses of the Hetero-Atom Substituted Tropylium

JTons. Among the perchlorates of the hetero-atom substi-
tuted tropylium ions, I-VIII, those of the chloro—a) (11I1),
methoxy—4)(VI), diethylamino-E) (VII), and t—butylamino—S)
(VIII) derivatives were prepared according to the litera-
tures, Cyano- (I), carbomethoxy- (II), and methylthio-
tropyliums) (V) perchlorates were synthesized by the hyd-
ride abstraction from the corresponding 3-substituted
1,5,5=cycloheptatrienes, which had been obtained from the
T-substituted derivativesB) by thermal isomerization.

Triphenylsilyltropylium perchlorate (IV) was synthesized

in the same way from 7-triphenylsilyl-1,3,5-cycloheptatri-

p 1 Y
I -CN c10,
11 -C0,CH, c1o,
1Y -C1 c10,
Iv -51(CgHg) 5. 010,

X . Y" v ~SCH, c10,
VI ~0CH €10,
VII -N(02H5)2 10,
VIII  -NH-t-C,Hy  C10,
IX -CeHs ~ BF,
P s
XI ~t-C,Hy c10,
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ene, which had been obtained by the reaction of 7-ethoxy-

1,3,5-cycloheptatriene with triphenylsilyllithium.T)

Among these salsts, I,9) IT, and IV are new compounds.
Previously, we have observed a homolytic dissociation

of T7T-triphenylmethyl-1,3,5-cycloheptatriene into the tropyl

(cycloheptatrienyl) and triphenylmethyl radicals by the ESR

10) Larrabee11) has also reported

measurement at 60-95°C,
that T-triphenylstannic-1,3,5-cycloheptatriene undergoes

a similar thermal cleavage at 160°C and observed a fluxion-
al behavior of the triphenylstannic group around the seven-
membered ring from the NMR measurement at 0-139°C. The
ease of these homolytic cleavages would be attributed to
the considerable resonance-stabilization of the "symmetri-

12) However, in spite of the close

cal" tropyl radical.
similarity of the structure, 7-triphenylsilyl-1,3,5-cyclo-
heptatriene does not exhibit such a behavior: It does not
show any evidence for bitropyl formation when heated at
20000, indicating the reluctance of carbon-silicon bond

against the homolytic dissoclation.

Competitive Reduction. TFirst, the one-electron reduc-

tion of each single cation with an excess (twenty-fold of
the theoretical amount) of zinc powder was carried out in
acetonitrile for ten minutes. Almost gquantitative forma-
tion of the x,x'-disubstifuted bitropyl was confirmed,
except for the aminotropylium ions, VII and VIII, which
were not reduced and recovered unchanged under thsse reac-

tion conditions. This indicates the exceptional stability
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due to the electron donation by the amino group. The analy-
tical and ultraviolet-spectral data of x,x'-disubstituted
bitropyls are tabulated in Table 1 (see Experimental).
Then, the competitive reduction was conducted as
follows. Each pair of an equal amount of cations (RA+’
RB+) was subjected to a competitive reduction in acetonit-
rile at 25°C with zinc powder -4 of the theoretical amount
required for the complete reduction of a single cation.
The mixture of the coupling product of the radicals formed
from both cations (i.e., Ry,-R,» R,-Ry, and RB—RB) was ext-
racted. The yield of each radical was determined from the
total weight of the coupling-product mixture and the NMR

13) In each case, the material balance of the

analysis.
reduction with respect to each cation was found to be 90-
110% from the ultraviolet spectroscopy of the unchanged
cation. When we assume the first-order dependency of the
reaction rate on the cation concentration, the ratio of
rate constants for the competing cations is expressed by

the following equation:14)

k,/ky = log( [R,"]/[R,"]5)/1oe([Ry"]/ [R5"] o)

where [RA+]O and [RB+]O denote the initial concentrations
of the cations, RA+ and RB+, respectively. The appropriate-
ness for -the application of this equation to the DPresent

case was verified by the linearity of the plot of log

([’y*1/[R,"] ) against log( [Ry*1/[Rg*],) through the point
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Fig. 1. Plot of -log ([R,"1/[R,"] ) vs. -log
([RB+]/[RB+]O) for the competitive reduction
of NC-, CHSOZC-, cl-, (C6H5)3
07H7+ with zinc in acetonitrile at QEGC.

Si~07H6T and

of origin, with regard to each cation pair, as is shown

in Figs. 1 and 2. From the slope of each straight line,

the relative rate constant (krel ) for the zinc reduction

of each cation was determined. The results are listed in
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-log ([RA+]/[RA+]O)

0 0.05 0.10 Q.15 0.20 0.25

-log (IR5"]/ [Rg"1 )

Fig. 2. Plot of -log ([RA+]/[RA+]O) vs. -log
([RB+]/[RB+]O) for the competitive reduction
+
of CgHg-, H-, CH;5-, t-C,Hg-, and CH;0-CoH¢

with zinc in acetonitrile at 2500.

Table 3 together with the charge-transfer maxima (vide

infra) of the respective cations.

In order to compare the results obtained by the pre-

sent method {krel ) with that determined by the homogene-
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Fig. 3. Plot of log krel measured by the com-
petitive reduction vs. log (kzx/kzﬂ) deter-

mined by Cr(II) reduction.

ous chromous-ion reduction (kz), log k was plotted

rel.

against log k A linear correlation with the slope of

o
0.98 was observed, as is shown in Fig. 3. This result
clearly indicates that, in spite of the use of a hetero-
heneous condition, the present method gives reasonably

correct relative values for the reducibility inherent to

the carbonium ions.
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Table 3. Relative rate constants for the zinc reduction
of hetero-atom substituted tropylium ions and absorp-

tions of their charge-transfer spectra

Substituent krel.a) log k... ¢.T. bana®

ﬂmax I')Hla}{

nm 104cm™

CH,0- 0.0295 -1.530 480 2,083
t=C, Hg- 0.146 -0.836 508 1.969
CH,S- 0.255 -0.594 510 1.961
H- 1.00 0.000 540 1.852
CgHe- 2.50 0.398 543 1.842
(Cglg) 581~ 4.93 0.693 555 1.802
cl- 17 1 1.044 580 1.724
CH0,C- 2%.4 1.370 610 1.639
NC- 107 2.030 680 1.471

a) Determined by the competitive reduction in aceto-

nitrile at 2500.

b) Measured in 1,2-dichloroethane with pyrene as a

donor.
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The Correlation of log krel with the Charge-Trnsfer

Energy. 1In order to examine the correlation of the reduci-
bility with the electron-affinity, the values of log krel.
were plotted against the wave number corresponding to the
maximum absorption of the charge-transfer spectrum (Lﬁax’
see Table 3) of each substituted tropylium'ion with pyrene
as a standard electron donor. A good linear correlation

was observed, as is seen in Fig. 4. Since, for a given
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donor molecule, vmax for the charge-transfer spectrum of a

series of acceptors should correlate with the electron

3} this sorvelation (Fig. 4)

affinity of the acceptors,
clearly demonstrates that the reducibility of the carbonium
ion is essentially regulated by the electron affinity in-
herent to the cation itself. Thus, the correlation which
holds for the zalkyl- and aryl-substituted tropylium ions
(Chapters 5 and 6) has been successfully extended to a

series of hetero-atom substituted fTropylium ions.

The Correlation of log krel. with Hammett's 6PL
The variation of the reactivity of substituted tropylium
ions obviously reflects the influence of the electronic
stabilization or destabilization caused by these substitu-
ents. In order to compare the substituent effect with

the one observed in the case of substituted phenyltropylium
ions (Chapter 6), the values of log krel. were plotted
against Hammett's 6p16) (Fig. 5). The one-electron reduci-
bility of the substituted tropylium ion, thus measured, is
considered to be an average of the reactivity of the seven
individual carbon atoms in the ring toward the reductant.
Hence, the use of a single 6P constant, though it includes
both resonance and inductive electronic effects, may not

be explicitly applicable. This is perhaps one of the
causes for scatters in Fig. 5.17) Although we can not
avoid such a theoretical ambiguity, if we express the sen-

sitivity to the substituent effect by the p-value, it would

amount to about +4.0. The increase in p-value, compared
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with that obtained in the case of supstituted phenyltropy-
lium system (+1.31), is evidently caused by the direct
transmission of the electroniec effect of the substituent

to the tropylium ring.
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Summary

A series of hetero-atom substituted tropylium salts
(X'C7H6+'Y_)’ including three new compounds, have been
synthesized. Their relative reactivity in the one-electron
reduction with zinc powder has been determined by the use
of a competitive-reduction method to give the reactivity

sequence: CHSO-C7H6+ (k = 0,029%), t-C C?H6+ (0.146),

rel. 4H9—

H;* (0.255), C7H7+ (1.00), 06H5—07H6+ (2.50),

. + +
5)531-0736 (4.93), C1-C Hy (11: 1), CH3020—C7

(23.4), NC—CTH6+ (107). The values of log k., for t-C,Hg-,

H-, and 06H5_C7H6+ ions exhibit a good linear correlation

CH;5-C

2
(C6H

7
+
He

with those of log k2 in the chromous-ion reduction. A

linear correlation also is observed between log krel and

the transition energy of the charge-transfer band of the
respective cations with pyrene as a donor. A plot of log

k against Sp (for the ring substituent, X) gives a

rel.

greater P-value (+4.0) than in the case of X—06H4_CTH6+
(4+1.31), reflecting the influence of the direct substitu-

tion to the tropylium ring.
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cycloheptatrienes are reported in the literatures (Ref.
1a and 6), whereas 7-methylthio derivative was prepared
by the reaction of the tropylium ion with methylmercap-
tan.

The charge-transfer spectrum of I has been reported

(H. J. Dauben, Jn, and J. D. Wilson, Chem. Commun.,
1968, 1629), but either the synthetic method or its
property has not been described.

K. Okamoto, K. Komatsu, T. Kinoshita, and H. Shingu,
Bull., Chem. Soc. Japan, 43, 1901 (1970); see Chapter 9.
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The probable error in the NMR analysis is less than 10%.
a) A. W. Francis, A. J. Hill, and J. Johnston, ibid.,
47, 2211 (1925). b) C. K. Ingold and M. S. Smith, J.
Chem. Soc., 1938, 905. c) S. L. PFriess and A. Weissber-
ger, "Technique of Organic Chemistry," Vol. III, p. 100,
Interscience Publishers, Inc., N. Y. (1953).

a) M. Feldman and S. Winstein, Theor. Chim. Acta, 10,
86 (1968). b) Ref. 9.

The wvalues of SP were cited from D. H. McDaniel and H.
C. Brown, J. Org. Chem., 23, 420 (1958).

When log k.oq. 1s plotted against Brown's 6P+ (H. C.
Brown and Y. Okamoto, J. Amer. Chem. Soc., 80, 4979

(1958)), the correlation is much worse than that in
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Fig. 5. This may be a reflection of the fact that the
extent of conjugation of the substituent with the seven-
membered ring is not changed so much throughout the re-
action path from the tropylium ion to the tropyl radical,
whereas, from the definition, 6P+ is applicable to those
reactions in which the conjugative interaction of the
carbonium-ion center with the substituent arises and

develops during the course from the ground state to the

intermediate.
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Chapter 8 A Kinetic Study on the Reduction of the

Substituted Cyclopropenium Ions with Cr(II)

Introduction

In Chapters 5 and 6 were described the results of
kiretic measurements on the chromous-ion reduction of
various substituted tropylium ions. It was observed that
log k2 thus obtainesd has a linear free-snergy relationship
with the =2lectron affinity, the polarographic half-wave
potential, and alsc with the pKR+ values; thus, the locg k2
can be regarded as 2 relative measure for the electron
affinity of the carbcnium ions in solution. In order to
examine the applicability of this method for stable car-
bonium ions of the system other than the tropylium ion,
the chromous-ion reduction of a series of phenyl and/or
n-propyl-substituted cyclopropenium ions was investigated.

In their systematic studiss of the syntheses and
stability of sutstituted cyclopropenium ions,1) Breslow
and his co-workers have reported on the polarcgraphic

reduction of some p-substituted triphenylcyclopropenium

' 1 ) .
ions c) and have interpreted the results on the basis of

HMO calculations. They have also reported on the zinc
reduction of the triphenyleyclopropenium ion to give its

dimer,1b) but no kinetic study of the one-electron reduc-—
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tion for this series of stable carbonium ions seems to have
been carried out. In this chapter, the results of the
kinetic measurements and their correlation with the
electron affinities and pKR+'s of the cyclopropenium ions
will te discussed in comparison with the results previously

obtained for a series of substituted tropylium ions.

Experimentalgj

Materials. All the reagents employed were of a reagent- -
grade quality except when otherwise noted., Acetonitrile
and ethyl acetate were refluxed and distilled over phos-
phorous pentoxide; acetonitrile, bp, 81.0—81.300; ethyl
acetate, bp, 77.0-77.5°¢C. Ethyl ether was dried over
sodium metal.

Triphenyleyelopropenium fluoroborate (Ia‘BF4:l_was
1a) ag

prepared from triphenylcyclopropenyl methyl ether
follows. Into a solution of 0.964 g (3.23 mmol) of tri-
phenylecyclopropenyl methyl ether in 15 ml of methanol,

was added 1.0 ml of 42% aqueous fluoroboric acid. The

white precipitates which were immediately formed were col-
lected, washed with dry ethyl ether, and dried under reduced

pressure to give 0.925 g (2.62 mmol) of Ia*BF4— as white

2.9 M HC1

crystals; 81.1% yield; mp 308-210°C (dec); r ol

259 nm (€, 18100), 309 nm (64100), 324 nm (54500).

Diphenyl-n=-propylecyclopropenium fluoroborate (Ib-BF4:l
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was prepared following the method of Breslow et al.;1f)

1£) mp 179%C (dec)) Aé;i M HC1

246 nm (€, 15700), 293 nm (32600), 307 nm (34400) (1it, "

néag HC1-23% EtOH 292 nm (€, 32000), 305 nm (33000)).

mp 175-177°C (dee) (1it,
)

Di-n-propylphenylcyclopropenium perchlorate (Ic-0104:l
1f)
as

was prepared frcm the di-n-propylcyclopropenium ion
follows. To a suspension of 1.503 g (6,74 mmol) of di-n-
propylcyclopreopenium perchlorate in 10 ml of dry ethyl
ether, was slowly added 2C ml 3f a 1 M ethereal solution
of phenyllithium (20 mmol) with vigorous stirring at -78°%c.
The stirring was continued for 1 hr at -78°¢ and then for
an additional hour at room temperature. To the reaction
mixture was then added 30 ml of ' M HCl, and the aqueous
layer was extracted with thres 40-ml portions of ethyl
ether. The combined ethereal solution was washed with

10% NaCl and dried over MgSO4. The solvent was removed

in vacuo to give 1.60 g ¢f a brownish oil which was sup-
posed to be crude 1,2-di-n-propyl-3-phenyl-1-cyclopropene.
To this o0il was then added a solution of 0.769 g (2.25

mmol) of triphenylmethyl perchlorates}

in 24 ml of aceto-
nitrile, and the whole mixture was let stand for 30 min
at room temperature. The solvent was evaporated under
reduced pressure. Then, 10 ml of ethyl acetate and 100
ml of dry ethyl ether were added to the dark-brown resi-
dual oil to cause the formation of white precipitates.

The precipitates were collected, washed with dry ethyl

ether, and dried in vacuo to give 0.537 g (1.89 mmol) of
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Ic-ClO4_ as white crystals, which can be recrystallized
from chloroform-ethyl ether; 80.0% yield, based on triphe-
nylmethyl perchlorate; mp 157.5—158.500 (dec); Aééi M HC1
262 nm (&, 26400); NMR (100 MHz), Topoy. 2-89 (d, 2H,ortho-
protons), 3.10 (t, 1H, para-proton), 3.25 (t, 2H, meta-
protons), 7.08 (t, 4H, d-methylene protons), 8.23% (sext,

4H, B-methylene protons), 9.07 (t, 6H, methyl protons);

pggi 695, 780, 1095, 1440, 1460 (sh), 1500, 1600, 2900,
3000cm™ .
Found: C, 60.26; H, 6,49%. Caled for C,_.H,,Cl0,:

15719 4
¢, 60.30; H, 6.41%.

Tri-n-propylcyclopropenium perchlorate (I4-Cl0, )

was prepared according to the method of Breslow et at.,1f)

1£)

mp 183.5-185°C (1it, 184-185°¢)

A solution of chromous chloride in 2.9 M HCl was

prepared as described in previous chapters.

One-Electron Reduction of the Cyclopropenium Ions.

Reduction of Ia with Cr(II). In a 200-ml, four-necked

flask equipped with a mechanical stirrer, a serum rubber
cap, and a nitrogen inlet and ocutlet, there was charged
a solution of 0.105 g (0.295 mmol) of Ia-BF4" in 100 ml
of 2.9 M HC1l., To this solution was then added 20 ml of
1.17 M solution of chromous chloride in 2.9 M HC1l by the
use of a hypodermic syringe. The solution was stirred at
25°Cc for 21 hr under an atmosphere of nitrogen,and then
the organic product was extracted with four 100-ml por-

tions of n-hexane, washed with 10% NaCl, and dried over
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MgSD4. The solvent was subsequently removed in vacuo to
give 0.0758 g (0.142 mmol) of bis(1,2,3-triphenyl-2-cyclo-
propen-1-yl) (II) as white crystals; 96.2% yield; mp 223-
225%¢ (1it.,'S) mp 225-226°C); NMR (60 MHz), Ty, 265

3
(br.s, phenyl protons).

Reduction of Ib with Cr(II). In the same manner, the

reduction of 0.131 g (0.409 mmol) of Ib-BF4_ with 46 mmol
of chromous chloride was carried out in 160 ml of 2.9 M
HC1 at 75°C for 22 hr under a nitrogen atmosphere. The.
reaction mixture was worked up in the same way to give
0.0927 g of a crude product, which was then purified by
the use of preparative thin-layer chromatography over
silica-gel (Merck, Kieselgel PF254), with n-hexane-benzene
(3:1) as the solvent, to give 0.0781 g (0.168 mmol) of
bis(1,2—diphenyl—5-n—propyl-zrcyclopropen—1—yl) (III) as
white crystals; 82.1% yield; mp 152-15900 (with rapid
sespliditieationt? )s AZTOR 267 mn (e, 16300); ¥XBE 690,
700, 760, 800, 1025, 1090, 1265, 1440, 1495, 1600, 1850,
3000 cm_1;NMR (100 MHz), Tooy, 2-78, 2.97 (m and s, 20H,
phenyl), 7.30 (t, 4H, a—methyiene), 8.30 (sext, 4H, p-
methylene), 8.99 (t, 6H, methyl).

Reduction of Ic with Zn and with Cr(II). In a similar

manner, 2.0 g (30 mg-atom) of zinc powder was added to a

4 in 85 ml of

0.1 M HCl; the mixture was then magnetically stirred at

solution of 0.201 g (0.670 mmol) of Ic*Cl0

20°C for 5 hr under an atmosphere of nitrogen. Then the

unchanged zinc was filtered off and washed with four 50-ml
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portions of ethyl ether. The aqueous solution was extract-
ed with three 70-ml portions of ethyl ether, and the com-
bined ethereal solution was washed with 10% NaCl, dried
over MgSO4, and evaporated to give 0.130 g of a partially-
solidified yellowish o0il, which gave three main spots

(Rf, 0.23%, 0.4-0.5, and 0.67) on a silica~-gel thin-layer
plate, with n-hexane-benzene (9:1) as the solvent. By the
use of preparative thin-layer chromatography, a component
with Rf 0.67 was isolated as 0.05%12 g of a colorless oil
and was identified as bis(1,2-di-n-propyl-3-phenyl-2-

S84 695,
1380, 1440, 1460, 1490, 1600, 1830, 2900, 2970, 30000m“1;

eyclopropen-1-yl) (IV);0.129 mmol; 38.5% yield; J

NMR (60 MHz),®) T, 2.70 (s,~1OH, phenyl), 7.80 (m, H,
o-methylene), (m, 8§, B-methylene), 9.00 (m, ~12H, methyl).
In the same way, a component with Rf 0.2% was isolated as
0.0527 g of white crystals and was identified as bis(2,3-
di-n-propyl-1-phenyl-2-cyclopropen-1-yl) (V); 0.133 mmol;
39.7% yield; mp 26.0-28.0°C; AZFOE 240 nm (&, 9400), 273

max

nm (sh) (1100), 280 nm (763); Voor4 700, 1380, 1440, 1450,
1

1460, 1490, 1600, 1870, 2900, 2970, 3000 cm '; NMR (100

MHZ),6) 3,00 (s, 10H, phenyl), 7.56 (t, 8H, d-methy-

Toc1,
lene), 8.43 (sext, 8H, B-methylene), 9.04 (t, 12H, methyl).
On the other hand, the component with Re 0.4-0.5 gave
0.0202 g of a pale yellow o0il, which exhibited an infrared
spectrum quite similar to those of IV and V, though its

structure was not fully identified.

For the purpose of comparing the reaction products, a
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reduction of Ic with Cr(II) was conducted in the following
way. To a solution of 0.0164 g (0.0548 mmol) of Ic-0104_
in 8.0 ml of 2.9 M HCl1l placed in a 20-ml ampoule we added
8.0 ml of a 1.3 M solution of chromous chleoride in 2.9 M
HC1l by the use of a hypodermic ayringe under a stream of
nitrogen. The ampoule was immediately sealed under nitro-
gen and immersed in an oil bath thermostated at 125°C.
After 20 hr the organic products were extracted with three
20-ml portions of ethyl ether, washed with 10% NaCl, and
dried over Mg804. The evaporation of the ethereal solu-
tion under reduced pressure gave 0.0112 g of a partially-
solidified, yellowish o0il, which was found to contain the
same products in the same composition as in the case of
the zinc reduction of Ic described above, on the basis of
an analysis with thin-layer chromatography.

Attempted Reduction of Id with Cr(II). The reaction

of 0.0193 g (0.0730 mmol) of 1d-C10,~ with the chromous
ion (2.64 mg-ion) in 4.0 m)l of 2.9 M HC1l at 125°C was
attempted in an ampoule in the same way as has been des-
cribed above. After 48 hr, the solution was worked up in
the same way to give 0.0031 g of an unidentified oil.
This was shown to contain the same components as in the
case of the control experiments in which the cation, 14,
alone was kept at 125°C under the same conditions. The
acidic aqueous layer was made alkaline with 10% NaOH, and
the turbid solution which resulted was worked up in the

usual way to give 0.0093 g of a colorless oil which was
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tentatively identified as 1,2,3-tri-n-propyl-2-propen-1-one
on the basis of its infrared spectrum and also by analogy

with the alkaline ring opening of Ia giving 1,2,3-triphenyl-

2-propen—1-one; '®) 0.056 mmol; 77% yield; “gg;}c

1665, 2900, 2980 em™ ',

4 1380, 1460,

Kinetic Measurements. The rates of the reduction of

Ia and of Ib were measured in the following way. A solu-
%ion of a weighed amount of the cyclopropenium salt in 40
ml of 2.9 M HCl was charged in a 100-ml, four-necked flask
equipped with a mechanical stirrer, a serum rubber cap,
and a nitrogen inlet and outlet. The solution was bubbled
with nitrogen for 10 min, while the reaction flask was
placed in a thermostated bath. To this solution we then
added a known amount (4.0-12.0 ml) of a 1.30 M solution of
chromous chloride in 2.9 M HC1l by the use of hypodermic
syringe, and the solution was stirred under an atmosphere
of nitrogen. At appropriate time intérvals, 2.00-ml
aliquots were sampled out by the use of a hypodermic
syringe, extracted with three 5-ml portions of n-hexane,
and diluted to a 100-fold volume with 2.9 M HCl. The
amount of the unchénged cyclopropenium ion was analyzed on
the diluted solution by means of ultraviolet spectrophoto-
metry, using 308 nm (€, 52800) as the characteristic band
for Ia and 307 nm (€, 34400) for Ib. The rate constants
were calculated from_the first-order rate equation and
treated as has been described in text. The initial con-

centrations of the cyclopropenium ion and of the chromous
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ion were determined by ultraviolet spectroscopy and by
iodometry respectively.

The kinetic measurements of the reduction of Ic were
conducted by the use of the sealed-ampoule technique. To
1.0-ml portions of the solution of Ic in 2.9 M HC1l placed
in ampoules we added 1,0-ml portions of a 1.30 M sclution
of chromous chloride in 2.9 M HC1l under a stream of nitro-
gen. -The ampoules were immediately sealed and immersed
in a thermostated bath. At appropriate time intervals
the ampoules were opened and the amount of the unchanged
cyclopropenium ion was determined spectrophotometrically,
using 262 nm (&, 26400) as the characteristic band; the
results were then treated according to the first-order
rate equation.

As has been mentioned in the previous section, the
cation, Id, was not appreciably reduced with the chromous
ion and was recovered in a 77% yield under the given reac-
tion conditions. Even when it is assumed that the unre-
covered amount corresponds to the reduction products
which might have been decomposed to unidentified materials,
a 77% recovery after the reaction time of 48 hr in the
presence of 0,66 M of the chromous chloride gives the

6 -1 1

value of 2.3%x107° M '+sec”

for the upper limit of the
apparent second-order rate constant; the real rate constant

must be much smaller than this wvalue.

The Solubility of Ia-BFﬂ_ in Aqueous HC1l with and

without NaCl. In 10-ml test tubes with ground glass
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stoppers we placed various mixtures of 0.010-g portions of
Ia-BF4- with 2.0-ml portions either agueous HCl or agueous
HC1l containing NaCl; the mixtures were shaken vigorously
for 50 hr at 15-21°C. Each mixture was then filtered,

and an amount of Ia dissolved in the filtrate was deter-
mined by ultraviolet spectroscopy.

Measurements of the Charge-Transfer Bands with

Pyrene. 1,2=Dichloroethane solutions of the cyclopropenium

1 M) were mixed

ion (3}{10-3 g-ion/1) and of pyrene (2x10°
in the dark7) to give a slightly orange-colored, yellowish
solution, and its visible spectrum was immediately record-
ed. In the cases of Ia and Ib, a widely-absorbing shoul-
der, which was not observed in the spectrum of either
single component, appeared at the longer wavelength,
These new absorptions were supposed to be due to the
formation of charge-transfer complexes; the values of the
wavelength corresponding to the midpoint of the new band
are listed in Table 3 (see Results and Discussion).

On the other hand, only the end absorption was observ-
ed in the region of wavelengths longer than pyrene in the
cases of Ic and Id.

Determination of pKR+’s. The pKR+'s of Ia, Ib, and

Ic were determined in 23%% agueous etharol at 2500, as has
been described by Breslow and Chang,1d) by the use of the
spectrophotometric method. Because the characteristic
bands of the cations were found to decrease during the

measurements for Ib and Ic, the absorbance, which was
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extrapolated to the time of the dissolution of the cations,
was plotted against pH to give classical titration curves,
whose inflection points were taken as pKR+'s. The pH's

were read on a Horiba model H pH meter calibrated with

standard buffers before use.

Results and Discussion

One-Electron Reduction of the Cyclopropenium Ions

(Product Study). A series of cyclopropenium ions substi-

tuted with  phenyl and/or n-propyl groups(Ia-d) was
Prepared according to the method of Breslow et al.,1d’f)
except for Ic, which is a new compound and which was syn-

thesized by analogy with the synthesis of Id.1f)

' 5 R, R, R,
R R la Ph Ph Ph
V Ib Ph Ph n-Pr
R3 Ic Ph n-Pr n-Pr
Id n-Pr n-Pr n-Pr

I

The reduction of the cyclopropenium ions, Ia-d, with
the chromous ion was carried out in 10% HC1l (2.9 M) under
an atmosphere of nitrogen at an appropriate temperature
(Ta : 25°%, Ib : 75°C, Ic, @ : 125°¢)%) 1a, Ib, and Ic
were found to be reduced with Cr(II) to give dimers in

almost quantitative yields, as in the case of the zine
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reduction of Ia.1b)

The reduction products of Ia and Ib
were purified by thin-layer chromatography and were iden-
tified as bis(1,2,3-triphenyl-2-cyclopropen-1-y1) (II) and
bis(1,2-diphenyl-3-n-propyl-2-cyclopropen—1-yl) (III)
respectively. On the other hand, the reduction of Ic with
Cr(II) was too slow to give the reduction product in an
amount sufficient for the structursl analysis. Therefore,
Ic was reduced with zinc powder for the purposes of the
product analysis. Preparative thin-layer chromatography
showed that the product was the same as in the case of the
chromous-ion reduction and that it contained bis(1,2-di-n-
propyl-3-phenyl-2-cyclopropen-1-yl) (IV) and bis(2,3-di-n-
propyl-1-phenyl-2-cyclopropen-1-yl) (V) in almost equal
amounts., The cation, Id, was quite inert to the chromous-
ion reduction and gave a trace of an unidentified oil only,

after a reaction time of 48 hr =t 12500.

P Ph Ph
Ph Ph
Ph Ph
L Ph n-Pr n-Pr
(1) (11D
n-Pr n-Pr
n-Pr g
i Ph n-Pr
n-Pr Ph
Ph Ph n-Pr n-Pr-
(IV) (V)
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Kinetic Measurements for the Reduction of the Triphe-

nylcyclopropenium Ion with Cr(II). The Effect of the Added

Anion. The reactions c¢f the triphenylcyclopropenium ion
(Ia) with a large excess of Cr(II) were conducted in 2.9
M HC1 under an atmosphere of nitrogen, and the decrease
in the unchanged carbonium ion was followed by ultraviolet
spectroscopy; in all cases, good first-order behavior was

observed. The first-order rate constants thus obtained

2k
T
2
=t
3
0 1 1 1
0 0.1 02 0.3
[Cr(ID)]s (g-ion/l)
Fig. 1. Dependence of the first-order rate constant (k,) for

the chromous-ion reduction of Ia on the initial concent-
ration of Cr(II).
[Ia]s: 3.0x 10-2g-ion/l, Temperature: 30.0°C, Solvent:
2,9M HCI
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were proportional to the initial concentrations of Cr(II),
as is shown in Fig. 1 for the reactions at BOOC, indicating
that the overall reaction rate can be expressed by the
ordinary second-order rate eguation: rate=k2[1a]-[0r(II)].
The second-order rate constants determined in this way at
various temperatures are listed in Table 1. From the
Arrhenius plot, the values of an activation energy and an
activation entropy were estimated to be 13.9 kcal/mol and
-7.1 e.u. at 25°C.

In a previous mechanistic study, described in Chapter
4, the chloride ion added either as HC1l or NaCl was shown
to accelerate the chromous-ion reduction of the tropylium
ion, possibly because of the effectiveness of the chloride

ion in forming an electron-transfer bridge between the two

TABLE 1. RATES OF THE CHROMOUS-ION REDUCTION OF THE
TRIPHENYLCYCLOPROPENIUM 10N (Ia) v 29 M HCI

Initial concn Number
Temp. e, 104k, of
°C [1a], [Cr(ID)], |/g-ion+s measure-
g-ion/1 g-ion/1 ments
25.0 6.87x10—* 0.139 3.0+0.2 5

30.0 2.99x10-* 0.198 5.4+0.4 7
35.0 2.75x10-* 0.158 8.0+0.5 4
45.0. 2.77x10~* 0.141 15.2+40.7 3
50.0 3.02x10* 0.130 22.2+1.9 4

A=



reagents. It was observed that this rate-increasing effect
gradually reaches its maximum in the anion concentration
range of 3-4 g+ion/1; conseqguently, the reaction was ex-
pected to proceed completely by way of the chloride-ion
bridging in this concentration range. Therefore, 10% HC1
(2.9 M) was chosen as the standard solvent for the previous
study on the reduction of the substituted tropylium ions
(Chapters 5 and 6) and also for the present study.

However, the effects of the added HC1l and NaClg) on
the reduction rate of the triphenylcyclopropenium ion
characteristically showed diffz=rent tendencies from each
other, as is shown in Fig. 2; addition of NaCl brings
about a remarkable rate-enhancement, whereas the increase
in the HC1l concentration results in a initial rate-enhance-
ment, followed by a slight rate-retarding effect. On the
other hand, the effects of the concentration of added HC1l
and/or NaCl on the solubility (saturation concentration) of
the carbonium ion (Fig. 3) exhibit a reversal of the ten-—
dency of the reduction rate (Fig. 2). Prom a comparison
of the tendencies shown in Figs. 2 and 3, it may be supposed
that undissociated HC1l molecules (or [H-C1l-H]™ iomns), which
are predominant at higher HCl concentrations, strongly
stabilize or solvate the carbonium ion, thus increasing
the solubility but preventing an attack by Cr(II), whereas
the free Cl™ ions from the added NaCl suppress the solubili-
ty but facilitate the chromous-ion reduction by means of a

ready formation of a C1™ bridge between the two reagents.
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Kinetic Measurements for the Reduction of the Cyclo-

propenium Ions with Cr(II). The second-order rate con-
stants for the chromous-ion reduction of Ia, Ib, Ic, and

Id are listed in Table 2. It is apparent that the substi-
tution of the n-propyl group for the phenyl group brings
about a great suppression in the reactivity of the cyclo-
propenium ions. This is in accord with the increase in

the stability of the cyclopropenium ion by the substitution
of the n-propyl group, as has already been reported;Tf)
this is the same trend as is seen in the reduction of the
substituted tropylium ions, although the latter reaction

is much more rapid as has been described in Chapter 5.

Correlation of the Reducibility with the Electron

Affinity and with pKp.+. Several examples of charge-transfer
(oL 1.} interactions between carbonium ions and some aroma-

10)

tic hydrocarbons have been reported, and the relation-

ship between the C. T. transition energy and the electron
affinity of the carbonium ion has been discussed.TOC’e’f)
We also observed the C. T, band when the cyclopropenium

ions, Ia and Ib, were added to a 1,2-dichloroethane solu-
tion of pyrene, The values of the electron affinity were
estimated from the C. T. transition energies by a method

previously reported by Feldman and Winstein,1oe)

and the
correlation of log k2 with the electron affinity was
examined together with the cases of substituteq tropylium
ions. From the results shown in Table 3 and Fig. 4, it

may be seen that the linear relationship observed between
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TaBLE 2. RATES OF THE CHROMOUS-ION REDUCTION OF THE CYCLOPROPENIUM IoNs (Ia-d) v 29 M HCI

Initial concn

vemum Temp. , fc, 4E,
i °G 10°[1], 10[Cr(II)]o 1/g-ion s kcal/mol
g-ion/l g-ion/1
Ia 25.0 1.51 1.31 3.01x 10 13.9
Ib 75.0 2.30 2.81 4.85x 104 -—
50.0 2.30 2.81 4.45x10-® —
25,0 — — 2.72x10-% 21.3
Ic 125.0 2.31 6.50 1.53x 10-5 ey
100.0 2.31 6.50 2.75x10-¢ —
25.0 — - 2.78x 10-* 20.2
Id 125.0 3.77 6.68 <l10-¢ —
25.0 — — <10-11 1) —

a) Extrapolated from the data at elevated temperatures.
b) Estimated by the assurpption that the activation energy is the same as in the case of Ie.

c) An estimated value (see Experimental).
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RESULTS OF THE MEASURFMeNTS OF REDUCTION RATES, CITARGE-TRANSFER BANDS,

TasLE 3.
AND pARy:’s OF THE STABLE CARBONIUM IONS
By ; )
Carbonium log k. ) C. 'F. band™ \ ~ pKy
A Apayy MU oy eV Obs'd Lit 20

Cyclopropenium Ton

Ia -3.51 ~420 ~5.71 2.6 2.8

Ib --5.57 ~415 ~5.68 4.0 3.8

Ic —8.56 — — 5.6 —

Id < --11 — = — 7.2%
Tropylium ion"

Trityl 2.75 550—560 6.27—6.30 3.6

Phenyl 2.16 543 6.25 4.1

Unsubst'd 1.87 540 6.24 4.3

Methyl 1.05 513 6.13 —

Ethyl 1.01 512 6.13 —

Isopropyl 0.91 505 6.10 —

2-Butyl 0.90 508 6.11 5.0

a) The logarithmic value of the rate constant for the chromousion reduction of the respective carbonium ion. b) Measured
Estimated by the method reported by Feldinan and Winstein from the

relation, Ect=[Tplpenor—[Eare]laceeptor 1 Const. (Ref, 6¢) d) Measured spectrophotometrically in 239%, ethanol. €) Deter-
mined by potentiometric titration in 509 aq. acetonitrile. ) Data from Chapter 5,

in 1,2-dichloroethane with pyrene as a donor.

c)



i Ph,C-C.H, "
Ph-C7Hs+
2+ CJLT
R-C.H,"
oF (R:Me, Et,
-~ i—Pr, t—Bu)
e
B —of
—4}+
—6 =
—B 1 L

54 56 58 60 62 6.4
Electron affinity (eV)

Fig. 4. The correlation of logk, with electron affinities of
the carbonium ions.

the chromous-ion reducibility and the electron affinity of
the substituted tropylium ion extends zlso to the cyclo-
Propenium system suggesting that the reduction of the
tropﬁlium and cyclepropenium ions proceeds by a similar
mechanism, with the electron-transfer step as the rate-

1) Thus, it seems that the wvalue of

determining one.
log k2 for the chromous-ion reduction may be-regarded as
a chemical criterion for the electren affinity of the

stable carbonium ions in solution.
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A plot of log k2 against the pKR+ values measured
spectrophotometrically in 23% ethanol also exhibits a good
linear relationship, as is shown in Fig. 5. The straight
line thus obtained apparently lies parallel with that
obtained in the case of the substituted tropylium ions.
From the definition, pKR+ value is represented as the dif-
ference beteen log kb and log kf, where kf denotes the
rate constant for the hydreclysis of the carbonium ion,

and kb, 'Eha't for the reverse reaction.

Ph]C_C‘JI{G;‘-

=Bu-C,H;"

log &,

1b

-

—10 L 1 L
2 3 4 5 6

pKg:
Fig. 5. The correlation of log k, with pKg-.
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R + H,0O ———~ ROH + BH"

It may be supposed that log k2 (2 measure for the electron
affinity) might linearly correlate with log kf (a measure
for the electrophilicity of RT), but not with log ky

(2 measure for the nucleophilicity of ROH). This may be
one of the reasons for the separation of the plot of log k2
vs. pKp+ into two lines (in Fig. 5); further relevant

studies remain to be done before we can account for these

tendencies in more details.

Summary

The one-electron reduction of a series of phenyl-
and/or n-propyl-substituted cyclopropenium ions with Cr(II)
has been carried out in a 10% HC1l solution. The reduction
of triphenylcyclopropenium (Ia), diphenyl-n-propylcyclopro-
penium (Ib), and phenyl-di-n-propyleyclopropenium (Ic)
ions quantitatively gives dimers of the respective cyclo-
propenyl radicals, i.e., the bis(cyclopropenyl)‘derivatives,
whereas the tri-n-propylcyclopropenium ion (Id) is quite
unreactive. A kinetic study has shown that the reactivity
of these stable carbonium ions toward the one-electron
_ reductant (Cr(II)) is lowered with a decreasefin the num-

o]
ber of the phenyl substituent: k,27 Co 3.0 x 1074 1/g-
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6 1/g-ion-sec for Ib, 2.8 x 1072

11

ion+sec for Ia, 2.7 x 10~
1/g-ion.sec for Ic, and ¢(10° ' 1/g-ion-sec for Id. The
added NaCl was found to accelerate the reduction rate of
Ia, whereas the added HC1l showed a initial rate-enhance-
ment effect, followed by a slight rate-retarding effect.

A plot of log k2 against the electron affinities of the
respective cations, estimated from the trasition energies
of the-charge-transfer bands for Ia, b with pyrene, has
been found to fit a linear correlation previously obtained
for a series of tropylium ions. The wvalues of log k2 also
exhitit a lineser free-energy relationship with the pKR+

of these cations.
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In view of the effects of the added HCl and NaCl, the
reduction of cyclopropenium ions in 2.9 M HC1l may not
proceed completely by waj of C1~ ©bridging, and thus

the: values of k2 measured in 2.9 M HC1 may be rather
smaller than those for the complete Cl~ bridging.
However, this uncertainty is assumed to be within one
unit in the log k2 scale; therefore, the log k2_EAff
plot (Fig. 4) may be regarded as still linear, even if

we take this uncertainty into consideration.
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Chapter 9 The Homolytiec Dissociation of 7-Triphenylmethyl- -

1,3,5=cycloheptatriene in m-Xylene

Introduction

From the results described in Chapter 2 was presumed
the greater reducibility of the triphenylmethyl cation
than the tropylium ion, which is in accord with the values
reported of the polarographic half-wave potentials and of
the ionization potentials of the corresponding radicals
and also.with the results of HMO calculations. An attempt
to confirm this reducibility relationship between the cat-
ions of different structural systems was made, applying
the competitive-reduction method described in the preceding
chapter; from the reaction products obtained in this expe-
riment was isocolated a“cross-coupling product of the
radicals derived from the respective cation, namely 7-
triphenylmethyl-1,3,5-cycloheptatriene. This chapter
describes a characteristic behavior, i.e., a ready homoly-
tic dissociation, observed with regard to this compound.

The enthalpy of the dissociation of bitropyl (bis-
2,4,6-cycloheptatrien-1-yl) into the tropyl (cyclohepta-
trienyl) radicals has recently been evaluated to be 35 + 1
kecal/mol using ESR spectroscopy,1) whereas that of "hexa-

phenylethane," whose structure has been proved to be
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1-diphenylmethylene—-4-triphenylmethyl-2,5-cyclohexadiene
(I),z) into the trityl (triphenylmethyl) radicals is known
to be only about 11.5 kcal/mol.s) When these two values
are available, it is of considerable interest to know the
value of the dissociation energy of 7-trityltropilidene
(7-triphenylmethyl-1,3,5-cycloheptatriene), a coupling
product of the trityl and tropyl radicals. Thus, the
measurement of the degree of the dissociation by means of
ESR spectroscopy was carried out in order to evaluate the

enthalpy of the dissociation of this compound.

Experimenta14)

Materials. All the reagents employed were of a
reagent-grade quality. Acetonitrile was refluxed and
distilled over phosphorus pentoxide; bp 80.8-81.2°C.
m-Xylene was dried over sodium and fractionally distilled;
bp 138.5-139.5°C.

Tropylium fluoroborate was prepared from tropilidene

5)

according to the method of Conrow. Triphenylmethyl

fluoroborate was prepared from triphenylcarbino according
to the method of Dauben, et al.G)

Competitive Reduction of the Triphenylmethyl Cation

and the Tropylium Ion with Zinc Powder. Into a magnetical-

ly stirred solution of 1.656 g (5,02 mmol) of triphenyl-

methyl fluoroborate and 0.891 g (5.00 mmol) of tropylium
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fluoroborate in 50.0 ml of acetonitrile, which had hteen
xept at -9°C in a NaCl-ice bath, there was added 0.261 g
(4.00 mg-atom) of zinc powder in a stream of nitrogen.

The mixture was stirred for 5 min under a nitrogen atmos-
phere; the initial deep-orange color of the solution

turned to light yellow and, instead, a formation of white
precipitates, presumably the "hexaphenylethane", was
observed., To this mixture were then added 30 ml of water
and 40 ml of ethyl ether; fthe white precipitates dissolved
into the ethereal layer to give a yellow solution., By
bubbling air inte the separated ethereal solution for 30
min, the yellow color of the solution completely disappear-
ed with a formation of white precipitates, which were col-
lected by filtration, washed with ethyl ether and dried
under vacuum to give 0.684 g (1.32 mmol) of triphenylmethyl
peroxide (52.5% yield), identified by the superimposability
of its infrared spectrum with that of the authentic sample.
The filtrate, after the usual work up and evaporation,
afforded 0.868 g of a yellowish solid, whick was then
chromatographed over 38 g of silica gel (Nakarai, No. II-A,
100-200 mesh). The fractions eluted with n-hexane-benzene
(85:15) gave 0.181 g (0.995 mmol) of bitropyl (39.8%
yield), the identity established from its infrared spectrum
as described above. From the subsequent fractions with

the same eluent was obtained 0.392 g (1.17 mmol) of 7-
trityltropilidene (23.4% yield), mp 167-170°C (dec) (1it,

mp 1560C7)); NMR, T 2.80 (s, 15H, phenyl), 3.25 (t, 2H,

0014
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B0 4), 3.81 (m, 2H, H2??), 4.72 (d of d, 2H, u'®) and 7.06
(t, 18, 87); uv, ACH30 260 nm (e, 46000), and two shoulders
at 265.5 and 272 mm (11t, A22% B¥OH 559 nm (e, 47000),

272 mm (sh) (32000)7)).

Found: C, 93,52; H, 6.62%. Caled for C,gHyot g, 93.37;
H, 6.63%.

The fractions with benzene as an eluent gave 0.015 g
(0.084 .mmol) of benzophenone (1.7% yield), identified as
described above, The subsequent fractions eluted with
benzene afforded 0,230 g (0.885 mmol) of triphenylcarbinol
(17.6% yield), identified as mentioned above.

On the other hand, the ultraviolet spectroscopy of
the aqueous layer indicated that 1.58 mmol (31.6%) of the

tropylium ion remained unchanged.

Zinc Reduction of the Tropylium Ion in the Presence

of the Trityl Radical. 7T-Trityltropilidene was synthesized

by the coupling of the trityl radical with the tropyl radi-
cal produced by zinc reduction of the tropylium ion in
benzene-acetonitrile. To a stirred benzene solution (18

ml) of the cyclohexadiene I (1.13 mmol) containing zinc

dust (2.94 g), an acetonitrile solution (18lm1) of tropylium
fluoroborate (4.50 mmol) was added, drop by.drop, under a
nitrogen atmosphere over a 15-min period at room temperature.
The reaction mixture was then filtered; the filtrate was
washed with water, dried, and concentrated to give an oily
solid (0.849 g), which was then chromatographed over silica

gel (70 g). Bitropyl (0.185 g, 45.3% yield) and 7-trityl-
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tropilidene (0.459 g, 61.0% yield based on the cyclohexadi-
ene I; 30.5% yield based on the tropylium ion) were eluted
with 95:5 and 90:10 n-hexane-benzene respectively.

ESR Megsurements. The ESR spectra were taken on a

Japan Electron Optics X-band spectrometer, model JES-3BS-X,
equipped with a 100 kHz field modulation unit. The evacua-
ted sample tube to be heated was placed in a JEO Associates
JES-UCT-2X quartz Dewar sleeve set in a TEO,,1 JEQ cavity.

Acknowledgment. The technical assistance of Mr, T.

Kinoshita in the ESR measurements is gratefully acknow-

ledged.

Results and Discussion

Competitive Reduction of the Triphenylmethyl Cation

and the Tropylium Ton with Zinc Powder. A competitive

reduction of an equal amount (0.10 M, each) of the tri-
phenylmethyl cation and the tropylium ion was conducted
with zine powder, which is 0.8 molar equivalent for the
reduction of the total amount of the cations, in anhydrous
acetonitrile in an atmosphere of nitrogen (-9~ -6°C, 5min).
From the crude product mixture was isolated 7-trityltropi-
lidene (23.5% yield), along with triphenylmethyl peroxide
(52.5% yield), bitropyl (39.8% yield), and benzophenone
(1.7% yield) which is supposed to have resulted by decompo-

gition of triphenylmethyloxy radical, after the usual

-173-



work-up in the air and subsequent column chromatography.
These products are considered to have been formed either

by coupling of the trityl and iropyl radicals or by air
oxidation of the trityl radical. Thus, the product ratio
of the competitive one-electron reduction of the triphenyl-
methyl cation and the tropylium ion is calculated to be
77.7 ¢ 63.3. A control experiment indicated that a reac-
tion of the trityl radical (ca. 0.04 M) with the tropylium
ion (0.09 M) at -12°C for 30 min in acetonitrile gives rise
to a small amount (1.9% yield) of T-trityltropilidene;

this product is supposed to have been formed by the coupling
of the tropyl radical, presumably formed by one-electron
transfer from the trityl radical, with the unchanged latter
radical. If one takes this secondary reaction into consi-
deration, the values of the product ratio described above
should become somewhat larger.

Although a more detailed study seems to be needed for
an accurate estimation of the relative reducibility, this
Product ratio can be regarded as a direct evidence for the
greater reducibility of the triphenylmethyl cation.

In another experiment for a synthetic purpose, T-
trityltropilidene was obtained in the better yield (61.0%
yield), through the in-situ formation of the tropyl radical
by zine reduction of the tropylium ion, in the presence of
the trityl radical (see Experimental).

Homolytic Dissociation of T7-Trityltropilidene. —

ESR Measurement. A degassed solution (0.1 M) of 7-trityl-

AT



tropilidene in m-xylene gave the ESR signals of the trityl
radical at 60=— 100°C; the signal gradually increased in
intensity and became constant after 1—5 hr at 85-90°¢C
or after 10 =20 hr at 65°C. The concentrations of the
trityl radical were estimated to be 3x10_6-6x10_5M at
60-—9500 by a comparison of the integral spectrum, record-
ed under overmodulated conditions (modulation width, 5.0
G), with that of a standard diphenylpicrylhydrazyl solu-
tion. The signal intensity of the trityl radical in a
sample preheated at 100°C decreased when the sample was
kept at lower temperatures, thus reaching the same value
as that of another sample not preheated. After each
measurement, no discoloration of the soclution was observed,
and the TLC analysis of an aliquot gave a sole spot with
the same Rf value as that of the authentic 7T-trityltropi-
1idene.8)
The ESR signal for the tropyl radical was not observed
under the conditions here employed. This is most probably
the result of the lowering of the concentration of the
tropyl radical due to its dimerization to bitropyl. Since
the trityl radical is also in equilibrium with the cyclo-

hexadiene I ("hexaphenylethane"), we may assume the follow-

ing equilPibration scheme:
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K

G . .
PhC-CqHl, ==———= PhyC +  CoH,

3
H;K:::>==0Ph ¢ H,-C.H
PhoC ) 7T CTTT

3

(1)

If the above scheme holds under the conditions employed,
the equilibrium constant, K1, for 7-trityltropilidene can

be calculated from Eq. (1):

K, = (b/a){-1+41+(160°/K,K5)+(8b/K5) }(K5/4) (1)

where a and b are, respectively, the concentrations of
T-trityltropilidene and the trityl radical.g) The results
are summarized in Table 1, along with the thermodynamic
parameters.

Thus, ir the temperature range from 60 to 9500, the
values of the equilibrium constant are in the sequence:
the cyclohexadiene I}PhBC—CTH7>C7CT—C?C7, whereas the
values of AH and of AS are in the sequence: PhBG—C7H7>
CTH7-CTH7)the cyclohexadiene I. Although the sequence of
the equilibrium constant seems quite reasonable, it seems

to be difficult to explain the abnormally high values of

AH and of AS for T7-trityliropilidene on the basis of the
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TasLE 1. EQUILIBRIUM CONSTANTS, ENTHALPY AND
ENTROPY FOR THE DISSOCIATION OF 7-TRIPHENYL-
METHYL-1,3,3-CYCLOHEPTATRIENE IN mM-XYLENE

Equlibrium constant
Temp. Concn. of 2 — i
°C PhC® PhC.CH, I» GCH,-CH,
Mx10% K, x10%e K,x 1039 K;x1079

60.0  2.71 1.50 1.41 \2.24
65.0  4.16 3.96 1.82 4.68
70.0  8.07 18.4 2.29 10.0
75.0  7.17 19.6 2.95 20.4
80.0 17.4 53.4 3.63 39.8
83.0 24.1 213 4.17 63.2
85.0 15.8 127 4.52 81.3
88.0 41.1 691 5.18 126
90.0  25.1 360 5.69 162
93.0 50.8 1250 6.36 235
95.0  55.0 1617 6.92 309
AH  (kcal/mol) 50+2 119 351
48(60°C) (e.u.)- 78.4  20.0 927.3

a) The initial concentration of 7-trityltropilidene
was 0.1m.

b) I=1-diphenylmethylene-4-triphenylmethyl-
2,5-cyclohexadiene.

¢ ) Calculated from Eq. (1) (sce text).

d) The values for K’s werc extrapolated from
data at the other temperatures: see Refs. 1
and 9
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steriec and the electronic factors which were considered in

10) )

the cases of genuine hexaphenylethane and bitropyl.1

These guestions remain to be elucidated in the future.

Summary

The results of the competitive one-electron reduction
of the triphenylmethyl cation and the tropylium ion indi-
cated the greater reducibility of the former cation; the
ratio of the reduction-product yield of both cations was
shown to be 77.7% : 63.3%. It was found that 7-triphenyl-
methyl-1,3,5-cycloheptatriene, the radical coupling
products formed in this competitive reduction, thermally
dissociates into the triphenylmethyl and tropyl radicals,
which are also in equilibrium with their dimers, the
"hexaphenylethane" and bitropyl, respectively. From the
results of ESR study at 60—95°C, the degree of dissociation
and the dissociation energy of this compound at 60°C were

calculated to be 2-7x10—3% and 50x2 kcal/mol, respectively.
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Chapter 10 General Conclusion iy

The study presented in this thesis was initiated with:
an intension to clarify some mechanistic aspects of the
one-electron reduction of stable carbonium ions, which
has not been investigated systematically so far.

To begin with, a systematic scrutiny was made into
the inorganic reducing agents, i.e., metals and metallic
ions, with various degrees of reducing power. Among these
reagents, Cr(II) was chosen as a reductant applicable for
a kinetic investigation on the reducibility of stable car-
bonium ions in aqueous solution by the use of a flow method.
This is the first example reported on a kinetic study of
the one-electron reduction of carbonium ions in solution.

To the cations which are unstable in agueous media, a
method of the competitive reduction with zinc was applied.
With respect to the zinc reductibn, the mechanism of initial
one-electron transfer was confirmed with the radical trap-
ping technique.

The methods described above were applied to the stable
carbonium ions of the triphenylgethyl, tropylium, and cyclo-
propenium systems with a variety of substituents. The
results were compared with other measures for the ability .
of cations to receive one electron, such as the charge-
transfer transition energy with a standard electron donor

and the polarographic half-wave potential. It was thus

w18



concluded that these chemical methods are successfully
applicable for the estimation of the relative "one-electron"
reducibility of the carbonium ions in solution, It was also
indicated that thus obtained chemical reducibility exhibits
a linear free-energy relationship with pKp+ values of the
cations.

Finally, the ecross-coupling product of the radicals
formed- by the reduction of the triphenylmethyl cation and
the tropylium ion was shown to undergo a reversible homoly-
tie dissociation upon heating. The ESR study enabled us to
estimate the dissociation energy of the central carbon-
carbon bond.

The results described in each chapter are summariszed

below:

In Chapter 2 is presented the results of an examination
into the reactivity of the tropylium ion and the triphenyl-
methyl cation toward various inorganic reductants. The high
reducibility of the tropylium ion was indicated by the for-
mation of bitropyl even with the reductants of low oxidation
potentials, such as Hg (oxidation potential, -0.789 V) and
Fe(II) (-0.771 V). The triphenylmethyl cation was shown to
be even more readily reduced than the tropylium ion, in
agreement with the polarographic half-wave potentials of
these cations, the ionization potentials of the correspond-
ing radicals, and the results of HMO calculations.

In Chapter 3 is given a proof, obtained with a radical
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trapping technique, for generation of the radical species
(the tropyl radical) during the course of metal reduction
of the tropylium ion. Zinc was employed as a representa-
tive metal reductant. It was also observed that the radi-
cal trapping product, N-t-butyl-N-tropylnitroxide, readily
rearranges to &phenyl-N-t-butylnitrone under the given
reaction conditions.

Chapter 4 is concerned with a mechanistic study on
the chromous-ion reduction of the tropylium ion in acidie
aqueous media. From the effects of various types of added
anions upon the reduction rate, it was proposed that the
chromous-ion reduction of the carbonium ion proceeds not
by the direct interaction of both reagents but through an
electron-transfer bridge, i.e., by a mechanism analogous
to the "inner-sphere mechanism" known in the field of in-
organic metal-complex chemistry.

In Chapter 5 is described the results of a kinetic
study on the reduction of some substituted tropylium ions
with Cr(II). The reducibility of the cations, as express-

ed by log k, of the chromous-ion reduction, was found to

2
be linearly correlated with the transition energy (pCT max)
of the charge-transfer band with pyrene as a standard donor,
and also with the polarographic half-wave potential of the
cations. From these observations, it was concluded that

log k, obtained by this method can be successfully used as

2
a relative measure for the electron affinity of the stable

carbonium ions in solution.
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This method was further extended to the reduction of
a seirgs of substituted phenyltropylium and n-alkyltropylium
ions, as is described in Chapter 6. In the former case, a
good linear free-energy relationship was observed with pKR+
and with Hammett's 6p (p= +1.31), rather than with Brown's
6P*, reflecting the twisting of the planes of the phenyl
and tropylium rings. On the other hand, a slight rate-
alternating effect of the n-alkyl group was observed in the
latter case.

In Chapter 7 is described the results of an exploration
of another method for the estimation of the reducibility,
applicable for the hetero-atom substituted tropylium ions
which are unstable in agueous media. The competitive reduc-
tion conducted in anhydrous acetonitrile with zinc was found
to be a satisfactory method suitable for the present pﬁr—
pose; its validity was confirmed from the comparison of the
results with those obtained with the chromous-ion reduction
method. The relative reducibility thus obtained was also

found to be linearly correlated with J Furthermore,

CT max”
the effect of hetero-atom substituents directly bonded to
the seven-membered ring upon the reduction rate was found
to be expressed by a Hammett-type correlation. The sensi-
tivity of the reactivity to the change in ring substituents
was shown to be much greater than in the case of substitu-
ted phenyltropylium ions.

In Chapter 8 is described an extension of the kinetic

study on the chromous-ion reduction to the cations of the
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cyclopropenium system. The relation of log kg, for the re-
duection of the tropylium and cyclopropenium ions, with pKR+
values was found to be expressed by independent two straight
lines with regard to each carbonium-ion system. On the
other hand, the log k2 —_ pCT T correlation was shown to

be linear regardless of the carbonium-ion structure, thus,
further confirming the validity of the chromous-ion reduc-
tion method for the estimation of "one-electron" reducibi-
lity with regard to the wider range of the carbonium-ion
structures.

In Chapter 9 was presented the results of a competi-
tive reduction of the triphenylmethyl cation and the tro-
pylium ion, and of an ESR study on the homolytic dissoci-
ation of 7-triphenylmethyl-1,3,5-cycloheptatriene, which
was produced by the cross-coupling of the triphenylmethyl
and tropyl radicals formed by the competitive reduction.
Owing to the considerable stability of the generated radi-
cals, this compound was found to dissociate readily at
¥60°C to the extent observable with ESR spectroscopy.

From the temperature dependency of the equilibrium constant
for dissociation, AH for the cleavage of the central carbon-

carbon bond was estimated to be 50 kcal/mole.

This thesis has described a fundamental study concern-
ing the one-electron reduction of the carbonium ion, which
is obviously one of the most essential chemical transfor-

mations for the generation of the organic radical.
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The extension of the present study will lead to the various
interesting subjects in the fields of both theoretical and
applied chemistry. Some of such expected subjects are as
follows: the exploration of new substituent constants expli-
citly applicable to the one-electron reduction of the carbo-
nium ion to the radical, the investigation into the photo-
chemical electron transfer through the formation of the
carbonium-ion charge-transfer complex, the synthetic study
of new types of hydrocarbons from the divalent carbonium
ions containing the cycloheptatrienyl and/or cyclopropenyl
unit, by the use of the intra-molecular coupling of the
radicals formed by the one-electron reduction, the appli-
cation of the present reaction to an initiation of the

radical polimerization, and so on.
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