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The oxidation of triethylamine by the two electron oxidant

thallium(III) chloride was studied and the results compared to those

when triethylamine is oxidized by copper(II) halides. This study

requires anhydrous conditions since in an aqueous system thallium(III)

chloride is extensively hydrolyzed and triethylamine causes

precipitation of thallium(III) oxide. Most of the work was carried

out in anhydrous acetonitrile. Synthesis techniques and analytical

methods for thallium(III) chloride had to be developed prior to any

comprehensive investigations of the oxidation-reduction reaction.

The stoichiometry of the reaction was investigated using inert atmos-

phere techniques and a variety of analytical techniques, including

potentiometric and conductometric techniques. In addition, character-

ization of the reaction products was undertaken by several methods.

Thallium(III) chloride reacts vigorously with an excess of



triethylamine to give white, solid thallium(I) chloride, triethyl-

ammonium chloride, and a red-brown tarry amine oxidation product.

The amine oxidation product is thought to be primarily a polymer of

N, N-diethylvinylamine. This tarry solid was separated completely

from the thallium salts, but always contained some chloride, possibly

present as an amine hydrochloride. The physical properties of the

polymer were not completely characterized.

The reaction is thought to involve an initial complex formation

between triethylamine and thallium(III) chloride, with rapid oxidation-

reduction occuring within the complex. There is then a net transfer

of two electrons, with loss of two protons and two chlorides to produce

two moles of hydrogen chloride and one mole each of thallium(I)

chloride and N, N-diethylvinylarnine. Subsequent reactions involving

polymerization of the vinyl amine and protonation of this vinyl amine

polymer and of free triethylamine occur. No secondary reactions

between thallium(I) chloride and the polymer, free triethylamine, or

triethylammonium chloride occur, but thallium(I) chloride does

react with excess thallium(III) chloride to form thallium(I) tetra-

chlorothallate(III). The oxidation-reduction reaction is rapid and

irreversible with no prolonged secondary changes occuring in the

reaction mixture upon standing. The secondary reaction of thallium(I)

chloride and thallium(III) chloride makes the apparent reaction

stoichiometry as determined by potentiometry and conductivity



unusual, and not the expected one to one mole ratio of triethylamine

to thallium(III) chloride.

The reaction of triethylamine and thallium(III) chloride differs

from that of triethylamine and free halogens, i.e. , chlorine and

bromine, in three aspects. First, the halogen reaction appears to

occur in two stages. The initial stage is a fast reaction producing

large amounts of solid products and a light yellow liquid layer,

After separation of the solids, a slower reaction continues in the

liquid, with the yellow liquid darkening to brown or black, and with

the precipitation of more solid products. This slow reaction continues

for days. Secondly, the initial reaction is much more vigorous than

that of thallium(III) chloride with triethylamine, Finally, the

stoichiometry of the halogen-triethylamine reaction is quite time-

dependent and variable whereas thalliurn(III) chloride reacts in a

single stage at a definite and reproducible mole ratio.

It is uncertain from this work whether the interaction between

thallium(III) trifluoroacetate and triethylamine in acetonitrile involves

any oxidation-reduction.
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THE OXIDATION OF TRIETHYLAMINE
BY THALLIUM(III) CHLORIDE

I. INTRODUCTION

The purpose of this research was to study the oxidation of

triethylamine by thallium(III) chloride. Attempts were made to

prepare a thallium(III) - triethylamine complex, which presumably

would be formed in the first step of the over-all reaction, as well as

a thallium(I) - triethylamine complex, which might be one of the final

reaction products. Since the role of thallium(III) chloride might

merely be to supply free halogen by dissociation, the oxidation of

triethylamine by chlorine (and bromine) was also investigated. The

action of thallium(III) trifluoroacetate on triethylamine was also of

interest in this regard.

Complexes of thallium(III) halides have been reported with

ammonia, ethylenediamine, and various aromatic amines such as

pyridine. However, no complexes involving monodentate aliphatic

amines are known. That aliphatic amines are poorer ligands than

ammonia has been amply demonstrated. With increasing alkyl

substitutions the polarizability of the amine nitrogen decreases; its

steric requirement increases. Also, saturated alkylamines cannot

participate in any sort of back pi-bonding. In addition, thallium(III)

chloride is only marginally stable and is difficult to prepare and



work with under anhydrous conditions. Therefore, it is not surpris-

ing that the thallium(III) chloride-triethylamine system has not been

studied since Meyer's report (53) in 1900 that thallium(III) oxide

was precipitated on mixing aqueous triethylamine and thallium(III)

chloride solutions.

Previous work in this research group (10, 11, 79, 80) has

shown that in the oxidation of the ethylamines by the one-electron

oxidizing agent copper(II) chloride, the alkyl group is dehydrogenated

in a two-electron process. Since thallium(III) is a strong two-

electron oxidizing agent, it was of interest to see if there would

be any difference in the oxidation process when it was used.

The need for anhydrous materials and experimental conditions

in this research led to the use of such inert atmosphere techniques

as the nitrogen-filled glove box and the Schlenk line, as well as to

the use of a high vacuum system (66). A variety of physical and

analytical techniques has been employed, such as potentiometry,

conductivity, and various spectroscopic methods.



II. HISTORY

Thallium Chemistry,

Introduction

3

Thallium, the last element in Main Group III, which was

discovered by Crooks in 1861, has not been widely studied

until recent times. Modern work in radiochemistry, kinetics, and

organometallic chemistry has expanded the use of thallium com-

pounds and renewed interest in its chemical behavior. One must

keep in mind that all thallium compounds are poisonous (9, 30),

that many are light sensitive, and that many are unstable with respect

to decomposition. The chemical and physical properties of thallium

and its compounds are compiled in Gmelin's "Handbuch der

Anorganische Chernie " (26). Lee (49 ) has recently reviewed thallium

chemistry.

The chemistry of thallium may be roughly separated into three

parts. The most important of these is the organometallic chemistry.

Recent reviews of organothallium chemistry have been published

(49, 72). The second and third major topics, the coordination

chemistry of thallium and its oxidation-reduction behavior, are more

directly relevant to this research. A brief review of some general

chemistry of thallium is in order first.



4

Thallium exhibits two stable formal oxidation states, +1 and

+3. The existence of these two stable states and the difference in

physical and chemical properties of their compounds play a dominant

role in thallium chemistry. The enhanced stability of the +1 state,

compared to the lighter elements of Group III, was attributed to the

"inert pair" effect which attached an extra measure of stability to

the 6 s 2 electron configuration (18). However, Drag° (20) has pointed out

that the low covalent bond strength is the primary factor that makes

the thallium(III) halides, especially the chlorides, less stable than

the corresponding thallium(I) halides. Drago attributes this decreas-

ing covalent bond strength to decreasing overlap of orbitals, since

the thallium valence electrons are spread out over a greater volume,

and to the increased electron repulsion of the valence electrons by

the inner shell electrons.
0

Thalliurn(I) ion has nearly the same radius (1.54 A) as the
+larger alkali ions, (K , 1.44 A; Rb , 1.5 8 A) and the silver ion

0
(1. 27 A) (17). Analogous to the alkali metal ions, its oxide is easily

formed and readily hydrolyzed to the hydroxide, which is a stable,

soluble strong base. However, thallium(I) is considerably more

polarizable than the alkalis. There is some evidence for the existence

of the specific complexes [T1(H 20)21+ in water (33) and T1(CH 3 CN) 21+

in acetonitrile (62). Like the silver salts, many thallous compounds

are relatively insoluble, especially the halides whose solubility



decreases in the order C1>Br>I, The chromate is quantitatively

insoluble and its precipitation can be used as an analytical method

for thallium(I).

Most thallium(III) compounds are hygroscopic and also some-

what unstable with respect to decomposition to thallium(I) compounds.

Special techniques are required for the preparation of anhydrous

thallium(III) salts, and their use under non-aqueous conditions and in

various organic solvents. Many thallium(III) compounds are soluble

in water. In the absence of coordinating ligands, the T1+3 aquo ion

is extensively hydrolyzed (17). Thallium(III) hydroxide does not exist,

and the hydrated oxide T1203.nH20 precipitates from basic solutions,

This is the basis of a quantitative separation and analytical method

for thallium(III). The weighing form, T1203, must not be dried

much above 100 oC, or it loses oxygen (67). Similarly, the anhydrous

chloride loses chlorine below 100°C; the bromide is less stable,

The anhydrous fluoride, nitrate, and sulfate fume. The more

stable carboxylate salts are useful in organic synthesis (72).

Coordination Chemistry

The coordination chemistry of thallium(I) is not extensive.

Thallium(I) chloride is incompletely dissociated in aqueous solution

and in the presence of a large excess of chloride ions the complex

ions [T1C12-] and [T1C143-] are formed. Weak complexes of



thallium(I) with ammonia and ethylenediamine are formed, with

stability constants of 0. 1 and 2. 5 respectively. Polymeric

thallium(I) complexes with the aromatic amines 1, 10-phenanthroline

and bipyridyl are known j49). A few thallium(I) complexes, such

as the dialkyldithiocarbamates, have been studied. Cyclopentadienyl

and acetylacetonate derivatives are also known. The coordination

chemistry of thallium(I) has been completely covered in a recent

review (50).

Thallium(III) is a much better Lewis acid, with many known

complexes. One limitation on its coordination chemistry is that it

is also a powerful oxidizing agent under appropriate conditions.

Complexes are the principal solute species in solutions of thallium(III)

salts with coordinating anions (chloride, oxalate, etc. ). In aqueous

thallium(III) chloride, for example, complex ions [ T1C1 3+

n = 1-4, have been reported. The stepwise formation constants

are 5. 22 x 106, 1. 25 x 105, 4. 82 x 102, and 6.53 x 101 (70). The

special stability of the [ trans-T1C12+] has been related to that of

the isoelectronic mercury(II) chloride (17). Many complexes of

thallium(III) with neutral oxygen donors (16, 53) (waters, alcohols,

ethers, phosphoryl compounds, sulfoxides), and nitrogen donors

(16, 38, 61) (ammonia, aromatic amines, diamines, nitriles) have

been reported, and a large number of solid halothallate(III)

salts is known. The most common coordination numbers
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of thallium(III) are 4 (tetrahedral) and 6 (octahedral). Some

examples of five-coordinated complexes have been reported recently.

The coordination chemistry of thallium(III) has been reviewed (78h

Thallium(III) is classified as a hard acid.

Oxidation-Reduction Behavior

Oxidation-reduction reactions involving the thallium system

have been extensively studied. They involve a two electron change,

with the intermediate T1+2 state being unstable. Lattice energy

calculations have shown that thallium(II) chloride cannot exist in the

solid state since it would disproportionate to T1+ and T1+3 (49). In

solution, the thallium(II) ion has been detected by polarography, but

the wave is more anodic than the Tl(III)/T1(I) couple.(21). Here too,

TI(II) is not stable (49).

The potential of the thallium(III)- thallium(I) redox couple in

water is pH-dependent, due to hydrolysis of thallium(III), and is

also sensitive to the presence of coordinating anions or other ligands.

The standard reduction potentials in acid perchlorate solution are

(48):

T1
-0. 34 25

T1+
+1.25

1+3

+O. 72



These values indicate that thallium(III) is a strong oxidizing agent.

Oxidation of thallium(I) requires vigorous conditions, and bromine

water is commonly used for this purpose.

Electron exchange reactions involving thallium have been

extensively studied and the work is included in Lee's review, and

also summarized by Basolo and Pearson (1). Of particular impor-

tance is the reaction between labeled thallium(I) and thallium(III),

which has been investigated under a variety of conditions. The

mechanism for the exchange is in doubt, for even if the existence

of thallium(II) is postulated, the rate law remains unaffected.

Evidence for thallium(II) is inconclusive in these studies. Similarly,

evidence has been presented both for and against thallium(II) as a

kinetic intermediate in oxidations by thallium(III).

Thallium(III) can oxidize a variety of organic compounds includ-

ing formic acid, olefins, cyclo- and bicyclo- alkanes, cyclohexanone

and 1, 2-cyclohexadione, phenols and hydroxyquinones, and ketones.

These reactions have been reviewed recently (57) and the subject

is covered in Lee's monograph (49),

Most germane to this research is the oxidation of enamines

(47) with thallium(III) acetate. The attack is not on the nitrogen,

but thallation of the 13-carbon occurs first. Dethallation results in

the addition of an acetate to this carbon, cleavage of the C-N bond,
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and formation of a-acetoxy ketones and thallium(I) acetate. A

mechanism is proposed but not conclusively established.

Thallium(III) trifluoroacetate, which is available commercially,

in anhydrous form, has been developed recently as a useful oxidizing

agent in organic synthesis (52). The oxidation of a saturated tertiary

amine function by this reagent has been noted, but the reaction was

not investigated (63).

Thallium Chlorides

This investigation involved a great deal of work with thallium(I)

chloride. This salt is commercially available, Its solubility at

25
oC is about 1. 5 x 10-2 M in water, 1. 8 x 10-4 M in methanol (71),

and 3- 7
19 x m in acetonitrile (12) It is slightly soluble in dimethyl-

sulfoxide, and insoluble in acetone, pyridine, benzene, and nitro-

benzene. The white solid is sensitive to light but non-hygroscopic

and stable in air; it melts at 430°C (28).

Thallium(III) chloride was the oxidant used throughout most

of this work. A solution of TIC1
3

may readily be prepared by passing

chlorine through a suspension of thallium(I) chloride. A variety of

solvents may be used such as water, alcohol, and most importantly,

anhydrous acetonitrile." In contrast, the isolation of anhydrous

solid thallium(III) chloride itself in pure form either from such

solutions or by other synthetic routes, presents considerable
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difficulties. While preparations of pure T1C1
3

have often been des-

cribed (27, 29, 51, 53, 58, 73, 74), the literature reports are

frequently in conflict and there is significant disagreement over the

characterization of the compound. For example, melting points have

been reported from 25°C (73)to 153°C (51). The extreme hygro-

scopicity, the low thermal stability with respect to loss of chlorine,

and the existence of phases and specific compounds intermediate

between the T1C1
3

and T1C1 compositions, are the obvious causes of

these inconsistencies in the literature.

The commercially available material is the white tetrahydrate,

which is the form obtained by evaporation of aqueous thallium(III)

chloride solutions. On partial dehydration in a vacuum desiccator

at room temperature, this forms a liquid which becomes covered

with a crust, inhibiting further loss of water. Eventually, a mono-

hydrate is obtained. Despite one report (53) that continued dehydration

unavoidably results in loss of chlorine there have been three reports

(51, 58, 73) of the preparation of anhydrous thallium(III) chloride,

with satisfactory analysis, on prolonged desiccation. Alternatively,

it is claimed that the hydrate can be converted to the anhydrous salt

by treatment with thionyl chloride or carbonyl chloride (29).

The preparation of the anhydrous material from the 1:1 adducts

with ether and with ethanol has been studied (70). It has been

claimed that the monoetherate, obtained from the hydrate by
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treatment with ether, loses ether in vacuo in ten days at room

temperature to give pure thallium(III) chloride, but that the alcoholate

loses part of its chlorine content on such treatment.

Concerning the acetonitrile solutions, obtained by chlorination

of a suspension of thallium(I) chloride, there is disagreement in the

literature both as to the nature of the solute species present and to

the composition of the residue obtained on evaporation. It has been

reported that the solution is non-conducting, implying the presence

of solvated molecular T1C13, and that crystals of a definite adduct,

T1C1
3.

2CH
3
CN' are deposited on partial evaporation and cooling,(61).

Other workers (16, 34) report a molar conductance about one-third

the value for a typical 1:1 electrolyte in acetonitrile and attribute

this to partial solvolysis to [T1C12(CH3CH)2+] and [T1C14 ions.

They report that an indefinite solvate is first crystallized from the

solution, and that this rapidly loses all its acetonitrile content on

pumping to give anhydrous thallium(III) chloride.

Thomas has studied the direct chlorination of thallium and

thallium(I) chloride using liquid chlorine and gaseous chlorine at

room temperatures and at elevated temperatures in a pressure

vessel. These methods produce anhydrous T12C13, T12C14 (or

T1C12), and T1C13 in mixtures which could not be separated. All of

these direct methods proved to be unsuitable for the synthesis of

anhydrous thallium(III) chloride (74).
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Thallium metal or thallium(I) chloride is oxidized by an excess

of nitrosyl chloride (b. p. -6°) by heating for several days at

100
oC in a bomb. The product is T1C13.NOC1, presumably of

structure NO+[T1C1
4

]' which has been described as a yellow or as

a colorless solid, It was first reported (58) that this does not evolve

nitrosyl chloride at room temperature, but subsequently the prepara-

tion of thallium(III) chloride in pure form was claimed by pumping

on this adduct at 20°C and 20 torr (27).

Solid thallium(III) chloride has a layer lattice of the A1C13 type

(81). It is readily soluble in water and in a variety of organic sol-

vents (67).

Approximate the rmochemical calculations' for the thallium-

chlorine-thallium(I) chloride-thallium(III) chloride system have

been presented (18). These do not take into account the compositions

lying between T1C1 and T1C13, which have been reported to constitute

a continuous series of phases. At least two specific intermediate
I

compounds, T1C12 or T1I[T1IIIC14] and T12C13 or T13[ T1
III

C16
3

I

are known (53). A variety of other "mixed valance" thallium corn-

pounds is known.

Acetonitrile as a Solvent

Acetonitrile is an extremely useful non-aqueous solvent for

the study of inorganic materials. This colorless liquid has many
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advantages including a suitable liquid range (freezing point, -45.7 0
C;

boiling point, 81. 6°C), a low viscosity (0. 33 cp. ) and a low specific

conductance (ca. 6 x 10-8 ohm -1 crn-1 ) (75). Kolthoff (39) and

Coetzee (15), have tried to measure the autoprotolysis constant

of acetonitrile with limited success. Acetonitrile has a dipole

moment of 3.37 D and a dielectric constant of 35.93 (36). Many

salts are soluble and often are highly dissociated in acetonitrile

solution. Examples of soluble salt types include many tri- and tetra-

alkylammonium salts, and many perchlorates, iodides, and thio-

cyanates. The chlorides and nitrates of sodium, potassium,

and ammonium are quite insoluble. Sulfates are generally insoluble.

The energy of solvation of many salts is lower in acetonitrile than

in water (40).

As a Lewis base, acetonitrile does form complexes with

several cations and the specific complex ions [Ag(CH
3

CN)
2

]
+

and [ Cu(CH3CN)4]+ are known in solution (3, 32). This complexing

ability is useful in stabilizing oxidation states which do not exist

in aqueous solution, e, g. copper(I). Many solid complexes have

been isolated (77).

Acetonitrile is toxic, and adequate ventilation is required

since it does have a high vapor pressure (100 torr at 27°C) (28).

The liquid is very hygroscopic. In fact, the greatest disadvantage of

using acetonitrile is the difficulty in purifying it. Refluxing and
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distillation from phosphorus(V) oxide has been recommended for

removal of water from the solvent (35). One group (45) recommends

a final treatment of the purified liquid with calcium hydride just

before use, and notes that the solvent soon regains traces of moisture,

even in a nitrogen filled glove box, Besides water, there are other

impurities in acetonitrile and many (56, 76 ) purification schemes

have been developed to yield solvent that is suitable for spectral

and electrometric work.

There has been a lot of conductometric work done in acetoni-

trile (25). Ranges and typical molar conductance values for dissoci-

ated 1:1, 2:1, and 3:1 electrolytes at 25°C and millimolar concen-

trations are 100-200 (159), 220-300 (260), and 340 - 420(380)

ohm 1. cm2 mole -1 respectively. Thallium(I) perchlorate and

fluoroborate show a higher molar conductivity than the rubidium or

silver analogues; this is attributed to a lower degree of solvation

and thus higher mobility of the thallium(I) ion (83).

There has been a considerable amount of polarographic research

performed on materials in acetonitrile solutions (13, 40, 41).. A

wide potential range is available in this solvent. The half wave

potential of the thallium(I)-thallium couple at the dropping mercury

electrode is -0. 27 v. vs. aqueous SCE (14). No report of the

thallium(III)-thallium(I) polarographic behavior in acetonitrile has

been found.
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Pleskov (60) showed that the silver- 0.01 M silver nitrate

system is a suitable reference electrode in acetonitrile and

Kratochvil et al. (46) have further established the behavior of this

system. Senne and Kratochvil (64, 65) have also used a silver

amalagam-silver perchlorate reference electrode system and report

that it is stable and reproducible. The latter reference electrode

was used throughout most of the potentiometry involved in this work.

Acetonitrile is also a convenient solvent for synthetic work in

both organic and inorganic chemistry. It is relatively inert, and has

been found useful, for example, in chlorination reactions. It is

subject to slow hydrolysis, giving acetamide and eventually ammonium

acetate.

Oxidation of Amines

General

The oxidation of amines has been studied by several investi-

gators. While many peroxides convert tertiary amines to the amine

oxides, it is more generally found that amine oxidation involves

the loss of two electrons and two hydrogen ions, with the formation

of enamines. These reactive intermediates often undergo secondary

reactions yielding a variety of products, including ammonium salts.

The nature of these secondary products often depends on reaction
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conditions, the solvent, and the nature of the reduced species. It is

also found that tertiary amines may react in a different manner than

do secondary and primary amines. Studies have shown that tertiary

amines are more easily oxidized than primary or secondary amines,

and the usual tendency toward oxidation is in the order

R3N> R NH > RNH
2

> NH3 .

Oxidation of ammonia has been observed at elevated temperatures,

whereas oxidation of tertiary amines has been noted at room tempera-

ture or below. The sequence above is not completely rigorous since

any special basicity, resonance, inductive or steric effects due to

the R groups are not considered. The nature of the oxidant may

change the general trend too.

Thallium(III) chloride may act itself as an oxidizing agent, or

may decompose thermally to thallium(I) chloride and chlorine,

Therefore, a consideration of the oxidation of amines both by metal

halides and by free halogens is pertinent to this review.

Oxidation by Metal Halides

Perhaps the greatest attention has centered on the oxidation

of amines by copper(II) halides. Two groups of workers have

studied the oxidation of ammonia in the dichlorodiamminecopper(II)

complex (68, 69). Thermal analysis indicates that one ammonia
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ligand is lost before any oxidation-reduction occurs. The internal

oxidation-reduction then produces copper(I) chloride, nitrogen, and

hydrogen chloride. The latter then reacts with ammonia to give

ammonium chloride. The over-all equation is

6 Cu Cl
2'

2NH
3

>300------> 6 Cu Cl + 4 NH3 + N2 + 6 NH4
C1.

A mechanism involving atomic chlorine as an intermediate was

presented.

Complexes of copper(II) chloride or bromide with the methyl-

amines were prepared and all except the copper(II) bromide-methyl-

amine complex were found to be unstable thermally with respect to

oxidation-reduction. Trimethylamine was oxidized most readily

while methylamine was least reactive. The reaction of dichlorobis-

(methylamine)copper(II) was studied qualitatively by Simon and

coworkers. They suggested the equation

90o
2 CuCl 2' 2CH

3
NH2 ----> 2 Cu Cl + 2 CH

3
NH

3
Cl + 2 CH

4
+ N2.

An implausible mechanism, again involving the formation of a

chlorine atom, was proposed_(68).

Yoke and his students (11, 80) have investigated the oxidation

of the ethylamines with copper(II) chloride. They find the system to

be very complicated indeed. Complexes of the primary, secondary,
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and tertiary ethylamines with copper(II) chloride were isolated and

characterized by reflectance and infrared spectra, and magnetic

measurements. Some X-ray powder pattern analysis was performed,

As a corollary to their work, many complexes of the ammonium-

amine-copper(I) chloride-dichlorocuprate(I) systems were identified.

The investigation showed that the oxidation-reduction reaction

involving triethylamine and copper(II) chloride was somewhat dif-

ferent than when the diethyl- or ethyl-amines were oxidized by

copper(II) chloride. This difference in behavior was attributed to

a structural difference in the tertiary amine complex.

In the case of the dichlorobis (triethylamine)copper(II) complex,

it was found that one sixth of a mole of triethylamine was oxidized

for each mole of copper(II) reduced to copper(I). At 0 oC, an orange

intermediate was observed which at room temperature gradually

changed to the chloro(triethylamine)copper(I) complex and the hydro-

chlorides of triethylamine and of a red-brown, tar-like, polymeric

amine oxidation product. Hydrolysis of the orange intermediate

yielded acetaldehyde and diethylamine. The postulated mechanism

is complicated, but involves an initial one-electron abstraction from

the triethylamine, and disproportionation of the radical thus formed

to give an enamine. Repeated steps lead eventually to a polymer of

trivinylamine. The total reaction is
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1
CuCl2' 2N(C H

5 -5 b
) -- 5

35
> (C_H_)_NHC1 -6T; [(C2H ) NHCl]n +

CuCl N(C 2H )

Clifton's work (10) on the copper(II) chloride oxidation of ethyl-

and diethyl- amine showed significant differences in reaction

behavior. In these cases, not only was a higher temperature neces-

sary to induce oxidation-redution, but the intermediate stages were

quite different than for the triethylamine oxidation. Ethyl- and

diethyl- amine also form dichlorobis(amine)copper(II) complexes but

the loss of one-half of the amine content to the gas phase is a pre-

requisite to the thermally induced oxidation-reduction reaction in

these species. The net oxidation may again be represented by

(CH3CH2)N < 2e + 2 H+ + (CH2---,CH)N <

with polymerization of the vinyl amine. The reduction half-reaction

is

2 CuCl
2

+ 2e --> 2 CuCl2 2 CuCI + 2 Cr.

While the stoichiometry of triethylamine oxidation corresponds to

dehydrogenation of all three ethyl groups, and that of ethylamine

corresponds .to dehydrogenation of the one ethyl group, the stoi-

chiometry of diethylamine oxidation indicates dehydrogenation of

more than one but less than two ethyl groups on the average.
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Analysis indicated that 0.39 ± 0.02 mole of diethylamine was

oxidized per mole of copper(II) reduced. These results imply that

the degree of crosslinking in the polymeric amine oxidation products

should decrease in the sequence triethylamine >diethylamine>

ethylamine. This is in agreement with the molecular weights, as

inferred from the intrinsic viscosities of solutions of the polymers.

The stoichiometry of the simplest case, involving ethylamine, may

be represented by the equation

1 1

2Cu C12.0
2

H
5
NH2 2n

[C
2
H

3
NH

2
HC1] n 2

+ C H
5
NH

2
' HC1 + CuCl,

although the actual reaction products are based on a series of neutral

and anionic copper(I) complexes.

It has been noted (24) that other metal ions in high valence

states oxidize alphatic amines. Thus iron(III), tungsten(IV), and

tungsten(V), vanadium(IV), and titanium(IV) are reduced by alphatic

amines. The emphasis of these investigations was on the isolation

of complexes of the reduced metal salts, and no work was done on

characterizing the amine oxidation products.

In a recent study, Kiesel and Schramm (37) report the stoichio-

metry of the oxidation-reduction reaction between trimethylamine

and vanadium(IV) chloride as
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2 VC1
4

+ 7 N(CH 3)3--)N 2 VC1
3

2 N(CH3)3 + (CH3)3 NHC1 +

(CH3)2 NCH
2

N(CH 1
3 3

The reactant ratio was confirmed by mass measurements. The

presence of the bis(trimethylamine)vanadium(III) chloride complex

was established by its extraction from the reaction mixture and

its ir spectrum. Similarly, trimethylammonium chloride was

identified by ir spectrophotometry. The amine oxidation product was

not isolated but was prepared from the reaction of dimethylmethylene-

ammonium chloride and trimethylamine and its ir spectrum was

identical to that material in the reaction mixture.

A complicated mechanism involving an initial complex of

vanadium and trimethylamine with the subsequent elimination of

atomic chlorine is proposed. Formation of dimethylmethylene -

ammonium chloride salt results and this then reacts with another

molecule of trimethylamine to give the postulated product,

Oxidation by Halogens

Deno and Fruit (19) have studied the oxidation of tertiary

amines by bromine in buffered aqueous solutions. Their work

reveals a stoichiometry in which one mole of amine is oxidized by

one mole of bromine. The tertiary amine oxidations involve the

cleavage of an aliphatic group and the formation of the corresponding
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secondary amine, and an aldehyde, For example, the equation for

triethylamine oxidation is

(C2H5)3N + Br2 + 2 CH3C00 + H 0) (C2H )2NH + CH3CHO +

2 CH
3
COOH + 2 Br .

Kinetic studies showed the rate of disappearance of bromine to be

first order in both bromine and amine. It was concluded from pH

studies that the free amine, and not the protonated aminium ion,

is the reacting species; complicated equilibria involving bromine,

tribromide ion, hypobromous acid, and hypobromite ion precluded

definite evaluation of the pH effect. A variety of reaction intermedi-

ates, such as N-haloamin.es and enamines, has been suggested in

this work and in earlier studies of aqueous systems. Deno concluded

that the essential feature was the loss of the a-hydrogen as a proton

and the abstraction of an electron pair from the nitrogen by bromine.

BOhme and coworkers (5, 6, 7) found similar results for

the reaction under non-aqueous conditions. The reaction pathway

they suggest involves the formation of the addition product,

R3NBr2, and its decomposition upon heating. The stoichiometry for

trimethylamine oxidation is one mole of amine oxidized per mole of

bromine reduced. The reaction scheme postulated is
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(CH
3)3N

+ Br
2

> (CH
3

)
3
N Br

2
(or [(CH

3
)
3
NBr] +Br-)

(CH3) N Br2 ---> (CH3)2(CH2)NBr HBr

(CH3)2(CH2)NBr > (CH3)2NCH2Br

(CH
3

)
2
NCH

2
Br + H2O > (CH

3
)
2
NH + CH

2
0 + HBr .

Species involving the tribromide ion were identified when bromine

was present in excess.

The tertiary amine-halogen adduct formed in BOhme's first

step is well known as a charge-transfer complex in the case of

iodine. The triethylamine-iodine complex is stable in n-heptane (4)

but decomposes in p-dioxane, giving iodide ion and unidentified

oxidation products.
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Except as noted below, solvents were Reagent Grade and were

purified by distillation from phosphorus(V) oxide.

Acetonitrile. Acetonitrile was purified by two methods. Dur-

ing the first part of this investigation it was purified according to

the directions of Weiss. The procedure involved shaking Reagent

Grade (Mallinckrodt) acetonitrile three times with ice cold 50%

sodium hydroxide solution in a separatory funnel, and then shaking

with anhydrous sodium sulfate. After filtering the solvent, it was

shaken with successive batches of phosphorus(V) oxide until a fine

white suspension remained. The- acetonitrile was then distilled in

an all glass apparatus protected from atmospheric moisture by a

Drierite-filled drying tube, and was stored over Linde 4A molecular

sieves. Boiling point of the distillate was 81 o -82
o

C.

However, the preceeding method was exceedingly slow and led

to large losses. A modified procedure employed shaking the acetoni-

trile with calcium oxide and a fast primary distillation. The

distillate was then shaken with phosphorus(V) oxide until the suspen-

sion formed, and then distilled as before. Just prior to use, the
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solvent was tested for dryness with calcium hydride,

Methanol. Two hundred fifty ml. of technical grade methanol

was added to three grams of magnesium turnings in a 1000 ml. flask

equipped with a reflux condenser and protected from moisture by

Drierite. When the initial reaction was over, another 400-500 ml.

of methanol was added to the liquid and the mixture was stirred.

The resulting solution was distilled in an all glass apparatus equipped

with a drying tube. The fraction boiling at 64. 8oC (ca. 760 torr)

was collected and stored under nitrogen until use (22).

Kerosene. This was refluxed over sodium ribbon for one hour

and distilled. The fraction boiling between 164 -179
o C was collected

and used the next day.

Thallium Reagents

Thallium Metal Rod. Thallium metal rod, (5/8 in. diameter,

99.98%), was purchased from the Alpha Products Division of the

Ventron Corporation. Turnings were made from the metal rod on the

lathe. The surface of the silvery metal turnings quickly became

discolored in the air to a bluish and ultimately, black color of T120,

Thallium(I) Chloride. Thallium(I) chloride was ultrapure

(99. 999% T1C1) material purchased from the Alpha Products Division

of the Ventron Corporation, lot #123169. It was used without any

treatment except for drying at 100o C. The stock material was
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stored in air since thallium(I) chloride is not hygroscopic. Although

this material is reported to be photosensitive, it was not stored in

the dark.

Thallium(III) Chloride Tetrahydrate. Thallium(III) chloride

tetrahydrate was obtained from K & K Laboratories, lot #69883.

The specifications indicate that it is 99.9% pure.

Thallium(III) Trifluoroacetate. Thallium(III) trifluoroacetate

(anhydrous) was purchased from the Aldrich Chemical Company,

lot #020537. It was stored in a nitrogen filled glove box until used.

Amine Reagents

Triethylamine. Triethylamine was purified by several dif-

ferent methods. In one method, the amine (Matheson, Coleman,

and Bell) was refluxed over and distilled from barium oxide onto

calcium hydride. The mixture was then stirred for one week and

the triethylamine was redistilled in an all glass apparatus protected

from the atmosphere. The distillate was stored over calcium

hydride. The purified triethylamine was fractionally distilled in the

vacuum line, and was found to be tensiometrically homogeneous.

The vapor pressure (66 torr at 25°C) agreed with the literature

value (84). In a second method, triethylamine was refluxed over

and distilled from sodium ribbon. The distillate was shaken with

successive batches of phosphorus(V) oxide until a suspension formed.
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The amine was then redistilled and stored over molecular sieves

or calcium hydride.

Triethylammonium Chloride. Triethylammonium chloride was

Eastman Reagent Grade. It was recrystalized three times from

absolute ethanol, dried in vacuo at 30 oC for twelve hours and stored

in a desiccator over Drierite; m. p. (sealed tube), 251. 5 -253 C;

lit. 254 C (84). Anal. Calculated for (C2H5)3 NHC1: Cl, 25. 67; eq.

wt. 137. 66. Found: Cl, 25. 66 ± 0. 22; eq. wt. , 139. 1 t O. 3.

Other Materials

Nitrosyl Chloride. Nitrosyl chloride was prepared according

to the method of Morton and Wilcox (55). Five hundred ml. of con-

centrated Reagent Grade hydrochloric acid was poured into a 1000

ml. 3-necked flask equipped with a True-Bore stirrer, a 250 ml,

addition funnel, and an air condenser. The air condenser served as

a purification train and was packed with granular potassium nitrite,

a glass wool plug, sodium chloride, a second glass wool plug,

Drierite, and a final plug, giving three distinct sections. Care must

be taken to see that the tube is not packed too tightly or the nitrosyl

chloride gas will not blow through quickly enough and the preparation

time will be very long. With stirring, a saturated potassium

nitrite solution was added dropwise to the flask. An orange-red

liquid and a precipitate of sodium chloride formed and gaseous
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orange-red nitrosyl chloride was evolved. This passed through the

packed tube, and was condensed in a trap cooled with Dry Ice and

acetone and protected from atmospheric moisture by a Drierite-

filled drying tube. After approximately 60 ml. of nitrosyl chloride

had been collected, it was frozen in liquid nitrogen. The trap con-

taining the yellow solid was transferred to the vacuum line and

evacuated. The liquid nitrogen bath was replaced by an ice bath and

the nitrosyl chloride was distilled into a -46° trap (chlorobenzene

slush bath). This distillate was then used in synthetic work.

Halogens. Chlorine (Hooker Chemical Co. ) was passed

through concentrated sulfuric acid and then glass wool before it

was used in the various experiments.

Bromine was Baker and Adamson Reagent Grade material and

was used without further purification.

Analysis

Thallium Analysis

The subject of thallium analysis has been covered in many

places (43, 44, 59). Many methods were tried in an attempt to find

a good quantitative analytical method for the determination of macro

amounts of thallium. Analytical methods are based either on

thallium(III) or thallium(I) and a sample may be brought into solution
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and its thallium content converted to the appropriate oxidation state

by the use of reagents such as bromine water or sulfur dioxide.

The following two methods of gravimetric analysis were found

to give satisfactory results.

Precipitation of Thallium(III) as Thallium(III) Oxide From

Ammoniacal Solutions. As mentioned before, thallium(III) is quanti-

tatively precipitated from an alkaline solution. When it was necessary

to separate thallium(III) from a solution before analysis of other ions

and to determine the thallium(III) content quantitatively, the following

procedure was employed.

Ammonia was added to the stirred solution until it was alkaline

to universal pH paper and the precipitation of the brown-black gela-

tinous solid appeared complete. The solution was then boiled to

digest the solid and make it easier to filter. The hot solution was

then allowed to cool, and 2-5 ml. of concentrated aqueous ammonia

was added to keep it basic. After sitting 2-4 days at room tempera-

ture, the mixture was filtered through tared, fine porosity sintered

glass crucibles. The precipitate was washed with water and dried

for 20 minutes in an oven at 100°C. The black solid was then

desiccated over phosphorus(V) oxide for 2-10 days or until it came

to constant weight, The weighing form is T1203. Thallium(I) can be

determined in the filtrate, or can be oxidized to thallium(III) prior to

total thallium analysis.
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Precipitation of Thallium(I) Chromate From Ammoniacal Solu-

tion. This required prior removal of thallium(III) ion, or reduction

of the thallium(III) to thallium(I) to give total thallium content (58).

Reduction of thallium(III) was done as follows. To a neutral

solution containing thallium(I) and thallium(III), 10 ml. of freshly

prepared saturated sulfur dioxide solution was added. (Adding a

solution of sodium bisulfite to an acid solution of the thallium(III)

failed to result in complete reduction of T1 +3. ) This solution was

allowed to sit at room temperature for 1-2 days, and then was boiled

to remove excess sulfur dioxide.

Thallium(I) was determined in the following manner. The

neutral solution was made basic by adding 10-15 ml. of concentrated

aqueous ammonia. Ten ml. of 10% sodium chromate solution was

added with stirring, and the solution brought to near boiling. After

the solution cooled, it was checked with universal pH paper to see if

it were alkaline; if not, 3-5 ml. of concentrated aqueous ammonia

was added. The basic solution was allowed to sit for at least 2 days.

The very fine yellow precipitate was filtered through tared, fine

porosity, sintered glass crucibles. If some of the precipitate

passed through the filter, the filtrate was refiltered through the same

filter crucible. The solid was washed with 1% sodium chromate

and then with 50% ethanol and dried to constant weight in an 1000C

oven. The weighing form is T12CrO4.



31

The methods attempted and found unsatisfactory are listed

below, together with references containing published procedures and

comments.

Precipitation of Thallium(I) With Thionalide. (Thionalide is

the (3-aminonaphthalide of thio glycolic acid with the formula

C10 H
7

-NHCOCH
2

SH. Reagent Grade material was purchased from

Pfaltz & Bauer, Inc. ) Pure thallium(I) chloride was used to test

this analytical method. A low result was obtained (0/0T1 found, 83.9;

calcd. , 85. 2) and the precision was unsatisfactory (o = 1. 8% Ti).

It was found that the yellow solid weighing form, thallium(I) thionali-

date, decomposed at the recommended (44) drying temperature of 100?C.

Iodometric Titrations Involving the Oxidation of Iodide in Acid

Solution by Thallium(III) and Back Titration With Standard Thiosulfate

Solution. The concentration of the titrant necessary in this work,

0.001 M, lead to a gradual end point change of color rather than a

sharp one.

Addition of EDTA to a ThalliumpIll Solution and Back Titra-

tion with Either Thorium(IV) or Lead(II) Nitrate ( 8, 23). This

method was tested using the commercial T1C13.
4H20. Assuming

the exact hydration shown, the calculated %T1 would be 53.39. The

thorium titration gave 51.74% TI, o- = 0. 81% Ti, and the lead titra-

tion gave 51. 66% Tl, C T = 2. -`29% Tl. The precision was considered

unsatisfactory here and in a similar test using a dehydrated sample
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of the thallium reagent. When back titrating with thorium(IV)

nitrate, the pH has to be controlled at 2. 8 or the Alizarin Red S

indicator does not perform properly. The back titration using

lead(II) nitrate and PAN indicator at pH 8-9 worked when no nitrogen

as amine was in the system.

Oxidation Titration of Thallium(I) Using Cerium(IV) Sulfate

Titrant (82). Both visual and potentiometric methods of end point

detection were tried. In "clean" systems of just thallium(I) salts,

both seemed to perform well, the visual method being easier. With

the complex reaction products, the method failed to give satisfactory

results,

Chloride Analysis

Gravimetric silver chloride analysis cannot be directly per-

formed on a thallium(III) chloride solution, Thallium(III) interferes

by reacting with the silver nitrate to give thallium(III) nitrate, which

coprecipitates as a brownish material in aqueous solution (54).

Therefore, chloride was determined in the filtrate after separation

of thallium(III) by precipitation of thallium(III) oxide. Chloride

analysis was performed in the usual gravimetric manner.

Solutions containing any amine had to be made basic with

sodium hydroxide and boiled beforehand in order to remove all the

excess volatile amine.
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Triethylamine Analysis

Solutions of triethylamine in acetonitrile were analyzed by

aqueous acid-base titrations. In one case, the sample of triethyl-

amine solution in acetonitrile was pipetted into a beaker, diluted

with water, and titrated with hydrochloric acid, using a pH meter.

All other titrations were done indirectly. An excess of standard

hydrochloric acid solution was pipetted into a beaker, the amine

solution was added, and the mixture was back titrated with standard

sodium hydroxide. The end point was determined either using

methyl red or from pH measurements.

Equivalent Weight of Triethylammonium Chloride

A weighed sample was treated with a known excess of sodium

hydroxide. The solution was boiled, and titrated with hydrochloric

acid to the bromcresol green endpoint (green to yellow).

Carbon, Hydrogen, and Nitrogen Analysis

All carbon, hydrogen, and nitrogen elemental analysis were

done by C. F. Geiger, Ontario, California,
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Instrumental Methods

Infrared Spectra

Infrared spectra, in the range of 4000 to 625 cm -1, were

recorded on a Beckman Model IR-8 double beam spectrophotometer.

The wavelength scale was calibrated with the spectrum of a poly-

styrene film. Sodium chloride plates were used. Samples were

run as Nujol mulls or thin films.

Nuclear Magnetic Resonance Spectra

NMR spectra were obtained with a Varian HA- 100 instrument.

The samples were chloroform or duteriochloroform solutions.

Tetramethylsilane was added as an internal reference. Chemical

shifts are reported in ppm (6) vs. TMS,

Conductivity

Conductivity measurements and titrations were performed

using an Industrial Instruments Model RC16B conductivity bridge.

A dipping cell was used, with a pair of platinum electrodes in fixed

geometry and a standard taper joint. This dipping cell fitted into

two different kinds of cell bottom chambers, one for conductance
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measurements and another for titrations. The cell constant was

0.102 cm -1.

Conductivity Measurements. Conductance measurements were

performed in the standard way. The specific conductance (L, in

units of ohm-1 cm-1) of a solution is the measured conductivity

times the cell constant. Molar conductance (units: ohm 1 cm2
M

-mole 1
i) is given by

(1000/M) L

where M is the molar concentration of the solute.

The conductivity cell was dried in a vacuum oven at 60°C and

ca, 30 torr for several days. The bottom chamber of the cell was a

test tube with a standard taper joint. The acetonitrile solutions were

prepared and transferred to the cell in a nitrogen-filled glove box.

The sealed cell was then taken out of the dry box and the conductivity

immediately measured.

Conductometric Titrations. Conductometric titrations were

performed in the apparatus shown in Figure 1. The titration cham-

ber had four openings: a gas inlet tube, a gas exit, a joint for the

electrodes, and a ball and socket joint ending in a buret tip. A

modified buret could be clamped to the latter joint. The cell was

deep enough to allow the use of a magnetic spin bar. Reagents could
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Nitrogen in To
Conductance

bridge

Figure 1 Conductometric Titration Cell. The nitrogen steam
was pre-saturated with acetonitrile solvent vapors before
being bubbled through the cell. The gas exit tube is not
shown, but would be directly in front of the electrode
holder in the center of the cell.
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be placed in the cell and the buret, and the titration conducted,

under an atmosphere of dry nitrogen.

Potentiometry

pH Measurements. pH measurements were made using three

different pH meters. Most pH titrations measurements were made

using a Beckman Model 72 pH meter. Some work was done using a

Chemtrix Type 60 digital pH meter. A recording pH meter consist-

ing of a Heath Model EUW-20A multispeed recording potentiometer

equipped with a Heath Model EUW-20-11 pH-electrometer attachment

was also used. The electrode system was a Beckman glass electrode

vs. a Beckman saturated calomel electrode in all cases.

Thallium Potentiometry. Potentiometric titrations were per-

formed using a Heath recording potentiometer with the pH-

electrometer attachment. The potential scale was not standardized

and all titrations were interpreted on the basis of the relative milli-

volt change. One titration was performed using the Chemtrix Type

60 digital pH meter described above; this instrument was standard-

ized to give absolute potential readings.

The titration cell employed was that described by Hillard (31).

The cell consisted of three separate compartments separated by

ultrafine porosity sintered glass frits. In the reference chamber,

the electrode was either. a silver wire or a silver amalgam prepared
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according to the directions of Senne and Kratochvil. The saturated

amalgam was stored in the air and in contact with solid silver wire.

It was added to the cell at the start of a series of tests and was not

reused. Electrical contact to the silver amalgam was made with a

platinum wire which did not come in contact with the solution. The

reference chamber solution was a 0. 1 M silver perchlorate solution

prepared by mixing 1. 2781 g. silver nitrate and 1. 0162 g. sodium

perchlorate each in 75.0 ml. of acetonitrile, The resulting insoluble

sodium nitrate was filtered, and the filtrate was stored over Linde

4A molecular seives in an amber glass bottle until needed. The

bridge chamber solution was freshly made before each experiment.

Sodium perchlorate, 1.2223 g., was weighed out into an 100 ml.

volumetric flask and dissolved in freshly purified acetonitrile. The

bridge solution was replaced between runs and was stored in a

nitrogen-filled glove box.

The test chamber contained a Teflon coated magnetic stirrer,

a platinum wire electrode, a gas bubbler, and a buret tip connecting

joint. The total volume of the test chamber was about 75 ml.

Preparation of Thallium(III) Chloride

Thallium(III) chloride solutions were prepared by the chlorine

oxidation of thallium(I) chloride suspended in various solvents. In
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addition, several attempts were made to synthesize thallium(III)

chloride as the anhydrous solid.

Thallium(III) Chloride Solutions

For the chlorination of a suspension of thallium(I) chloride,

the solvents used were water, absolute methanol, and acetonitrile.

A weighed amount of thallium(I) chloride (0. 5 - 15 g., accurately

known in each case) and the solvent were put into a Schlenk flask

equipped with gas inlet and outlet tubes. The gas inlet tube was

equipped with a three-way stopcock, so that the gas stream could

be either nitrogen, chlorine, or a mixture of the two. The exit tube

led to a mineral oil bubbler. The air was displaced with nitrogen,

and then chlorine was bubbled through the reaction mixture with

magnetic stirring. When all the thallium(I) chloride had dissolved,

the chlorine flow was terminated. On one occasion, when methanol

was used as solvent and when the reaction mixture was warmed at

this point, a violent explosion occurred, The solutions had a greenish-

yellow color, due to excess chlorine. Much of this was swept out of

the system by purging with nitrogen. It was found that the most

expeditious and effective method of complete chlorine removal was

to apply a rough vacuum to the solution, using the Schlenk manifold.

This quickly gave clear, colorless solutions.

Standard solutions of thallium(III) chloride in acetonitrile were



40

then prepared by dilution of the acetonitrile reaction mixture in a

volumetric flask under nitrogen in the glove box. Aliquots were

taken for thallium and chloride analysis. The concentrations so

found agreed well with the calculated values based on moles of

thallium(I) chloride used, particularly when the excess chlorine had

been removed by a 10 minute nitrogen purge followed by evacuation

for 15 minutes (Solution 1). Use of a nitrogen purge only, for 10

hours (Solution 2), or for 6 hours (Solution 3), gave less satisfactory

results. The analytical data are given in Table 1.

Table 1. Standard solutions of thallium(III) chloride in
acetonitrile.

Solution

Calcd. from T1C1 Used Found

[T1] [C1] [TI] [C1]

1 0.1001 0.3003 0.1015a/ 0.3031

2 0.02513 0.07539 0.02501b/ 0.07040

3 0.02593 0.07779 0.0256113j 0.1056

a/ Tl(III) by T1203 method.

b/ Total T1, by T12CrO4 method.

Attempted Preparation of Anhydrous Solid
Thallium(III) Chloride

Chlorination of Solid Thallium or Thallium(I) Chloride. The

chlorination of solid thallium or thallium(I) chloride was attempted.
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A chlorine gas stream was passed over thallium metal turnings in a

tube warmed by an infrared heat lamp. There was no apparent

reaction. Liquid chlorine was condensed onto solid thallium(I)

chloride in a tube immersed in a cold trap, and the reaction mixture

was kept for some time at -45oC (chlorobenzene slush bath). Again

there was no apparent reaction. These observations are in accord

with the previous literature (73, 74).

Removal of Solvent From Thallium(III) Solutions. Removal of

solvent from thallium(III) solutions proved to be partly successful.

Methanol was removed in vacuo from a solution of thallium(III)

chloride prepared as described above. The analysis of the white

non-volatile residue indicated that a mono-solvate had been obtained.

Anal. Calcd. for T1C13 CH3OH: Tl, 59. 6. Found: Ti, 59. 5 ± 0. 7.

Dehydration of the residue similarly obtained by evaporation

at room temperature in vacua of an aqueous thallium(III) chloride

solution, using the thionyl chloride method of Hecht (29), gave a

partly decomposed product containing thallium(I) which was not

soluble in water. An attempt to convert the hydrate to the etherate

and thence to the anhydrous salt, as described by Meyer (53), gave

a product whose thallium content was nearly 10 percent low. Simple

desiccation of the commercial tetrahydrate for two months over

sulfuric acid was more successful. The phase changes observed

were as described by Thomas (73). The product showed yellow



42

surface discoloration. Anal. Calcd. for T1C13: T1, 65. 77; Cl, 34. 23.

Found: TI, 64.9 ± 0.8; Cl, 33.9.

Reaction of Thallium and Nitrosyl Chloride. The thallium and

nitrosyl chloride method of Groeneveld and Zuu.r (27) was followed.

In preliminary experiments, glass bombs made from Carius tubes

were used. These all exploded on being heated above 70°C. Further

synthetic work was done using a Parr Instrument Co. Model 4751

General Purpose Bomb, 128 ml. capacity, of Monel construction,

with a Monel coupling and pressure gauge assembly. The bomb

parts were dried at 110 C in an oven. Thallium turnings, 1-3 g. ,

were weighed and placed in the bomb. This was chilled in a freezer,

and 50 ml. (liquid) of freshly-distilled nitrosyl chloride was intro-

duced. The bomb was then sealed and placed in an 100°C oven for

six days with occasional shaking. After the reaction, plugging of

the small opening made venting of the excess nitrosyl chloride impos-

sible. The bomb was opened in a wooden, nitrogen-filled glove box

and the excess nitrosyl chloride and nitrogen oxides were allowed

to evaporate; the fumes were flushed out the window. The resulting

brownish-red or brownish-yellow solid was put into a flask equipped

with a stopcock and pumped on at 20 torr for several days at room

temperature. It failed to become colorless, in contrast to the report

of Groeneveld and Zuur. The product was ground under nitrogen in

the dry box and stored in a vacuum desiccator over phosphorus(V)
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oxide, The material was partly insoluble in water and analyses

were unsatisfactory, (for example; Ti, 57.25 1. 5; Ci, 45.2

3%),

Thallium(I) Chloride - Triethylamine System

All investigations of the thallium(I) chloride-triethylamine

system were done in the absence of air using vacuum line techniques.

With one exception, these studies were carried out in the dark.

Preliminary Experiments

In a number of experiments, a weighed amount of thallium(I)

chloride was placed in a flask equipped with a Teflon coated magnetic

stir bar and a vacuum stopcock. The flask was then evacuated to

5-10 microns, After the evacuated apparatus had been tared,

triethylamine was distilled through the vacuum system into the flask.

The system was closed off and reweighed. The mixture was then

stirred in the dark for 2-7 days. All volatile material was then

removed in vacuo from the flask. This volatile material transferred..T1.,

quickly, i. e, lengthy pumping on the reaction residue was not nec-

essary. Triethylamine was the only component in this material

according to its weight, its gas chromatogram, and its nmr spectrum,

The weight of the non-volatile solid residue was determined. In all

cases the weight of the solid residue exceeded that of the starting
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thallium(I) chloride by only a trivial amount. Similarly, when in

one experiment absolute ethanol was added to the reaction mixture

as a solvent and then removed with the volatile components, the

weight of the non-volatile residue was the same as that of the

thallium(I) chloride used, within experimental error.

In another similar experiment, the reaction was not shielded

from the light. The solution turned brown, and later, a grey color.

The final solid residue was discolored; apparently photochemical

decomposition had occurred.

Isothermal Pressure-Composition Studies

In other experiments, an excess of triethylamine was removed

in portions from its mixture with thallium(I) chloride in a vacuum

line reaction bulb, in connection with a 20°C C sothermal pressure-

composition phase study. The data are presented in Table 2. Again,

the non-volatile solid residue had the same weight as the original

thallium(I) chloride used, within the limits of the experimental error.

Qualitative analysis of the pasty residue showed it to be thallium(I)

chloride. The sole component of the distillate was triethylamine,

as shown by its it and nmr spectra.
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Table 2. Pressure-composition data for the system thallium(I)
chloride-triethylamine at 20°C.

Mole ratio Et
3
N/T1C1 Pressure, torr

3. 578

1.182

0.326

0. 083

0.027

O. 014

53. 7

48. 4

22. 6

4. 4

1.2

0. 0

Thallium(I) Chloride - Triethylammonium Chloride System

Thallium(I) chloride powder, 0. 5625 g. , was placed in a test

tube fitted with a ground glass stopper and containing a magnetic

stirring bar. To this solid was added 0. 7111 g. of freshly ground

triethylammonium chloride (mole ratio, Et3NHC1:T1C1 = 2. 2). The

tube was stoppered. The powders were stirred overnight at room

temperature and then heated in stages to 163 °C (oil bath). There

was never any observable change in the solid. Samples were taken

from the system at various intervals. In all cases, their it spectra

(Nujol) were identical to that of authentic triethylammonium chloride.

After the mixture described above had cooled, 30 ml. of

absolute ethanol was added to the test tube. The system was
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stoppered and stirred overnight at room temperature. The mixture

was filtered. The white solid was thallium(I) chloride by qualitative

analysis, and there was no evidence of organic matter in its ir

spectrum (Nujol) in the 4000-625 cm-1 range. Evaporation of the

filtrate left only a white solid which contained no thallium(I). The ir

spectrum confirmed the identity of the solid as unchanged triethyl-

ammonium chloride.

In another experiment, 5 millimoles each of thallium(I)

chloride and of triethylammonium chloride were placed in a 50 ml.

volumetric flask which was filled to the mark with acetonitrile.

After three months, the mixture was filtered. Qualitative analysis

indicated that the solid was thallium(I) chloride, and that there was no

thallium(I) in the clear filtrate. Evaporation of the filtrate left a

white solid which was identified as triethylammonium chloride by

its melting point and infrared spectrum.

Thallium(III) Chloride - Triethylamine Reaction

Preliminary Experiments

Triethylamine was added from a dropping funnel or by transfer

in the vacuum line to solid thallium(III) chloride in the absence of a

solvent. The thallium reagent was the highly impure discolored

product of the thallium-nitrosyl chloride bomb reaction. A white
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smoke of triethylammonium chloride and a red-brown tarry amine

oxidation product were formed. All of the volatile material was

removed by vacuum distillation leaving a non-volatile, black, tarry

product. From the gain in weight of the residue, the moles of

unrecovered triethylamine could be found and a rough reaction mole

ratio calculated,

Triethylarnine was added to solutions prepared by the chlor-

ination of thallium(I) chloride suspensions in methanol. These

solutions inadvertantly contained large but unknown quantities of

hydrogen chloride. In two experiments, oxidation-reduction cc cured

giving a red-brown solution with a white suspension, presumably of

thallium(I) chloride. The solid was removed by filtration and

evaporation of the filtrate gave impure triethylammonium chloride;

m. p. 246°C, lit. 254°C. Anal. Calcd. for C6H16NC1: C, 52.35;

H, 11, 72. Found: C, 52, 33; H, 11. 56. In two other experiments,

hydrogen chloride was in excess and all the triethylamine was

protonated without oxidation-reduction. The volatile components of

the reaction mixture were removed in the vacuum system and identi-

fied as methanol (by gas chromatography) and hydrogen chloride

(by acidity). To the white non-volatile residue, aqueous sodium

hydroxide was added. An immediate reaction occurred, giving a

red-brown product,
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Experiments in Acetonitrile

Potentiometric Studies. A solution of triethylamine in acetoni-

trile was standardized by titration with aqueous hydrochloric acid

and found to be 0.0837 ± 0.007 M. A solution of thallium(III) chloride

in acetonitrile was prepared by chlorination of a thallium(I) chloride

suspension followed by purging with nitrogen for eight hours. A

portion of this was diluted and analyzed; it was found to be 0.1278 ±

0.0016 M in T1+3 (T1203 method) and 0.4270 ± 0.0036 M in Cl ,

mole ratio Cl /T1+3 3.34. The thallium(III) solution, 5.00 ml. ,

was pipetted into the test chamber of the cell together with 25 ml. of

a 0.05 M solution of sodium perchlorate in acetonitrile and the

chamber was purged with nitrogen. The silver wire reference

electrode was used. Titration with the triethylamine solution was

carried past the sharp potentiometric endpoint. During the titration,

the clear colorless solution slowly became murky brown. In one

run, the solution was allowed to stand after a considerable excess of

triethylamine had been added past the endpoint. The color suddenly

changed to a pink-white turbidity; this was accompanied by a sharp

drift in potential. Later, the solution turned brown, and brown and

white solids deposited. The brown solid then redissolved. In a

second run, in which a smaller excess of triethylamine was used,

the brown turbid reaction mixture deposited a slightly pinkish-white
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solid, leaving a clear yellow supernatant. The reaction mixtures

were filtered. The white solid was identified as thallium(I) chloride

(positive flame and iodide qualitative tests, m. p. greater than

360
oC, no infrared absoprtion. between 600 and 4000 cm-1). The

filtrate was evaporated in vacuo, leaving a brown viscous residue.

In a second set of potentiometric titrations, the reverse order

of mixing the reagents was used. A solution of triethylamine in

acetonitrile was standardized by addition of aliquots to an excess of

standard hydrochloric acid and back-titration with sodium hydroxide;

it was found to be 0.0883 ± 0.006 M. The standard solution of

thallium(III) chloride in acetonitrile was solution #2, Table 1,

Experimental Section. The silver amalgam reference electrode was

used. The triethylamine solution, 5.00 or 10.00 ml. , was pipetted

into the test chamber, which was purged with nitrogen, During the

titration with thallium(III) chloride, the reaction mixture became gold

and then muddy brown with a white or pink-purple precipitate. As

the endpoint was approached, the precipitate began to redissolve.

After the endpoint, the precipitate was completely redissolved and

the solution became clear and yellow. Throughout the titration,

establishment of an equilibrium potential after each addition of titrant

was very slow. A typical titration required 18 hours. Four runs

were made under these conditions.

Studies of Acid Formed in the Reaction. Approximately one
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gram samples of triethylamine were placed in each of four tared

60 ml. Schlenk flasks in the dry-box under nitrogen, and their

weights were then precisely determined. Using a calibrated pipet,

14.94 ml. of a solution of thallium(III) chloride in acetonitrile

(standard solution #1, Table 1, Experimental Section) was added to

each flask. Each reaction mixture immediately became yellow,

with a white precipitate. The yellow color changed to red and then

red-brown with time. Each reaction mixture was then transferred

to a beaker containing water or standard hydrochloric acid, and

titrated potentiometrically with standard hydrochloric acid,

Conductometric Studies. The specific conductance of acetoni-

trile and of triethylamine was less than 1 x 10-9 ohm -1 cm -1 the

lower limit of detection. The specific conductance of a 0. 1015 M

solution of thallium(III) chloride in acetonitrile (standard solution

#1, Table 1, Experimental Section) was 7. 14 x 10-4 ohm-1 cm-1;

this corresponds to a molar conductance of 7. 03 ohm -1 cm 2mole -1
.

A 1.017 g. quantity of triethylamine was dissolved in aceto-

nitrile in a 100.0 ml. volumetric flask, to give a 0. 1005 M solution.

Under nitrogen, 10.00 ml. of this solution was placed in the conducto-

metric titration apparatus, more solvent was added to cover the

electrodes, and the mixture was titrated with the thallium(III)

chloride solution. Initially, the reaction mixture became yellow

and a white precipitate formed. As the end point was approached, the
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precipitate began to redissolve, and about 16% past the endpoint

only a homogeneous yellow liquid was present. The conductance

increased rapidly and nearly linearly to the endpoint, and then

leveled off. Two runs were made under these conditions. In a third

run, 0. 1132 g. (0. 4720 mmole) of thallium(I) chloride powder was

added to the 10.00 ml. of triethylamine solution in the titration

vessel, while in a fourth run 0.067 g. (0. 49 mmole) of triethyl-

ammonium chloride was added to the triethylamine. The conducto-

metric titration plots for runs 3 and 4 showed curvature and did not

give sharp endpoints. In each case, an additional amount of

thallium(III) chloride titrant was needed to achieve homogeniety.

In run 3 this was not measured accurately because of a kinetic factor;

the original thallium(I) chloride added was much coarser than that

precipitated in the reaction, and dissolved much more slowly. In

run 4, the additional amount of thallium(III) chloride titrant required

for homogeniety was 0, 49 mmole.

Preparative Scale Studies. When triethylamine was added

dropwise to thallium(III) chloride in acetonitrile but the addition

was discontinued with thallium(III) still in excess (as indicated by

qualitative tests on aliquots of the reaction mixture), an orange

solid and orange solution were formed, Addition of a large excess

of triethylamine (14 moles per mole of thallium(III) chloride)

followed by addition of aqueous sodium hydroxide, then hydrochloric
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acid, and filtration, gave a white precipitate containing thallium.

Treatment of the filtrate with sodium hydroxide gave a brown

precipitate containing no thallium.

For preparation of larger quantities of the brown oxidation

product, the reverse order of addition of reagents was used, so that

triethylamine would be in excess throughout the reaction.

A solution of thallium(III) chloride, prepared by chlorination

of a suspension of 14.67 g. (61. 65 mmole) of thallium(I) chloride in

100 ml. of acetonitrile followed by nitrogen purging and evacuation to

remove chlorine, was added over ten minutes with stirring to 5. 405 g.

(53. 41 mmol) of triethylamine under nitrogen in. Schlenk apparatus.

The thallium(III) chloride:triethylamine mole ratio in this reaction

was 1.15. A white solid suspension and a dark red solution were

formed. This was twice filtered under nitrogen, giving 4.894 g. of

white solid (23, 95 mmol as thallium(I) chloride). The bulk of the

solvent was removed from the filtrate in vacuo, leaving a dark red

oil. The red oil was shaken with water, giving a colorless solution

and a brown-black gummy tar, These were separated, and the

aqueous portion was made alkaline, giving a dark precipitate.

Qualitative tests indicated the dark precipitate to be a mixture of

thallium(I) chloride and hydrous thallium(II1) oxide.

In the same manner and using identical techniques, thallium(III)

chloride prepared from 26.85 g. (112 mmol) of thallium(I)
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chloride in 100 ml of acetonitrile was added to 80 ml. (58 g. , 573

mmol)of triethylamine in about 65 ml. of acetonitrile. The white

solid was removed by filtration and the dark red-brown filtrate was

evaporated in vacuo to give a red-brown solid. This, in excess

aqueous sodium hydroxide, gave a black solution, which was filtered.

The volume of the dark filtrate was reduced considerably to remove

unreacted triethylamine. It was then extracted with chloroform and

the dark chloroform extract was evaporated in vacuo to give the

gummy brown oxidation product. This was dried in vacuo over

phosphorus(V) oxide. Qualitative analysis indicated that no thallium

was present in this oxidation product although chloride was definitely

present. Anal. Found; tar- C, 42. 26; H, 9. 58; N, 8. 40; Cl,1/ 7.07.

The nmr spectrum of this material was taken and the data are given

in Table 3.

Table 3. NMR chemical shift data for the amine oxidation product.

Peaky Multiplicity
b/Integration

1. 24
1.36

Triplet
Triplet

?
72-73

1.84 Quintet 5

2. 03 Singlet 10

3. 14 Quartet 45
3. 75 Unresolved 5

4.13 Quartet 5

2IChemical shifts are given in p. p. m. vs TMS.
b '1IntegrationIntegration in relative units.

1 /InIn this instance, chloride analysis was performed by C. F. Geiger
rather than in this laboratory.
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Thallium(III) Trifluoroacetate -
Triethylamine System

A solution of 10.894 g. (0, 02004 mmole) of thallium(III)

trifluoroacetate in acetonitrile was prepared in a 200,0 ml. volu-

metric flask; the calculated concentration was 0.1002 M. Standard-

ization by analysis of aliquots for Tl(III) by the T1203 method gave

0.07342 ± 0.00018 M. A 0.1032 M solution of triethylamine in

acetonitrile was prepared in a 250.0 ml. volumetric flask from

2.611 g, of the amine,

Potentiometric Studies

A 10.00 ml. portion of triethylamine solution was titrated

under nitrogen with the thallium(III) trifluoroacetate solution using

the silver amalgam reference electrode, Duplicate runs were made.

A distinct endpoint was observed. A yellow solution was formed,

and there was no precipitate.

Conductometric Studies

The specific conductance of the standard thallium(III) tri-

fluoroacetate solution was 3.74 x 10 -3 ohm-1 cm-1; this corresponds

to a molar conductance of 37.3 ohm-1 cm 2 mole -1 if the formal

concentration based upon weight is used, or 50.9 ohm 1 cm2 mole -1

if the concentration based on thallium(III) analysis is used.
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A 10.00 ml, quantity of the triethylamine solution was pipetted

into the conductometric titration cell, more solvent was added to

cover the electrodes, and the mixture was titrated with the thallium(III)

trifluoroacetate solution. A distinct endpoint was observed. A

yellow solution was formed and there was no precipitate.

Titration of Excess Amine

In the dry-box under a nitrogen atmosphere, 10.00 ml. of

thallium(III) trifluoroacetate solution was pipetted into each of two

accurately weighed samples (ca. 0.4 g. ) of triethylamine. The

resulting yellow solutions were then taken out of the box, and each

was transferred to a beaker of water, and titrated with hydrochloric

acid.

Qualitative Experiments

Thallium(III) Trifluoroacetate Water. Some of the thallium(III)

trifluoroacetate solution was poured into distilled water. .A

yellow-white precipitate formed immediately, Upon standing for

several days, this changed to a brown precipitate presumably of

thallium(III) oxide. The supernatent was acidic.

Addition of the thallium(III) trifluoroacetate to a basic solution

led to immediate precipitation of brown thallium(III) oxide. These

salts were soluble in dilute nitric acid solution.
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Trifluoroacetate - Triethylamine. Ten ml, of

thallium(III) trifluoroacetate solution was added to ten ml. of neat

triethylamine. The clear solution turned yellow, then finally a deep

golden color, and an orange precipitate formed. Addition of this

final mixture to water resulted in the formation of the yellow-white

solid which turned to a brown solid when the aqueous solution was

heated.

Separation of the mixture by filtration gave a filtrate that

contained no thallium. The orange solid was shown to contain

unreacted thallium(III) by qualitative analysis.

Reaction of Halogens With Triethylamine

Chlorine

Studies with No Solvent. Anhydrous chlorine, diluted with

nitrogen, was bubbled through neat triethylamine producing a white

solid in a colorless (or light yellow) solution. The solid often plugged

the gas inlet tube, which had to be cleaned out several times. The

mixture was filtered giving a white solid and a clear yellowish fil-

trate. The solid was identified as impure triethylammonium chloride

by qualitative analysis and by its melting point (sealed tube: 2590 -

260°C; lit. , 254°C) and by its it spectrum.

The filtrate gradually darkened to yellow-brown upon standing
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and precipitated more solid. The solution was separated into three

portions. The first portion was vacuum distilled to give volatile

triethylamine contaminated with some water and a brown residue.

A second portion of the filtrate was treated with aqueous

sodium hydroxide. From this, a water-triethylamine azeotrope was

distilled off leaving a viscous residue.

The volatile material was removed from the last portion of

the filtrate using a rotorary evaporator at a reduced pressure, A

blob of viscous brown residue remained which was insoluble in water

and aqueous acid.

Studies With Solvent. Dilute solutions of triethylamine in

kerosene and in chlorobenzene were oxidized with gaseous chlorine.

The vigorous reaction was accompanied by the formation of large

amounts of white smoke and precipitation of a white solid. The

white precipitate was identified as triethylammonium chloride by

its it spectrum and melting point (sealed tube: 251°-254 oC; lit. ,

254
oC). In both solvents, there was progressive darkening of the

color of the liquid phase with time, going from colorless to yellow-

orange-amber-brown. After filtration, continued slow deposition

of additional white precipitate was observed, both in the filtrates

and in the volatile fractions removed from them and condensed in

traps in the vacuum line. When unreacted triethylamine and much

of the solvent was removed in this way from the kerosene filtrate,
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and the remaining yellow-brown solution was heated at 96°C over-

night, a dark brown tarry solid was formed. As for the orange

filtrate from the reaction in chlorobenzene, it was separated into

four portions. The first was used as a control, to the second was

added a free radical initiator, ABIN or azobisisobutyronitrile ( K and

K Laboratories), and to the third was added a free radical inhibitor,

4-hydroxymethy1-2,6-di-t-butylphenol (Ethyl Corporation, Sample

431-71). All three samples were then heated on an oil bath at 102°C

for several hours. The volatile material was removed from the

control sample using a rotary evaporator, leaving a tarry residue.

This residue was insoluble in n-heptane, slightly soluble in water,

and soluble in acetone, chloroform, and tetrahydrofuran. Qualitative

tests indicated the presence of chloride in the residue.

The fourth portion was not heated. All of the volatile material

was removed from it, leaving a black residue.

Potentiometry Study in Acetonitrile. A chlorine solution was

prepared by bubbling chlorine through acetonitrile. Ten ml. of this

unstandardized chlorine solution was pipetted into 35 ml. of 0.05 M

potassium perchlorate solution in the test chamber of the potentio-

metry cell. The silver wire reference electrode was employed.

The solvent was acetonitrile in all cases. The chlorine solution

was titrated potentiometrically with 0.0476 ± O. 0002 M triethylamine

solution. As the titration progressed, the green chlorine solution
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turned cloudy white as a precipitate formed. The final solution was

clear and colorless; the white solid was identified as potassium

chloride.

Bromine

Studies of Products Formed. In two experiments, bromine

was added dropwise under a nitrogen atmosphere with stirring to an

excess of neat triethylamine at 0 C, There was an immediate

reaction with formation of a white solid and a colored liquid phase.

The color deepened from yellow to red-brown or brown-black on

standing. The reaction mixtures were filtered under nitrogen to

give solids ranging from off-white to black, and yellow filtrates.

In one case, the black solid was recrystalized from absolute

ethanol and then twice from acetone and washed with ether, to give

a greyish-white crystalline material. This was identified as impure

triethylammonium bromide by its infrared spectrum and melting

point (observed m. p. 252°C; lit,(2) darkens at I92°C, melts at

248
oC, decomposes at 248-250o

C). In another case, the nearly

white solid became brown on standing. It was treated with aqueous

sodium hydroxide and a black material separated. The black solid

was partly soluble in chloroform, which was used to extract the

aqueous alkaline suspension. The chloroform was removed from

the extract in vacuo, leaving a pasty black solid, which was dried in
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a vacuum desiccator over phosphorus(V) oxide. It was partly

soluble in water, soluble in acid, and insoluble in aqueous base.

It was soluble in acetonitrile, partly soluble in chloroform, and

insoluble in benzene, ether, and tetrahydrofuran. A qualitative test

for bromide was positive. The material melted in the range 1550-

180
o

C.

In both experiments, the yellow filtrates darkened with time

and additional white to brown solid slowly precipitated. When por-

tions of the yellow filtrates were heated in the range 55 -82 °C, they

darkened more rapidly and a brown-black gummy material was

formed. Addition of azobisisobutyronitrile had no noticeable effect

on the rate of formation of the black deposit. The gummy solid was

filtered from the black solution, washed with hexane, and dried.

It was soluble in water, aqueous acid, and chloroform, but insoluble

in aqueous base, ether, tetrahydrofuran, or ethyl acetate. Its

infrared spectrum (Nujol) resembled that of triethylammonium salts.

The solid was dried in a vacuum desiccator over phosphorus(V)

oxide and analyzed. Anal. Calcd. for triethylammonium bromide,

(C2H5)3NHBr: C,. 39.57; H, 8.86, N, 7.69. Ca lcd. for poly-

(N, N-diethylvinylamine hydrobromide), C6H14NBr: C, 40.01; H,

7.83; N, 7.78. Found: C, 41.08; H, 8. 73: N, 8.37.

Stoichiometry Studies. The stoichiometry of the bromine -

triethylamine reaction was determined by the sequence: (i) reaction
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using an excess of triethylamine and no solvent, (ii) addition of water

and distillation and quantitative determination of unreacted tri

ethylamine, (iii) addition of base to convert triethylammonium bro-

mide to triethylamine, followed by its distillation and quantitative

determination. Control tests of the quantitative distillation and

analysis using known weights of triethylamine showed 9 8. 0 ± 0. 5%

recovery.

Using a weight buret, bromine was added dropwise to a weighed

quantity of triethylamine. The reaction was done using Schlenk

techniques; the amine was cooled to 00C and stirred magnetically.

When the bromine had been added, the resulting mixture consisted

of white solid in a yellow solution, The yellow color darkened with

time to give a yellow-brown and finally a black solution. The mix-

ture was heated in an oil bath at about 50 oC for several hours or

overnight. It was allowed to cool and some water was added, A

Kjeldahl distillation trap and a short-path all glass still were

attached to the reaction flask. The receiver contained a known

excess of standard hydrochloric acid. All of the volatile amine was

distilled; triethylamine came over as its water azeotrope (b. p.

75.8
0

C). The distillation was terminated when the vapor tempera-

ture remained at 100oC for about 30 minutes, The acidic distillate

was transferred quantitatively to a volumetric flask and aliquots

were titrated with sodium hydroxide using a pH meter. An excess
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of aqueous sodium hydroxide was then added to the residue in the

distillation flask and the triethylamine thus liberated was distilled

as before into a known solution of hydrochloric acid. This distillate

was analyzed similarly. At this point in one case, distillation was

continued for some time; only a trivial additional amount of volatile

base was obtained. The entire experiment was conducted three

times. The final black tarry residues in the still pots were not

inve stigated.



63

IV. RESULTS

Thallium(I) Chloride - Triethylamine System

All triethylamine could be rapidly removed in the vacuum line

from its mixture with thallium(I) chloride. The absence of any sharp

change in the triethylamine vapor pressure implies that no complex

was formed. The nearly quantitative recovery of unchanged

thallium(I) chloride and triethylamine also indicates that no reaction

occured. The addition of solvent to the reaction system did not

affect the results.

Thallium(I) Chloride - Triethylammonium Chloride System

These materials did not react when heated together as powdered

solids nor in ethanol or acetonitrile solutions. Thallium(I) chloride

is insoluble in these solvents and its solubility is not noticeably

increased in the presence of triethylammonium chloride.

Thallium (III) Chloride - Triethylamine Reaction

Preliminary Experiments

From the preliminary experiments, its seen that thallium(III)

chloride reacts vigorously with triethylamine at room temperature.

That thallium(III) chloride is quantitatively reduced to thallium(I)
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chloride when triethylamine is present in large excess is shown by

the negative qualitative tests for thallium(III) in the final reaction

products. Since such large quantities of triethylammonium chloride

are produced, it is difficult to separate the oxidation product from

triethylamine hydrochloride and the product is probably always

contaminated with the ammonium salt. The few quantitative results

obtained from these experiments are given in Table 4.

Table 4. Final mole ratios of the thallium(III) chloride -
triethylamine reaction.

g. T1C1
3

g. (C
2

H
5

)
3

N
mole ratio

Et N/T1C1
3

T1C1 /Et Nused unrecovered 3 3 3

0.3509a/

0.6175b/

0.8271

0.8505

1.52 0.685

1.63 0.615

Anal. Calcd. for T1C1
3

NOC1: Tl, 54. 33; Cl, 37.70.

'Found:Found; Tl, 56.81 ± 1.64; Cl, 42.40 ± 0.32.

12/Found: Tl, 55.34 ± 1. 54; Cl, 31.99.

The reaction does not occur in the presence of an excess of

acid, implying that the protonated triethylamine is not oxidized.

Attempts were made to obtain evidence for a thallium(III) chloride -

triethylamine complex at a low temperature, prior to the onset of

the irreversible oxidation-reduction reaction. These attempts

failed.
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Potentiometric Titrations in Acetonitrile

The titration curves are shown in Figures 2 and 3. The order

of addition of reagents affected the behavior of the potential. Using

either order, the potential was somewhat unstable and took a long

time to reach its equilibrium value. This was especially a problem

when the thallium(III) chloride titrant was added to a solution of

triethylamine. The potential drifted markedly during the first

quarter of the titration. Addition of each increment of titrant was

delayed until a stable potential had been established. The titrations

were very slow. On the other hand, once this titration had been

completed the final potential did not drift any further upon standing.

There was such a change noted after the titration of thallium (III)

chloride by a solution of triethylamine.

Quantitatively, the order of addition of reagents had a

definite effect on the titration endpoint. The results are given

in Table 5.

Titration of Acid Formed in the Reaction

The titration of the triethylamine-thallium(III) chloride-

acetonitrile reaction mixtures, containing excess triethylamine,

with aqueous hydrochloric acid, gave rise to very ordinary pH

curves. There was a sharp endpoint change covering four pH units;
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Figure 2. Potentiometric Titration Curves. Titration of 0. 639
millimoles thallium(III) chloride with 0. 0837 Molar
triethylamine in acetonitrile.
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Figure 3 Potentiometric Titration Curves. Titration of 0 4415
millimoles of triethylamine with 0. 02503 Molar
thallium(III) chloride in acetonitrile,
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Table 5. Endpoints of potentiometric titrations thallium(III)
chloride - triethylamine in acetonitrile.

mole ratio mole ratio
Vol. Et

3
N Vol. T1C1

3
Et

3
N/T1C1

3
T1C1

3
/Et

3N

4.88a/ 5.00 0.639 1.56

4.85a/ 5.00 0.635 1.57

10.00b/ 40.40 0.874 1.14

5.00b/ 21.05 0.839 1.19

5.00b/ 21.32 0.827 1.21

5. 00--I)/ 20.40 0.866 1.16

a/ Titration of 0.1278 ± 0.0016 M T1C1 with 0.0837 ± 0.0007
M triethylamine solution, Figure 2. 3

b /TitrationTitration of 0.0883 M triethylamine solution with 0,02503 ±
0.0001 M T1C13, Figure 3,
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the inflection point occured about pH 6. The data given in Table 6

apply to the hydrogen ion formed during the oxidation of triethylamine;

because of this acidity generated, less hydrochloric acid was needed

to titrate the reaction mixture than otherwise would have been

required.

Table 6. Acidity formed in the triethylamine -
chloride oxidation-reduction reaction in acetonitrile.

Mmol. T1+3
taken

Mmol. Et N
taken 3

Mmol. HC1
required

Mmol. Acid
formed by

redox

Mmol. Acid

Mmol. Ti+3

1. 5162 10.35 6. 87 3.48 2.29

1. 5162 11. 49 7.93 3.56 2.33

1. 5162 13.03 9.47 3. 56 2. 34

1. 5162 10. 42 7. 22 3. 20 2. 10

The average result shows that, per mole of thallium(III) used,

2. 27 moles less hydrochloric acid were needed to titrate the tri-

ethylamine than would have been needed in the absence of the

oxidation-reduction reaction.

Conductometric Titrations

Two conductometric titrations were performed in acetonitrile

in which a virtually non-conducting solution of triethylamine was

titrated by a weakly conducting solution of thallium(III) chloride.



70

Plots of these two titrations are shown in Figure 4. A sharp break

in the conductivity is noted at the endpoint. The endpoint corres-

ponds to a mole ratio of triethylamine to thallium(III) chloride of

0.635 t 0.002 to 1.00, or of 1.00 to 1. 57. As was noted in the

Experimental Section, additional titrant was required in similar

conductometric titrations when either thallium(I) chloride or

triethylammonium chloride was added to the reaction mixture in

advance. Moreover, curvature was introduced into the titration

graphs in these cases as shown in Figure 5.

Oxidation Product Characterization

The red-brown tarry amine oxidation product is difficult to

purify and study. Unless an excess of triethylamine is used, the

product is contaminated with unreacted thallium(III) chloride.

Removal of the triethylammonium chloride by treatment with

aqueous sodium hydroxide then precipitates the thallium(III) as the

hydrous oxide when reduction has been incomplete.

When excess triethylamine is used and all thallium(III) is

reduced, treatment with aqueous base followed by chloroform gives

an extract containing the oxidation product, the excess triethylamine,

and some residual water. When the volatile materials are removed

in vacuo, it appears that the final tarry mixture retains a good deal

of water, since its elemental analysis for C, H, N, and Cl does not
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Figure 4. Conductometric Titration Curves. Titration of 1.005 millimoles of triethylamine with
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5. Conductometric Titration Curves. Titration of 1.002
millimoles of triethylamine by 0.1015 Molar thallium(III)
chloride in acetonitrile; 0 with 0.500 millimoles
of thallium(I) chloride, or 0 with 0.487 millimoles
of triethylammonium chloride added to the triethylamine
solution.



total 100%. The C, H, N atom ratios from the elemental analysis

are C5.87 H15.8 N 1.00.
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This is very close to the (C2H5)3 N formula

of the starting material or the (C2H5)2N(CH=CH2) formula of a

postulated initial 2-electron oxidation product, and implies that

there has been no disruption of the fundamental carbon-nitrogen

framework, e. g., no oxidative dealkylation. The significance of the

chlorine content, C10.33 in ratio to the above atoms, is not clear.

It might indicate that an average of one-third of the nitrogen atoms

in the amine polymer remain protonated as their hydrochloride on

extraction into chloroform despite the alkaline conditions of the

aqueous phase.

The nmr spectrum shown in Figure 6, is difficult to interpret.

The most obvious feature is the presence of two inequivalent ethyl

groups (methyl triplets at 6 1.24 and 1.36; methylene quartets at

6 3.14 and 4. 13; the high field components are the more abundant).

The quintet at 1.84 ppm and the unresolved peak at 3.75 ppm may be

due to a polymerized vinyl bridging group represented as

(CH-CH2
N(C2H5)2

The sharp singlet at 2.03 ppm is unassigned.
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Figure 6. NMR spectrum of the amine oxidation product from
the reaction of thallium(III) chloride with
triethylamine in acetonitrile. This spectrum was
taken of a deuteriochloroform solution with TMS
as an internal reference,
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Thallium(III) Trifluoroacetate -
Triethylamine System

Conductometric and Potentiometric Titrations

The results of the conductivity and potentiometry experiments

are given in Table 7.

Table 7. Endpoints of triethylamine thallium(III) trifluoro-
acetate titrations in acetonitrile.

Vol. Et
3
Na/ Vol. b/ Method

Mole ratio
Et

3
N/T1(III)

10. 00 10. 0 Conductometric 1. 02

10.00 9.50 Potentiometric 1.08

10.00 9.59 Potentiometric 1.07

a/ 0.1032 M triethylamine.

12/0. 1002 M trifluoroacetate.

The titration data are plotted in Figure 7. Although the

conductivity increases throughout the titration, a significant change

in the slope is noted at the endpoint. The two potentiometric titra-

tions done on the system gave similar endpoints. Experimental

difficulties during the first titration caused its plot to be abnormal.

The second experiment proceded smoothly and a typical titration

plot was obtained. There is a sharp change of approximately 350

my. at the equivalence point.
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Figure 7. Potentiometric and Conductometric Titration Curves. Titration of 1. 032 millimoles
of triethylamine with 0. 1002 Molar thallium(III) trifluoracetate in acetonitrile.

0 Potentiometric titration; Conductometric titration.
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Study of the Acid Produced

In two quantitative experiments, an excess of triethylamine

was allowed to react with thallium(III) trifluoroacetate in acetonitrile,

and the "unconsumed" amine was then titrated with aqueous hydro-

chloric acid. However, the qualitative experiments show that

thallium(III) trifluoroacetate is not reduced quantitatively (if at all)

by triethylamine in excess and the quantitative pH titrations are

interpretable in terms of the acidity of the aquothallium(III) ion.

As can be seen from Figure 8, in one case two inflection points occur

in the pHtitration. Unfortunately, the pH values where these inflection

points occur are not known exactly, due to error in meter standard-

ization. However, it may be taken that triethylamine is being

titrated at the first inflection point. The second inflection presumably

corresponds to protonation of hydroxothallium(III) species as the

trifluoroacetate ion is too weak a base to be protonated in this pH

region. The second sample was titrated two days after the reaction,

and its lower relative titer may be due to the loss of triethylamine

by volatilization. The data are given in Table 8.
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Figure 8. Potentiometric Acid-Base Titration Curves, Titration
of the triethylamine- thallium(III) trifluoracetate -ace-
tonitrile reaction mixtures with 0.1076 Molar aqueous
hydrochloric acid. 0 4.63 millimoles triethylamine +
1.002 millimoles thallium(III) trifluoracetate; 0 3.57
millimoles triethylamine and 1.002 millimoles of
thallium(III) trifluoracetate.
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Table 8. Titration of triethylamine - thallium(III) trifluoroacetate -
acetonitrile reaction mixtures with aqueous hydrochloric
acid.

Mmol. Mmol. Mmol. HC1 at endpoint

Et
3N

T1(00CCF3)3 First Second

4.632 1.002 3. 17
5

3.638

3.572 1.002 2. 328 2.738

Chlorine - Triethylamine Reactions

General Observations

No quantitative results were obtained from the study of this

reaction and all the results are qualitative in nature. Chlorine

reacts vigorously with triethylamine. Large amounts of hydrogen

chloride are produced in the reaction; this acid reacts with the excess

triethylamine and perhaps with the amine oxidation product to yield

substituted ammonium chlorides.

There seem to be two stages in the reaction leading to the final

oxidation product. Initially, the triethylamine is oxidized to some

soluble, colorless material which then slowly reacts in a second

step to give a tarry, brown or black material. The latter is soluble

in excess triethylamine, kerosene, acetonitrile, chloroform, water,

and aqueous acid, but insoluble in chlorobenzene, ether, and hexane.
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The second reaction is accelerated by heating, and by removal of

solvent, but the use of a radical initiator, ABIN, or of a radical

inhibitor, did not have any marked effect. Since some brown color

developed in the vacuum distillates, it may be inferred that the

primary reaction product is somewhat volatile, whereas the final

tarry material is not.

Potentiometric Titration

The potentiometric titration of chlorine in acetonitrile by

triethylamine gave no distinguishable endpoint, Instead, the potential

gradually changed throughout the course of the reaction and continued

to change in the same manner past the point of cessation of precipita-

tion. This potentiometric titration yielded no useful information.

Bromine - Triethjrlamine Reaction

Preliminary Experiments

Bromine reacts with an excess of triethylamine in an immedi-

ate exothermic reaction to give a large quantity of precipitate. If

the mixture is filtered immediately after the bromine addition,

triethylammonium bromide is the largest component of the precipi-

tate. The triethylammonium bromide is discolored by small amounts

of a second black, pasty material. If the mixture is allowed to stand
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some time before filtration, a larger amount of the black amine

oxidation product precipitates with the triethylammonium bromide.

The clear yellowish filtrate continues to precipitate material

on standing over a period of several days. However, triethyl-

ammonium bromide is a minor part of this solid, and the precipitate

consists primarily of the black tarry amine oxidation product.

Heating the filtrate hastens the formation of this black material but

addition of a free radical initiator appears to have no effect.

That the oxidation product is an amine, present partly as its

hydrobromide salt, is demonstrated by its solubility behavior, by

the positive identification of bromide ion, by the similarity of its

it spectrum to the spectra of triethylammonium salts, and by its

elemental analysis. The gummy nature of this material and its

large melting point range indicate that this oxidation product is

polymeric in nature.

Stoichiometry Studies

The data in Table 9 show:the original quantities of triethyl-

amine and bromine taken in these reactions; their mole ratio; the

amount of excess unreacted triethylamine recovered in the first

distillation; by difference,the amount of protonated triethylamine

(by basification of the reaction mixture and second distillation);

its mole ratio to the bromine used; and finally, by difference, the
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unrecovered (and hence oxidized) triethylamine and its mole ratio

to the bromine used. These data were obtained after the reaction

mixtures had been heated for some time at 50 oC, so that hopefully

the slow second stage of the reaction would be completed.

Table 9. Stoichiometry of the triethylamine - bromine reaction
(no solvent).

Experiment # 1 2 3

Mmol. amine orig. 98. 24 199.06 147. 74

Mmol. Br
2

orig. 16. 72 38.51 24.8 2

Mole ratio amine/Br
2

orig. 5. 88 5.17 5.95

Mmol. amine recovered (1st dist. ) 33.90 110.8 91. 77

Mmol. amine protonated and oxidized 64.34 88.3 55.9 7

Mole ratio amine protonated and
oxidized/Br

2
orig. 3. 85 2. 29 2. 26

Mmol. amine protonated (2nd dist, ) 32.80 48. 61 19. 74

Mole ratio amine protonated/Br
2orig. 1.96 1.26 0.80

Mmol. amine oxidized (unrecovered) 31. 53 39.7 36.23

Mole ratio amine oxidized/Br
2

orig, 1.89 1.03 1.46

It is apparent from these data that there is no consistent com-

bining ratio of reactants nor stoichiornetric production of products in

this reaction, despite the fact that the conditions and mole ratio of

reactants for the three experiments were very nearly the same. No

consistent results were found either for moles of oxidized amine or of

protonated amine per mole of bromine used in this reaction.
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V. DISCUSSION

The first requirement for the experimental study of the

triethylamine-thallium(III) chloride reaction was to have satisfactory

analytical methods for thallium. The previous literature was found

to be exceedingly misleading, Eventually, the gravimetric chromate

method for thallium(I) and the gravimetric oxide method for thal-

lium(III) were found to be satisfactory, as described in detail in the

Experimental Section.

Although a method for the preparation of anhydrous solid

thallium(III) chloride in a reasonable state of purity was eventually

established, the preliminary study of triethylamine oxidation in

the absence of solvent was carried out using a grossly impure thal-

lium(III) material. The value of this preliminary work was that it

did demonstrate the formation of a red-brown tarry amine oxidation

product, apparently resembling closely the product of amine oxida-

tion when copper(II) chloride is the oxidant. It was a disappointment

that the thallium(III) chloride synthesis of Groeneveld and Zurr,

which seemed very promising according to the literature report,

was such a failure. An inquiry made to Professor Groeneveld did

not meet with any response.

The use of methanol as a reaction medium for thallium(III)

chloride, prepared by the chlorination of a thallium(I) chloride
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suspension, is to be discouraged, While the chlorination appeared

to proceed smoothly on several occasions, one time a violent explo-

sion occured.

In agreement with previous reports, thallium(III) chloride

solutions in acetonitrile have been prepared by chlorination, of thal-

lium(I) chloride suspensions. Analysis of these solutions for both

thallium(III) and chloride ion have shown that concentrations within

1% of theory, based on thallium(I) chloride used, can be obtained

with a proper method of purging the excess of chlorine from solution.

Unfortunately, this proper method was not established until after

much of the study of triethylamine oxidation had been completed.

A new determination of the molar conductance of thallium(III)

chloride in acetonitrile indicates that there is definite partial

solvolysis. Reedijk and Groeneveld are incorrect in referring to

such a solution as "non-conducting, " but the conductance is much

less than was reported by Johnson and Walton, who presumably

measured a system contaminated by water.

There was no detectable interaction between thallium(I)

chloride and triethylamine in solid-liquid, solid-ethanol solution,

or solid-vapor systems, Thal lium(I) chloride and triethylammonium

chloride did not react, either as solids or in ethanol or acetonitrile;

thallium(I) chloride is quantitatively insoluble in acetonitrile, and

there was no detectable increase in its solubility in a 0. 1 Molar
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solution of triethylammonium chloride in acetonitrile, These results

are in sharp contrast to the behavior of the analogous systems con-

taining copper(I) chloride. Copper(I) chloride reacts both with

triethylamine and with triethylammonium chloride, forming neutral

and anionic complexes, The significance of these results to the

study of the thallium(III) chloride-triethylamine oxidation-reduction

reaction is that the thallium(I) species formed as a reaction product

will not be complexed by the excess triethylamine starting material

nor by the triethylammonium chloride also formed in the reaction.

If, for the thallium(III) chloride-triethylamine oxidation-

reduction reaction, one supposed the same sort of process previously

observed in the copper(II) chloride-triethylamine oxidation-reduction

reaction, i, e., oxidation by dehydrogenation of an ethyl group to a

vinyl group (followed by polymerization to a red-brown-black tarry

product), then the following half-reactions may be written as a

starting point for discussion:

T1C1
3

+ Ze > T1C1 + 2 Cl

(C
2

H
5)3N

> 2 H+ + 2e + (CH
2
=CH)N(C

2
H )5 2

polymer

This calls for the formation of insoluble thallium(I) chloride and of
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a dark tarry oxidation product, which is still an amine. Acidity,

in the form of hydrogen chloride, is generated in the reaction and

will lead to protonation of the amine polymer and of an additional

mole of triethylamine starting material. The stoichiometry, how-

ever, is subject to modification in that more than one ethyl group of

triethylamine may be oxidized; within the framework of this discus-

sion, in the limit, one mole of triethylamine could reduce three

moles of thallium(III) and generate six moles of acid, i. e. , protonated

amine.

The actual experimental observations are in substantial agree-

ment with this postulated reaction course. Studies in the absence

of solvent, and in methanol solution, showed that triethylammonium

chloride and a red-brown tar are reaction products. A number of

different experimental methods were used when the reaction was

conducted in acetonitrile, and the results of these give insight into

some additional complications of the reaction.

First, the products of the reaction in acetonitrile, when

triethylamine was in excess, were isolated and identified as thal-

lium(I) chloride, triethylammonium chloride, and the dark polymeric

oxidized amine (in part as its hydrochloride). Second, the acidity

liberated in the oxidation when triethylamine was present in excess

was titrated, and the value found, 2. 27 moles of hydrogen ion per

mole of thallium(III) used, is in fair agreement with the value 2.00
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expected for the postulated reaction; the reason for the discrepancy

is not understood.

Third, the conductometric titration studies show a steady

increase in conductance as the non-conducting triethylamine solution

is titrated with the weakly-conducting thallium(III) chloride solution.

The increasing conductance can be attributed mostly to the formation

of triethylammonium chloride, and as the titration proceeds, the

precipitation of thallium(I) chloride from the yellow reaction solution

is apparent. A key observation is that the thallium(I) chloride

redissolves as the conductometric endpoint ( 1. 57 moles of thallium

(III) chloride per mole of triethylamine originally taken) is approached

and passed. Furthermore, pre-addition of thallium(I) chloride or

of triethylammonium chloride to the titration cell resulted in the

requirement for a corresponding additional amount of thallium(III)

chloride to reach the conductometric endpoint and point of clearing

up of the white precipitate. It was shown above that the solubility

of thallium(I) chloride in acetonitrile is not significantly increased

in the presence of triethylammonium chloride. Therefore, it is

clear that the apparent stoichiometry based on the conductometric

endpoint is not that of the oxidation-reduction reaction only, but also

includes formation of such species as the tetrachlorothallate(III)

ion, as in the reactions
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(C
2

H
5

)
3
NH

+Cl- + T1C13.4 (C2H5)3NH+ [T1C14 1

T1C1 + T1C13 --4 Tl+ [T1C1
4

].

The sharp potentiometric endpoint, which is quite reproducible

at 1.18 ± 0.04 moles of thallium(III) chloride (as titrant) per mole of

triethylamine, is actually misleading since this corresponds neither

to the stoichiometry of oxidation-reduction nor to complete reaction

of the chloride ion and thallium(I) chloride formed in the oxidation-

reduction step with additional thallium(III) chloride. When the

reaction was run on a preparative scale in acetonitrile, using the

same thallium(III) chloride:triethylamine mole ratio that is the

potentiometric endpoint, the amount of thallium(I) chloride obtained

on filtratibn corresponded to less than half of the thallium in the

system, and the filtrate contained a good deal of thallium(III).

Whereas the conductometric endpoint corresponds approxi-

mately to the complete redissolution of the thallium(I) chloride, the

potentiometric endpoint presumably corresponds to an earlier stage

of that reaction. The electrode processes at the platinum indicator

electrode are unknown, but the large and sudden change in potential at

that electrode is clearly related to some large and sudden change in

the thallium(III)/thallium(I) ratio. Since thallium(III) is in excess at

the endpoint, and since thallium(I) chloride is exceedingly insoluble in

acetonitrile, it seems reasonable that the potentiometric endpoint

corresponds to the large increase in thallium(I) concentration
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accompanying the start of the formation of T1+[T1C1 4] in solution.

Thallium(III) chloride might serve as an oxidizing agent toward

triethylamine either by virtue of the T1 +3-T1 +1 couple, or more

indirectly, through the known reaction

T1C1
3

> T1C1 + Cl

by merely acting as a source of molecular chlorine. In attempting

to clear up this point, studies were made of the reaction of triethyl-

amine with a different thallium(III) salt, the trifluoroacetate, and

with molecular halogens, chlorine and bromine. These studies

contributed as much confusion as they did illumination.

A solution of thallium(III) trifluoroacetate in acetonitrile was

made up by weight; analysis for thallium(III) gave a result about 30%

low. The reason for this is not understood. In reaction with triethyl-

amine, definite conductometric and potentiometric endpoints were

observed very close to a 1:1 stoichiometric ratio (using the thallium

(III) trifluoroacetate concentration based on weight). In contrast

to the thallium(III) chloride case, this system remained homogeneous

throughout the reaction. More importantly, qualitative tests showed

that thallium(III) was still present in a mixture containing an excess

of triethylamine, and it is not at all certain if there was any

oxidation-reduction in the trifluoroacetate system. The 1:1 inter-

action with triethylamine may just be complex formation. There
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was no dark tarry amine oxidation product, and titration of the

reaction mixture with aqueous hydrochloric acid suggested that in

water, hydrolysis of the T1+3 ion occurred, approximately to the

stage T1(OH)2 .

While the failure of a different salt, the trifluoroacetate, to

resemble thallium(III) chloride in its oxidation of triethylamine might

suggest that thallium(III) chloride acts only as a source of molecular

chlorine, two things stand in opposition to such an hypothesis. First,

thallium(III) chloride in acetonitrile cannot be significantly dissociated

into thallium(I) chloride and chlorine because it is made from those

reagents and when excess chlorine is purged from the solution by

nitrogen flow and evacuation, the [C1]/[ Tl] ratio becomes 3:1 within

experimental error. The failure of the solution to deposit thallium(I)

chloride cannot be used as an argument against a partial dissoci-

ation

T1C1 T1C1 + Cl
3 2

because it is observed that thallium(I) chloride is brought into

acetonitrile solution when thallium(III) chloride is present, presum-

ably due to formation of T1[T1C14]. Secondly, molecular chlorine

(and bromine) show very significant differences in their oxidation

of triethylamine from the thallium(III) chloride reaction.

The chief of these differences is that the oxidation of
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triethylamine by chlorine or bromine has two stages, an immediate

exothermic reaction to give triethylammonium halide and a dark

oxidation product, followed by a very slow and prolonged additional

reaction, to give much the same products. If, after the first stage,

the triethylammonium halide is filtered off, additional triethyl-

ammonium halide continues to form for days in the filtrate and even

in volatile fractions removed from the filtrate in the vacuum line.

When portions of the filtrate are heated, additional dark red to black

tarry material is formed. The reaction may well involve ionic

haloammonium halide intermediates, and may also be of a free

radical nature, although crude qualitative tests suggested that a

free radical inhibitor and an initiator had little effect. The reaction

was studied in more detail with bromine than with chlorine, because

the chlorine reaction was too violent, leading to carbonization,

because liquid bromine was more conveniently measured than gaseous

chlorine, because Deno had studied the bromine reaction recently

under aqueous conditions, and because it seemed probable that the

two halogens would react by similar mechanisms to give similar

products, The most notable result of the quantitative work was the

extreme non-reproducibility of the stoichiometry. In three runs,

1.03, 1.46, and 1.89 moles of triethylamine were oxidized per

mole of bromine used, with concommitant formation of 1. 26, 0.80,

or 1.96 moles of triethylammonium bromide. The slow second stage
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and stoichiometric variability are not at all characteristic of the

thallium(III) chloride oxidation.

The results of the thallium(III) oxidation can best be understood

by postulating that coordination complex formation is the first step

in the thallium(III)-triethylamine reaction. With the trifluoroacetate

salt, the reaction may stop here. With the chloride, additional

reaction of the ligands, chloride and amine, adjacent to each other

in the coordination sphere of thallium, can proceed in a process

similar to the copper(II) chloride oxidation and involving hydrogen

abstraction from the ethyl group, electron transfer to thallium with

separation of uncoordinated thallium(I) chloride, enamine polymeriza-

tion, and amine protonation. The stoichiometry is obscured in

titrations in acetonitrile by additional reactions of thallium(III)

chloride with amine hydrochlorides and with thallium(I) chloride.

Presumably the only meaningful stoichiometry is that one mole of

ethyl groups is dehydrogenated per mole of thallium(III) reduced,

with simultaneous liberation of two moles of acid.

In conclusion, the oxidation of triethylamine by the two-

electron oxidizing agent, thallium(III) chloride, bears a strong

resemblance to the oxidation by the one-electron oxidizing agent,

copper(II) chloride. A chief difference is that the reduced thallium

species, unlike copper(I), is not involved in a complex coordination
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system with the amine and amine hydrochloride, Chlorine and

bromine also oxidize triethylamine to a dark polymeric product,

but in a much more complex reaction of variable stoichiornetry,
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