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I. INTRODUCTION

Methods of functional group analysis are of indepenent
important both in industry, for the analysis of various
industrial mixtures, and in the study of newly synthesised
compounds. During recent years, three monographs have
been published1"3 on advances in analytical chemistry in the
field of functional group analysis of organic compounds.
However, they deal only with studies published up to 1967.
This paper represents a review of studies on the analysis
of various amines, amides, hydrazines, hydrazides,
oximes, nitro- and nitroso-compounds, thiols, sulphides,
disulphides, sulphonic acids, etc., carried out in 1968 to
1977.

Studies on analysis in recent years have been carried
out with the following main aims: (1) the improvement of
known analytical methods, their application to more com-
plex systems, and detailed investigation of reaction mech-
anisms; (2) automation of methods involving the use of
electrometric methods for the determination of the titra-
tion end point (amperometry, potentiometry, and coulom-
etry); (3) the application of new chemical reagents;
(4) the development of new analytical methods.

II. TITRIMETRIC METHODS FOR THE DETERMINATION
OF NITROGEN-AND SULPHUR-CONTAINING ORGANIC
COMPOUNDS

1. Acid-Base and Oxidation-Reduction Titration Methods

(a) D e t e r m i n a t i o n of a m i n e s . Acid-base
titration is one of the classical methods for the analysis
of nitrogen-containing organic compounds, but it has not
been used on a sufficiently large scale until the non-aque-
ous titration technique became popular4. At present
organic bases are widely determined by acid-base titra-
tion in research and in industry5'6. Comparatively
recently a review has been published on methods for the
determination of aromatic amines7, which shows that the
most general and easiest method for determining amino-
groups is non-aqueous potentiometric titration. Thus a
procedure has been proposed8'9 for the non-aqueous poten-
tiometric titration of polyethyleneamines and pyridyl-con-
taining carbamates using a solution of HCIO4 in glacial
acetic acid as the titrant. Solutions of neutral salts

(CaCl2, LiCl, NaCl, etc.) are sometimes used in the
potentiometric determination of weak bases. The effec-
tiveness of the above salts is determined by their influence
on the hydrogen ion activity and entails an increase of the
width and sharpness of the potential jumps. Kreshkov et
al.10 investigated certain features of potentiometric titra-
tion in solutions of alkali and alkaline earth metal chlo-
rides and developed methods for the determination of
amines; they also studied the influence of the salt solution
on the pH shift. According to the authors10, the best
salts are LiCl and CaCL. Thus m-, p-, and o-phenylene-
diamines were titrated using CaCl2 solutions; comparison
of titration curves in a salt solution with the corresponding
curves for the same substances in water shows that the
use of a salt solution greatly improves the titration condi-
tions. The error of the method is 0.3%.

Titration in a non-aqueous medium has been used for
the joint determination of higher aliphatic amines and
quaternary ammonium salts The method is as follows:
the quaternary ammonium salt is converted into the per-
chlorate or iodide and the remaining amine is determined
by titration with HC1O4. After the titration of the amine,
mercury(II) acetate is added in order to convert the
quaternary ammonium perchlorate or iodide into the highly
basic quaternary ammonium acetate and the undissociated
Hgl2:

2 (R«NI) + Hg (CH,COO), -» 2 (R,NCH3COO-) + Hgl , .

Hgfc is then dissolved in an excess of the mercury(II)
acetate solution and the quaternary ammonium acetate is
titrated with HC1O4:

R4NCH,COO- + H + + CIO" -* CH,CCOH + R.NC1O; .

Since the basicity of all the compounds titrated is high,
the final titration point is readily determined visually.
For specimens with a ratio of tertiary amine to quaternary
ammonium salt of 1 :40, the results of the determination
of the amine were reproducible to within 3 — 5% and those
of the determination of the quaternary ion were reproduc-
ible to within 1-2%.

Potentiometric titration of a 0.1 N HC1O4 solution using
differentiating non-aqueous solvents has been used to
determine amineN-oxides. The methods for a quantita-
tive determination of amine N -oxides are based mainly on
their reduction to amines and the determination of the
excess reductant. SnCk, TiCl3, and HC1 have been
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recommended as reductants1. However, these methods
suffer from many limitations. Methods involving the
direct titration of the N-oxides as bases are more prom-
ising12.

Comparison of the ionisation constants of amines and
N -oxides showed that aliphatic and saturated heterocyclic
amines and their N-oxides with pfiT = 4-5 can be deter-
mined separately by potentiometric titration with HC1O4 in
differentiating non-aqueous solvents. The interaction of
amine N -oxides with protic acid solutions in dioxan, ethyl
methyl ketone, and acetonitrile proceeds via a stage
involving the formation of anomalous salts in which there
are two molecules of the base per acid molecule. The
method proposed12 has been used to analyse mixtures of
amine N -oxides and amides, hydrogenated aromatic
heterocyclic bases, and the corresponding amines. Kwiat-
kowski et al.13 used potentiometric titration in dimethyl
sulphoxide (DMSO) with the aid of glass electrodes to
analyse di-(n-butyl)amine, tri-(n-butyl)amine, piperidine,
N-ethylpiperidine, allylamine, isobutylamine, diethanol-
amine, etc.

Careful studies of potentiometric titration in non-aque-
ous media are being continued and the influence of the
titrant concentration, temperature, and amine structure
is being investigated. Apart from HCICU, the titrants
used in the determination of amines are HC1, H2SO4, and
toluene-/>-sulphonic acid, dissolved in DMSO.13 How-
ever, in many instances, particularly in the analysis of
the products of synthesis, precipitates or tarry substances
are formed during the titration, coat the electrodes, and
interfere with a clear-cut determination of the titration
end point. The high-frequency titration method, which is
free from this disadvantage, was therefore used in the
determination of certain aromatic amines15. This proce-
dure has been used successfully for the overall and sepa-
rate determination of primary and secondary amino-groups
in polyethylenepolyamines and products of synthesis based
on them. A TV-61 high-frequency titrator was employed;
the determinations were carried out mainly by the back-
titration method, since the equivalence point is then
determined more clearly. A suitable solvent, ensuring
the most distinct inflections in the titration curve, was
selected for each compound.

The bromination method is frequently used for the
quantitative determination of amines. The bromide —
bromate system, which evolves bromine in an acid
medium, has come to be employed as a source of bromine.
However, this method requires the use of aqueous solu-
tions which has limited its applications to the determina-
tion of amines. In recent years a number of studies have
been made on titration with bromine in non-aqueous solu-
tions 16"19. Krause and Kratochvil16 determined a number
of aromatic amines to within 1 % using propylene carbonate
as the solvent. Propylene carbonate is a convenient
medium for the bromination of amines, is resistant to the
action of the halogen, has a high dielectric constant
which increases the rate of reaction, is soluble in water,
colourless, and non-toxic. The majority of amines are
soluble in propylene carbonate. In many cases the
bromination takes place in the presence of bases such as
pyridine (in order to bind the evolved protons). Like the
hydroxy-group, the amino-group activates the ortho- and
para -positions in electrophilic aromatic substitution.
Since primary amines are proton acceptors, the bromina-
tion of certain amines in propylene carbonate is possible
without the addition of a base. In the titration of £-phenet-
idine, ^-toluidine, and aniline the potential increases
sharply when 1-2 equivalents of bromine has been added.

This can be explained by the reaction

NH,

f "
NH,

+ *, +Br- ;

R R R
R - C H , , H, or OC2H5 ;.

Since the monobrominated aromatic amine is a weaker
base than the non-brominated amine, the protons produced
in the substitution stage apparently combine with the non-
brominated amine. The protonated amine is not bromin-
ated subsequently, since the protonated amino-group
hinders electrophilic substitution. The second potential
jump in the absence of pyridine occurs after the addition
of two moles of bromine per mole of aniline:

NH,

+ 2Brt-

When pyridine is present in the reaction mixture, two
potential jumps also occur. The first takes place after
the addition of one equivalent of bromine:

Py- pyridine.

The second occurs after the addition of four moles of
bromine per mole of aniline:

NH, NH,.
Br

/u
I

/3-Toluidine behaves similarly to aniline. The introduc-
tion of a third bromine atom in the free ortho -position of
aniline is apparently difficult, although after the addition
of six moles of bromine a very small potential jump does
appear16.

Analysis of m -phenylenediamine by titration with
bromine is possible both in the presence of pyridine and
in its absence. The bromide-perbromide system in
pyridine17 (PBPB, C5H5N.HBr.Br2), each molecule of
which readily evolves one molecule of free bromine, may
be used as the source of bromine. The greater availabil-
ity of crystalline PBPB compared with the bromide-
bromate solution and high reaction rates with minimal
side reactions make this method more suitable in both
preparative and analytical chemistry. The above system
had been used previously to brominate substituted phenols
and aromatic amines and aliphatic and alicyclic ketones in
acetic acid18. The system has been used17 to determine
aniline and various monosubstituted anilines. The major-
ity of reactions were rapid (over a period of 10-15 min);
the concentration of the amine analysed was 10"4 M and
the error of the method was < 1 %. The end point was
determined spectrophotometrically; photometric titration
is possible only for colourless or slightly coloured prod-
ucts, which is a significant disadvantage of this method.

Sotsenko et al. modified the bromide-bromate method
for the determination of aromatic amines in various solu-
tions. The essential feature of thei" procedure reduces
to analysis in a specially designed diffusion apparatus with
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addition of a known excess of a standard bromide-bromate
solution. In an acid medium the free bromine evolved
brominates, for example, aniline to tribromoaniline and
its excess is absorbed by a potassium iodide solution
deposited on a porous material (filter paper or synthetic
water-soluble paper). The titration of the iodine, evolved
in an amount equivalent to that of the absorbed bromine, is
carried out in the same apparatus with sodium thiosulphate
solution; the time required for the analysis is 10 min at
40°C or 17 min at room temperature, and the accuracy of
the determination is to within 1.5%. This method can be
used to analyse dark or intensely coloured solutions.
Sotsenko et al.19 analysed m -toluidine, anthranilic acid,
sulphanilic acid, and anilinium chloride. In the deter-
mination of semicarbazide hydrochlorides Campbell et
al.20 used successfully titration with potassium bromate in
the presence of metal ions (nickel, cobalt, and manganese).
Semicarbazides are determined with KBrO3 in accordance
with the following scheme:

3NH2CNHNHS + 2BrO7 -»2NS + 3COa + 3NH, + 2Br + 3H,0 .
II

O

Iodometric titration combined with various procedures
for the detection of the titration end point is widely used in
the determination of organic compounds. A thermometric
titration method, in which alicyclic and aliphatic amines
and hydrazines are titrated with iodine in non-aqueous
solutions containing alkyl vinyl ethers, which polymerise
exothermically in the presence of an excess of iodine, has
been described21; the titration end point is determined on
the basis of the exothermic polymerisation reaction. This
method has an accuracy to within 1% in most cases.

In the above study iodine was used both as the titrant
and as the catalyst of the cationic polymerisation and
ethyl vinyl ether was employed as the monomer. Among
organic bases, aliphatic and alicyclic amines have been
determined by this procedure, namely n-butylamine (3.6),
benzylamine (3.7), piperidine (3.6), tris(hydroxymethyl)-
methylamine (4.3), 2-AT,iV-diethylaminopropionitrile (4.4),
N-methylmorpholine (4,6), etc.; pyridine derivatives,
namely pyridine (4.1), a-picoline (3.8), pyridine-2,6-
dicarboxylic acid (0.09), pyridine N-oxide (2.2), 3-picoline
N-oxide (2.2), etc.; aniline derivatives, namely aniline
(1.3), o-toluidine (1.5), diphenylamine (0), triphenylamine
(0), etc.; and heterocyclic nitrogen-containing compounds,
namely hexamethylenetetramine (5.0), phthalazine (3.5),
quinoline (0), and benzimidazole (4.0). The number of
iodine atoms consumed per molecule of the test compound
is indicated in brackets. It is believed21 that the number
of iodine atoms reacting with the molecule of the base may
be used as a measure of the strength of the base.

The titrimetric method involving oxidation by K2Cr207
has been used successfully22 to determine acetoguanamine
in the presence of melamine and guanidine; the excess
oxidant was determined iodometrically:

CH,

N N
I II +8Kaa.O7+4tfH,SO1-24COa+8Cra(SO4),+8K,SO4+15(NH4),SO4+8H,O.

!,N—C C—NH,H.N

A method of direct potentiometric titration of various
amines by hypobromite, based on the hydrogen substitu-
tion reaction in the amino-group has been proposed23:

R.NH + BrO- -» R,-NBr + OH~ .

The authors23 tested the method on 40 different compounds.

(b) D e t e r m i n a t i o n of h y r a z i n e and i t s
d e r i v a t i v e s . A monograph 24, which describes a
comparative analysis of all the existing methods and
examines in detail the reaction mechanisms and the
influence of various factors on analytical results, is
devoted to various methods for the determination of
hydrazine and its derivatives. Malone25 proposed an
acid-base isocyanate method for the determination of
mixtures of hydrazine with 1,1-dimethylhydrazine and
monomethylhydrazine. The method is based on the dif-
ference between the rates of reaction of isocyanate with
the corresponding hydrazines in anhydrous acetic acid
solution; the rate of reaction decreases in the sequence
hydrazine > monosubstituted hydrazine » disubstituted
hydrazine. An alcoholic HC1 solution was used as the
titrant, the accuracy of the method being to within 0.1 to
0.5%. A method involving direct non-aqueous titration
in dimethylformamide (DMF) by strong bases has been
proposed for the determination of N,N'-diacylhydrazines26.
Tetrabutylammonium hydroxide or potassium t-butoxide
were proposed as titrants in the presence of 2-nitro-
aniline as the indicator.

Titration with a solution of IC1 in 5 N HC1 has been
used recently27 to determine hydrazine, phenylhydrazine,
p-nitrobenzoic hydrazide, semicarbazide, and isonicotinic
acid hydrazide; the oxidation is in all cases rapid and
quantitative. Amperometric titration methods for the
determination of certain mono- and di-substituted
hydrazines with a permanganate solution at pH 6-7 have
been described28. The relative standard error in ten
replicate experiments was 3%. Subsequently the method
was improved29, using as the medium an aqueous acetone
solution in which the potentials of the onset of the oxidation
of hydrazine and dimethyl hydrazine at a platinum anode
differ sharply. The reaction mechanism is based on the
difference between the rates of oxidation by potassium
permanganate of the products of the interaction of hydrazine
and dimethylhydrazine with acetone in the presence of
Na4P2O7. A solution of potassium dichromate may be
used as the oxidant; the accuracy of the method is to
within 0.5%.30

(c) D e t e r m i n a t i o n of a m i d e s and n i t r i l e s .
A review has been devoted to the determination of amides
and nitriles 31; the authors discuss the principal methods
for the determination of amides: hydrolysis (alkaline,
acid, and catalytic), potentiometric and amperometric
titration, reduction with LiAlH4, and colorimetry. For
nitriles, there are as yet no specific analytical methods,
which makes it very difficult to determine them chemically
in mixtures with nitrogen-containing compounds. Hydrol-
ysis yields satisfactory results only for primary aliphatic
nitriles. Reports have been published recently about new
methods for the determination of organic compounds of
this class, which are discussed in detail in Section IV.

(d) D e t e r m i n a t i o n of o x i m e s and t h e i r
d e r i v a t i v e s . The principal methods for the deter-
mination of compounds of this class are given in a mono-
graph1. The latest studies 32'33 were devoted to potentio-
metric non-aqueous titration of mono- and di-oximes and
benzohydroxamic acids with a 0.1 N solution of tetrabutyl-
ammonium hydroxide. In all cases a clear-cut end point,
corresponding to one mole of base for one mole of oxime,
was obtained. The influence of the solvent on the change
in potential at the end point has been discussed32'33. An
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attempt34 to modify the iodometric method for the deter-
mination of hydroxylamines (Blom's method) was unsuc-
cessful; the authors studied the oxidation reaction in
detail and proposed a mechanism:

RCH2NHOH \ RCH=NOH ,
H,O

RCH=N—OH —zt RCHO + NH2OH,

NHSOH -±-> NO;

The amount of nitrite formed from hydroxylamine
derivatives depends on the rate of hydrolysis of the inter-
mediate oxime; if the latter is low, the quantitative
determination of nitrite is difficult. For this reason, the
method is used only for qualitative analysis.

(e) D e t e r m i n a t i o n of n i t r o-c ompounds ,
n i t r o s o - c o m p o u n d s , and n i t r o s a m i n e s .
Aromatic nitro- and nitroso-compounds are determined
by reduction either with Fe2+ in an acid or alkaline
medium35'36 or with an excess of titanium chloride solu-
tion37. An interesting method, involving the aquametric
determination of nitro-compounds, based on their reduc-
tion by SnCh in anhydrous acetic acid to the amine and
water and subsequent determination of the evolved water
with Fischer's reagent, has been proposed38:

RNO2 + 3SnCls + 6HCI — RNH2 +3SnCl4 + 2H2O .

The excess SnCk was titrated with an anhydrous solution
of iodine in DMF. Thus the content of NO2 groups was
estimated simultaneously by both potentiometric and
aquametric methods. The titration end point was in both
cases established biamperometrically using the I 2 ^ 21"
system; the accuracy of the method is to within 0.5%.

It has been suggested that thiourea dioxide (TUD) be
used for the determination of nitro-groups in phenols 39.
The essential feature of the method consists in the quanti-
tative reduction of the nitro-groups to amino-groups:

>C-SO2+HO- >—NOa + H2O -* 3 " V — SO- + HO—/ "*)—NH,.

The aminophenols formed were determined spectrophoto-
metrically.

Methods for the determination of nitrosamines are
described in detail in reviews41'42, where the chemical
properties, biological activities, and methods of analysis
of compounds of this class are considered. A sensitive
method for the determination of nitrosamines consists in
their reduction by LiAlH4 to hydrazine and condensation
of the latter with anthracene-9-aldehyde or phenanthrene-
9-aldehyde, which leads to the formation of highly fluo-
rescent hydrazones. After their isolation, the hydrazones
are identified spectrophotometrically or mass-spectro-
metrically43. Mention should also be made of a new
interesting reagent used to determine various functional
nitrogen-containing groups, namely l-chloro-3-ethylpent-
l-en-4-yn-3-ol (Placidyl) . This reagent can be used in
various solvents (C2H5OH, CHC13, CCI3CCI3) to test for
ureas, primary aromatic amines, s^w-alkylhydrazines,
and indole derivatives.

schematically as follows:

2RSH +2HSO ^ RSSR +2H,0 +2e~ ,
2e~ + (I,)aq g 21- ,
2RSH + (I,)aq +2H2O -Z RSSR +2I~ +2H8O+ .

In an anhydrous medium the reaction does not go to com-
pletion owing to the reverse protolytic reaction

2H+O+2I";±2HI+2H,O

The reducing effect of HI predominates. The reaction
involving t-butylmercaptan proceeds to the sulphenyl iodide:

The side reaction

R.CSH + 1 , V. R3CSI + HI

R.CSI + RSH Z RjCSSR + HI

is suppressed with lead(II) nitrate, which forms the
mercaptide and then lead iodide:

(RS),Pb+I,^RSSR + PbI, .

It has been shown48 that there is a tendency towards
further oxidation to higher oxidation states of sulphur, so
that errors in the determination of certain thiols are
possible.

Together with iodine, bromine or a bromide-bromate
solution are used49"51. They are stronger oxidants than
iodine and increase the degree of oxidation of the disul-
phide. The titration with bromide—bromate, proposed
previously for the determination of sulphides and disul-
phides in acetic acid, has been used to determine thiols
with potentiometric indication of the end point using
platinum or graphite electrodes49. The potential jump
corresponds to the reaction

RSH +3Br, +7H2O j t RSO2Br -f 5H36 +5Bi~

Aromatic thiols are oxidised quantitatively to sulphonyl
bromides, while the reaction involving aliphatic thiols
proceeds with difficulty. The sensitivity of the method
is to within 5 x 10"8 M thiol. Apart from the bromide-
bromate system, a study was made of the Pb(CH3COO)4/
Pb(CH3COO)2 system49, which has a still higher standard
oxidation potential, but the oxidation of thiols to the
sulphonic acids in anhydrous acetic acid was not observed.
This is probably caused by the solvolysis in this medium.
Only the following reaction takes place:

2RSH + (CH.COO), Pb 2 RSSR + (CHsCOO)a Pb +2CH.COOH .

The reaction is used in both potentiometric and visual
titration with an indicator to determine primary aliphatic
thiols with a long chain and aromatic and heterocyclic
thiols51.

Potassium or sodium periodate in dilute sulphuric
acid has been used for the quantitative determination of
primary and secondary thiols52. Thiocarbonyl com-
pounds and sulphocyanamide ions interfere with the deter-
mination. The same method has been used53 to determine
2-mercaptopyrimidines of the type

(f) D e t e r m i n a t i o n of t h i o l s . One of the most
frequently used methods for the determination of thiols is
oxidative titrimetry. Direct and back titration with
iodine, accompanied by the visual or potentiometric indi-
cation of the end point, are used45"48. The mechanism of
the oxidation of thiols to disulphides has been studied in
detail comparatively recently48 and may be represented

CH8 CH3

R = H, CH3,11-C4H9, ISO-C4H9, C 6 H 5 ,
3-NO2C6H4, or 2-NO2-*-CH3C6H3.
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One of the oldest methods for the determination of thiols
involves their oxidation with copper(II) salts. Nowadays
the reaction is usually carried out in DMF with potentio-
metric indication of the end points, using platinum, graph-
ite, or copper electrodes54. The oxidation of thiols by
potassium hexacyanoferrate(III) K3[Fe(CN)6] proceeds
quantitatively only in an alkaline medium 54>55, but, since
the oxidation of thiols is accelerated in air under these
conditions, the determination must be carried out in an
inert gas atmosphere; in the back titration ascorbic acid
must be used to determine the excess [Fe(CN)6]

3~. The
accuracy of the method is to within 1.5% .

Iodine chloride and bromide and iodine and bromine
cyanides are used very frequently to determine thiols56"58.
The method is based on the oxidation of thiols to disul-
phides:

2RSH + IX ̂  RSSR + HI + HX;
X = C ! , Br, orCN.

The reaction is carried out in an aqueous or anhydrous
medium with potentiometric or visual indication of the
equivalence point. The somewhat unstable results
obtained when iodine cyanide is used57 are associated with
the formation of hydrogen iodide, which is a powerful
oxidant. Its influence can be eliminated by adding
benzene, because HI is soluble in water and thiols are
soluble in benzene. Bromine cyanide is more convenient
than iodine cyanide, because HBr is a weaker reductant.
The accuracy of the method is to within 0.25% . Thio-
carbonyl compounds, sulphides, and thiocyanate ions
interfere with the determination. It has been found
recently59 that, in the presence of acetic acid, thiols are
readily and quantitatively oxidised to disulphides by
Af-bromosuccinimide. However, this method is inconven-
ient owing to the low solubility of N-bromosuccinimide in
water and the changes in its solutions with time.

A number of methods for the determination of thiols are
based on the formation of insoluble or undissociated mer-
captides. These are primarily reactions with silver and
mercury ions. Silver salts had been frequently used pre-
viously to determine thiols by amperometric titration ,
but, in view of the difficulty of determining the end point,
potentiometric determinations have come to be used.
During recent years, methods have been developed for
the determination of thiols using silver electrodes 60~64

with solutions of mercury salts and silver nitrate as
titrants. Apart from mercury salts, organomercury
compounds, which are more selective for the thiol group,
are frequently employed. ^-Dimethylaminophenyl-
mercury acetate and/>-diethylaminophenylmercury
acetate65'66 have been proposed for the visual, potentio-
metric, and amperometric titration of thiols (the error of
the method is <1.5%).

Qualitative tests for the mercapto-group must also be
mentioned. Thus the reaction of thiols with 2,2-dithio-
bis-(5-nitropyridine) leads to the appearance of a yellow
colour due to the formation of 5-nitropyridine-2-thione67.
This reaction is used for the detection of thiols in paper
and thin-layer chromatography. Another sensitive test
for the SH group is reaction with Hg(CN)2,

68 which leads
to the formation of mercury mercaptide and HCN. The
evolution of the latter may be detected from the appear-
ance of a blue colour in filter paper impregnated with a
solution of tetrabase or copper ethylacetoacetate in chloro-
form. The minimum amount of thiols which may be
determined is 1-5 ptg.

(g) D e t e r m i n a t i o n of s u l p h i d e s and
d i s u l p h i d e s . The principal methods for the deter-
mination of sulphides and disulphides have been described
fairly completely in a monograph1 and in conference pro-
ceedings 3' ; during recent years, few studies have been
published on the analysis of compounds of this class.
Thus a method involving acid—base potentiometric titra-
tion with sodium hydroxide in DMF has been proposed for
the analysis of bis-(2-carboxyphenyl) disulphide89.
Potentiometric titration (using a silver sulphide electrode)
by silver salts has been employed for the separate deter-
mination of thiols and disulphides in a mixture48. The
thiol is titrated initially and then sodium sulphite is added,
the latter reacting with the disulphide as follows:

RSSR + SO*" -> RS~ + RSSO- .

The mercaptan produced is titrated with silver salts. The
disulphide group is frequently reduced to the mercapto-
group and all the analytical methods for the determination
of thiols can be used. Many reagents have been proposed
for the reduction of disulphides 64'70'73

> but none of them
are universal. Best results have been obtained for the
solution LiAlH4 in tetrahydrofuran (THF).

Wronski64 proposed a new reagent—sodium aluminium
bis-(2-methoxyethoxide) dihydride (70% solution in
benzene):

NaAlH4 (OCH2CH2OCH3) + RSSR -» NaAl (SR)2 (OCH2CH2OCH,,) + H2 .

Decomposition with water yields thiols, hydrogen sulphide,
sodium hydroxide, aluminium hydroxide, and a -methoxy-
ethanol. The method is applicable to aliphatic and aro-
matic disulphides and its accuracy is to within 5% .
Sulphides and disulphides are usually determined by
methods based on their oxidation with periodate to the
corresponding sulphoxides71. A solution of phenyliodoso
acetate in dilute acetic acid has been proposed as the
oxidant72:

RSSR +4PhI (OCOCHa)2 +4H 2 O -> RSO2SO2R +4PhI +8CH3COOH

The excess of phenyliodoso acetate is reduced with
ascorbic acid and titrated with a solution of iodine. The
method can be used also for the analysis of a mixture of
thiols, sulphides, and disulphides; it is accurate, rapid,
and does not require special conditions.

(h) D e t e r m i n a t i o n of s u l p h o n i c a c i d s ,
s u l p h i n i c a c i d s , t h i o u r e a s , and d i t h i o -
c a r b a m a t e s . The principal method for the analysis
of sulphonic acids is alkalimetry. In recent years many
technological products have been analysed by this proce-
dure, and mixtures of isomeric sulphonic acids have been
determined. Thus an attempt has been made74 at the
separate determination of toluene-o- and toluene-/?-
sulphonic acids by high-frequency titration in non-aqueous
media. Kreshkov and coworkers75 developed a differen-
tial titration method (with the aid of KOH) for the deter-
mination of a mixture of aminobenzenesulphonic acids, the
accuracy of the method being to within 2-6%. Certain
substituted aromatic sulphonic acids are determined by
potentiometric titration with sodium methoxide in pyridine
or acetone76, but the accuracy is low. In the determina-
tion of a mixture of isomeric sulphonic acids the latter are
frequently subjected to preliminary separation on a
column with cation-exchange resins 77; the accuracy of
the method is to within 1%. A specific method78 for the
determination of a-sulphocarboxylic acids is based on
their ability to cyclise readily to form a six-membered
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ring with alkaline earth metal ions, particularly the
barium ion:

/COOH .COO .

R-CH + Bad, -> R-CH 6a + HCl + KCI .

with a solution of iodine and chloroform has been pro-
posed94:

Thus the determination of a -sulphocarboxylic acids can be
reduced to the determination of hydrochloric acid. The
titration is carried out in a 1 :1 water-isopropyl alcohol
medium with strong bases.

Iodometric titration has been used to determine sodium
noramidopyrinemethanesulphonate79.

A method for the quantitative determination of sulphinic
acids 80'81 is based on the reaction with nitrous acid:

2RSO8H + HONO -» (RSO8)S NOH + H8O

The reaction is carried out in a strongly acid medium, the
end point being determined potentiometrically or ampero-
metrically; the accuracy is to within 0.8%.

Thiourea and its derivatives are readily determined by
oxidative titrimetry. A method for the determination of
thiourea by its direct titration with KMnCk in sulphuric
acid has been described82; the end point is distinct and
stable. Thiourea can be oxidised quantitatively to the
sulphate with potassium dichromate in sulphuric acid83.
The excess dichromate is titrated with ferrous ammonium
sulphate; it is noteworthy that, under these conditions,
thiocyanates are also oxidised; the accuracy of the method
is to within 0.5%. It was shown subsequently that84 the
presence of copper(II) ions greatly accelerates the reac-
tion. It has been suggested recently that W-bromosuccin-
imide be used as an oxidant for thiourea85'86 (the reaction
is carried out in the presence of sodium bicarbonate):

CH8-CC CH,-Cf
4 1 >NBr + NH,CSNH,+6NaHCO,-> 4 I ) N - H + Na,SO«+7CO,+

CH8—CC CH,—CT
^O ^ 0

+4NaBr+2NH, .

N-Chloroacetamide has also been proposed as a thiourea
oxidant87 (for potentiometric and visual titration):

2RNH-C=NH + CH,CONHC1 ->RHN-C-S-S-C-NHR + CH,CONH, + HCI
I II II
SH NH NH

R=H, Alk.orAi.

Potassium iodate is used successfully to oxidise thiourea
to the disulphate70'88. One of the old methods for the
oxidation of thiourea consists in its titration by silver salts
in an ammoniacal medium in the presence of dithizon89.
This procedure is also used for the joint determination of
thiourea and thiocyanates90. The ability of thiourea to
form stable insoluble compounds with silver ions has been
used to make silver halide membrane electrodes, which
are employed for the potentiometric determination of
thiourea91>92.

In view of the great practical importance of dithio-
carbamates (as fungicides), a review was published com-
paratively recently by Halls93, which the principal method
for the determination of compounds of this class are
analysed. The majority of the methods are based on the
decomposition of dithiocarbamates in an acid medium and
the determination of carbon disulphide. Oxidative meth-
ods of determination are also discussed. The determina-
tion of water-insoluble bivalent mercury, lead, cadmium,
and zinc ions as the diethyldithiocarbamates by titration

NC,H,Jt C.H 1 4 C,H
+ MI,

The end point is determined visually or spectrophotomet-
rically. Iodine chloride95 and iodine and bromine cyanides96

are also used as oxidants for dithiocarbamates; the
accuracy of the method is to within 0.5%. The influence of
the pH of the medium, the nature of the solvent, and the
nature of extraneous ions has been investigated95. Methods
have been proposed for the determination of dithiocar-
bamates with the aid of the iodine-azide reaction97 and
potentiometric titration with perchloric acid in an anhy-
drous medium96. A method involving the direct titration
of dialkyl and diaryl phosphorodithioites with dimethyl-
and diethyl-aminophenylmercury acetates has been
developed99. Mention should be made of studies5 '100 in
which a method has been proposed for the coulometric
analysis of a technical mixture of sulphenamides and
dibenzothiazolyl sulphide, based on the oxidation of solu-
tions in acetic acid with bromine. The separate deter-
mination of the mixture components is based on their
different solubilities in the organic solvent.

2. Titration with Preliminary Chemical Reactions

a. D e t e r m i n a t i o n of n i t r o g e n - c o n t a i n i n g
o r g a n i c compounds . A widely used method for the
determination of tertiary amines in the presence of sec-
ondary and primary amines is titration in glacial acetic
acid with a solution of perchloric acid after preliminary
acylation with acetic anhydride101. However, quantitative
acylation of certain amines by acetic anhydride requires
severe conditions. It has been suggested102 that trifluoro-
acetic anhydride be used as the acylating agent. The acyl-
ation reaction proceeds at room temperature; the error
is 0.4%. Isopropenyl acetate can be used successfully as
the acylating agent103, its acylating capacity being superior
to that of keten and acetic anhydride; the compound is of
interest for the acylation of readily enolised compounds;
the accuracy of the method is to within 0.1-0.4%. The
formaldehyde-sodium bisulphide complex reagent is fre-
quently used in the iodometric determination of amines 104~
106; it reacts with the amino-group to form methane-
sulphonates, which are titrated with a solution of iodine in
an aqueous acid medium. Aniline and its derivatives104,
toluidines, and xylidenes105 have been determined by this
method; its accuracy is to within 0.5%.

The cyanoethylation reaction has been used for the
determination of primary and secondary amines107; the
amines react with acrylonitrile in accordance with the
equations

RNH, + CH.-CHCN -»RNHCH.CH.CN <
R,NH + CH,=CHCN - R,NCH,CH,CN .

The reaction is accelerated by catalysts (water and acids)
and takes place at room temperature for the majority of
amines. The excess acrylonitrile is titrated by the
sulphite method.

Obtemperanskaya and Kalinina108 suggested that 2,4-
dinitrobenzenesulphenyl chloride be used for the deter-
mination of aliphatic and aromatic amines; it reacts over
a period of 10-15 min with the amine in benzene solution,
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forming 50% of the amide and 50% of the amine hydro-
chloride:

2RNH2 + N O 2 — ^ y SCI — NO2—( HCI .

The employment of pyridine greatly accelerates the reac-
tion and improves the yield of the product. The determin-
ing factor in the reaction is the change in the pK"b of the
amine; one should note that amines with pKfo 5= 11 do not
react (diphenylamine); the error is <1%. Since the
reagent is highly hygroscopic, the authors subsequently
replaced it by 2-nitrobenzenesulphenyl thiocyanate109.
The method109 is based on the reaction of these compounds
in the presence of a small amount of alkali:

RNH, + NO2C,H4SSCN -Na0H-H> NO2C6H4SNHR + NaSCN + HaO .

The excess reagent is decomposed with an aqueous solu-
tion of alkali. The sulphenamide formed reacts with
hydrochloric acid to form sulphenyl chloride, which inter-
acts quantitatively with potassium iodide to form iodine:

NO2C6H4SNHR +2HCI -
2NO2C6H4SC1 +2KI

• NO2C6H4SCi + RNH2 • HCI
* (NO2C6H4S)2 +,12 +2KC1

The liberated iodine is titrated with sodium thiosulphate;
the accuracy of the method is to within approximately 1%.
The application of these reagents in analytical chemistry
has many advantages over methods based on the acylation
reaction and acid-base titration.

Primary and secondary amines may be determined
quantitatively by reaction with l-(isothiocyanatomethyl)-
isatin, in which crystalline urea derivatives are formed
readily Phenyl isocyanate has been suggested for
the determination of primary and secondary amines. The
thiourea derivatives formed are titrated with potassium
iodate in an acid medium at room temperature.

Among the titrimetric methods for the determination
of amino-compounds used at the present time, mention
should be made of titration with bivalent metal (Cir* and
Mnll) salts. For example, a -amino-acids have been
determined112 by titration with a solution of copper(II)
sulphate, the maximum error being 0.3%. Aminopoly-
carboxylic acids are analysed by titration with Mn2+ salts
113~115. A solution of A'-chlorosuccinimide in the presence
of Methyl Red as the indicator has been suggested for the
determination of microamounts of hydrazines and their
salts 116. The end point is determined from the disappear-
ance of the colour of the indicator. A 0.1 A' solution of
AT-chloroacetamide has been used for the potentiometric
analysis of hydrazine derivatives117, the error of the
method being ±0.8% . Potentiometric oxidative titration
of oximes is carried out with K7Cu(HTeO6)2.

 U8 The reagent
is prepared by oxidising copper(II) to copper(III) with
K2S2O8 in KOH solution in the presence of K2Te2O7 as the
complex-forming agent.

b . D e t e r m i n a t i o n of o r g a n i c s u l p h u r c o m -
p o u n d s . Many methods for the determination of thiols
involving phenylation by various reagents have been pro-
posed. It has been suggested that 3-phenothiazinone in
80% acetic acid be used for the back titration of thiols U9;
the excess is titrated with sodium thiosulphate. The same
reagent is suitable for the determination of thiourea and
thiosemicarbazides. The titration of thiols with 4,5-di-
bromo-6-pyridazinone or 4,5-dichloro-6-pyridazinone in
aqueous or organic media takes place quantitatively with
elimination of an equivalent amount of the hydrogen

halide 12°:

RSH -f X—^ N—R' -> RS—^ N—R' + HX;

X = Cl or Br.

Side reactions with other nucleophiles, amines, phenols,
sulphides, and alcohols were not observed. In a series
of studies for the determination of thiols121"126 new
reagents have been proposed and analytical methods
devised. We believe that vinyl sulphones are interesting
reagents112. Owing to the presence of the electron-
accepting sulpho-group, they readily react with nucleo-
philes via the terminal carbon atom attached to the double
bond:

R—SO2—CH=CH2 + R'SH -* RSO2CH2CH2SR' .

A three-fold excess of a solution of the vinyl sulphone
in dioxan is added to the thiol being analysed, the excess
being titrated by the sulphite method. Aliphatic, aromatic,
and heterocyclic mercaptans may be determined by this
procedure. A method, which had been used earlier for
the analysis of aliphatic and aromatic mercaptans and is
based on nucleophilic addition to acrylonitrile, has been
suggested for the quantitative determination of hetero-
cyclic thiols the accuracy is to within 0.5%.

Arenesulphenyl halides are highly reactive in relation
to thiols 123~ 26; the reaction results in the formation of
asymmetric disulphides:

RSH + C1SC.H, (NO2)2 -> RSSC6H3 (NO2)2 + HCI .

It is carried out in acetic acid, the excess reagent being
determined iodometrically. Aliphatic and aromatic thiols
containing OH, NH2, and COOH groups can be determined
by this method In the reaction with heterocyclic thiols
it is necessary to add pyridine in order to bind the hydrogen
chloride. The error of the method does not exceed 1%. In the
potentiometric titration of thiols with tetraethylammonium
hydroxide, it is necessary to add l-chloro-2,4-dinitrobenzene,
which leads to a sharp increase of the potential jump125.

Chloramine-T has been suggested as the oxidant for the
analysis of thiosemicarbazides127; the reaction takes
place quantitatively under the usual conditions:

NH2NHCSNH2 + 6 [CH3C8H4NC1]- +6H 2 O -» 6CH3C6H4SO2NHa +

+6C1- + CO2 + N2 + NH4 + H+ + SO,*" .

The excess chloramine-T is determined iodometrically.
Thiocyanates and hydrazines interfere with the determin-
ation of thiosemicarbazides. Despite the enormous
importance of thiosemicarbazones in pharmacology, until
recently there were no suitable methods for their quanti-
tative determination. Comparatively recently Campbell
et al.128 proposed a simple and rapid method for the
quantitative determination of aromatic monothiosemi-
carbazones by the potentiometric titration of the protons
liberated on formation of the complex with silver ions:

NH2

els
NH—N=C

+ Ag+

^R'

NH2

_> C—S-Ag

NH-N=C
SR'

The accuracy of the method is to within 0.5%, but the
procedure cannot be extended to all types of thiosemi-
carbazones and requires further development. The same
workers129 used copper(II) instead of silver for the deter-
mination of alkylbisthiosemicarbazones by an analogous
procedure, the accuracy of which is to within 0.5% .
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III. PHOTOMETRIC METHODS FOR THE DETERMINA-
TION OF NITROGEN- AND SULPHUR-CONTAINING
ORGANIC COMPOUNDS

A method widely used in recent years for the determin-
ation of nitrogen-containing organic compounds has been
photometric analysis 3'24. A number of investigators
have developed new procedures for the determination of
amines, amides, hydrazines, oximes, azo-compounds,
etc. by colorimetric methods using various chemical
reagents, which can be nitro-compounds, aromatic
halogeno-derivatives, dyes, metal ions, etc. Most of
these are readily available, and the analytical methods
are simple and highly sensitive. There have been few
studies in recent years on the photometric analysis of
sulphur-containing organic compounds.

1. Photometric Analysis Using Organic Reagents

a. D e t e r m i n a t i o n s with n i t r o - c o m p o u n d s .
Various aromatic nitro- and polynitro-derivatives, which
give rise to intensely coloured solutions in acetone in the
presence of strong alkalis, are fairly frequently used for
the quantitative determination of nitrogen-containing com-
pounds. The procedure is based on the Janowsky reac-
tion, in which acetone interacts with the dinitro-compound
in the enolic form, forming a quinonoid structure of the
following type:

Comparatively recently Malone130 investigated the
interaction of hydrazine and amine derivatives with 20
different nitro-compounds and established that all the
nitro-compounds which he proposed are suitable under
certain conditions for the quantitative analysis of nitro-
gen-containing compounds. Bartos showed131'132 that
nitromethane, which forms red compounds in the presence
of alkylamines or their quaternary bases, can be used
successfully instead of acetone in reactions of polynitro-
compounds (1,3,5-trinitrobenzene, picric acid). Bartos
determined by this method many alkylamines and their
hydrochlorides. Arylamines are less reactive and
several hours are required for the appearance of the
colour. The same workers 133 proposed a method for the
photometric analysis of primary and secondary amines
using l-fluoro-2,4-dinitrobenzene and nitromethane in
DMF. In order to obtain a more intense colour in solu-
tions, Bartos introduced in addition potassium hydrogen
borate. The addition of potassium hydrogen borate in
DMF to the organic phase leads to an intense violet
colour, a green-violet colour, and a green colour in the
presence of primary alkylamines, secondary alkylamines,
and aromatic amines respectively. The microanalysis of
aromatic amines via the Janowsky reaction has been
investigated134 and its conditions have been discussed in
detail.

It has been suggested that sym -trinitrobenzene be used
for the determination of certain aromatic amines135. The
authors regard this reaction as a charge-transfer process
which leads to the formation of n -i\ complexes absorbing
in the ultraviolet or in the visible region, Xmax depending
on the nature of the amine (primary, secondary, or ter-
tiary). Thus aniline and toluidine (primary amines) can

be readily distinguished from ZV-methylaniline (a secondary
amine) and N, N- dim ethyl- andiV,N-diethyl-anilines (ter-
tiary amines).

Legradi136'137 suggested that aliphatic amines and
amino-acids be determined with the aid of 2,4-dinitro-
benzene in the presence of hydroxylamine hydrochloride
as the catalyst. Obtemperanskaya and coworkers138'139

also used 2,4- and 3,5-dinitrobenzenes to analyse primary
and secondary aromatic and heterocyclic amines and
hydrazines. The majority of aromatic primary amines
and hydrazines are phenylated quantitatively at room tem-
perature. The appearance and development of the colour
of the solutions over a period of time and its stability
depend on the nature of the functional substituents in the
benzene ring of the amine or hydrazine. The sensitivity
of the method is to within 10~5-106 M and the accuracy of
the determination if to within 0.13-2.8% for aliphatic
amines, 0.8-6.0% for aromatic amines, 0.5-4.7% for
heterocyclic amines, and 0.6-4.0% for substituted
hydrazines.

A method has been proposed for the photometric micro-
determination of certain biogenic amines in the presence
of amino-acids and amino-alcohols, based on the reaction
with 3,5-dinitrobenzoyl chloride The sensitivity and
accuracy of the method are to within 1 x 10~6 M and 2%
respectively. The same workers used 2,4-dinitrobenzoyl
chloride for the analysis of aromatic, aliphatic, and acyclic
amines. The reaction takes place quantitatively at room
temperature, its sensitivity and accuracy being to within
1.3 x 10"6 M and 0.2-2.8% respectively. Obtemperan-
skaya etal.141 made a comparative assessment of
3,5-dinitrobenzoyl and 2,4-dinitrobenzoyl chlorides. The
latter reagent is more sensitive and in addition can be
used for a test in the qualitative analysis of aromatic,
aliphatic, and acyclic amines, since it forms solutions
having different colours. l-Fluoro-2,4-dinitrobenzene
can be employed successfully for the analysis of aromatic
and aliphatic amines142. The reaction takes place quan-
titatively at room temperature for aliphatic amines and at
60°C for aromatic amines, its accuracy being to within
0.5-6.0%.

b . D e t e r m i n a t i o n u s i n g o t h e r c h l o r i n e -
c o n t a i n i n g r e a g e n t s . Fickentscher143 and Tashima
et al.144 used chloranil (2,3,5,6-tetrachloro-l,4-benzo-
quinone) as the reagent for the photometric determination
of nitrogen-containing compounds. On interaction with
aromatic amines it gives rise to bluish violet solutions.
Fickentscher determined by this method microamounts of
dimethylamine in DMF; Tashima et al.144 used this
reagent for the analysis of methylcellosolve solutions of
various aniline derivatives. The accuracy of the method
is satisfactory.

Quinone dichloroimide has been proposed for the sepa-
rate determination of aliphatic and aromatic amines145;
53 compounds have been studied by this procedure. The
ability of many aromatic amines and heterocycles to react
with polyhalogeno-compounds (with CBr4 or CHI3) and to
give rise to coloured solutions under the influence of
ultraviolet light served as the basis for their colorimetric
analysis Apart from CBr4 and CHI3, di- and tr i -
chloroethylenes, hexachloroethane, and isopropyl iodide
may be used; however, one should note that the method
requires further development. There are several analyt-
ical procedures for hydroxylamines, including thin-layer
chromatography 147>148.
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Stewart and coworkers149>150 proposed a new photo-
metric method for the determination of microamounts of
arylhydroxylamines with the aid of 9-chloroacridine. The
sensitivity and accuracy of the method are to within 0.8 to
3.0 mg ml"1 and 1.6-3.6% respectively. Hydroxylamines
can be determined by the same method in the presence of
primary aromatic and aliphatic amines, amides, aromatic
nitro-compounds, and phenols.

c . D e t e r m i n a t i o n u s i n g o r g a n i c d y e s .
Organic bases and their salts may be determined by an
extraction-photometric method using acid dyes as the
reagents. The employment of dyes, whose solutions have
high molar extinction coefficients, makes it possible to
determine quantitatively amines in very dilute solutions.
Two reviews151'152, which discuss in detail the choice of
dye and solvent, the influence of the pH of the medium, and
the influence of various factors on the extraction constants
of the complexes formed, have been devoted to the develop-
ment of this method. A number of determinations have
been made of the extraction constants153"159. It is recom-
mended that Bromothymol Blue or the ethyl ether of tetra-
bromophenolphthalein be used for the analysis of quater-
nary ammonium salts160'161. Among all the solvents
investigated, chloroform, a chloroform-alcohol mixture,
or a benzene-isopentyl alcohol mixture proved to be most
effective162. In the analysis of amines in the presence of
Bromophenol Blue163 the complexes formed were isolated
and identified; the colour of the complex can be accounted
for by the quinonoid structure of the dye. Bromophenol
Blue, Bromocresol Purple, Bromocresol Blue, and
Bromochlorophenol Blue have also been used as reagents
for the determination of amines164"167. Korenman164

used Bromophenol Blue for the quantitative determination
of aromatic amines to within 0 — 6%.

Amines have been determined165 by their extraction
with chloroform using Bromocresol Purple and Bromo-
thymol Blue. The authors established that the dyes react
as singly-charged anions, which are responsible for the
colour of the extracts of the amine compounds. The
accuracy of the extraction-photometric analysis may be
increased severalfold by adding C1-C4 alcohols to the
reaction mixture166 or by extraction with ternary nitro-
benzene-chloroform—benzyl alcohol mixtures 167

d. D e t e r m i n a t i o n of a m i n e s by the a z o -
c o u p l i n g r e a c t i o n . Azo-coupling is widely used for
the determination of aromatic amines 3. Diazotised
dinitroaniline has been used168 as a reagent for the deter-
mination of various aromatic amines; the reaction is
carried out in highly acid solution and its accuracy is to
within 0.5-5.9% . The method involving diazotisation with
subsequent coupling to an H+ acid and colorimetric deter-
mination of the resulting dye has been employed169; the
authors determined toluidines, chloramines, and nitro-
anilines; the accuracy of the analysis is to within 1-1.5%.
Bromonitrosol (3-bromo-2-nitroso-l-naphthol) can be
used for the analysis of amines and hydrazines170; the
reaction leads to the formation of coloured azo-compounds,
which can be determined photometrically, but the accu-
racy of the analysis is comparatively low.

e. O t h e r m e t h o d s of c o l o r i m e t r i c a n a l y -
s i s . An interesting photometric method for the deter-
mination of/»-phenylenediamine has been proposed by
Corbett171, its sensitivity and accuracy being to within
10~4-10"5 M and 2% respectively. Aliphatic primary
and secondary amines, a-amino-acids, sulphamides,

hydrazines, and other compounds containing the amino-
group condense in an alkaline medium with 1,2-naphtho-
quinone-4-sulphonic acid to form red, orange, and yellow
derivatives of 1,2-naphthoquinonemonoimines 72. The
method is simple and highly sensitive, but suffers from
limitations in the determination of secondary arylamines.
The method involving the coulometric titration of amines
is of definite interest173. Biphenyl radical-anions are
used as the titrant. At a low rate of conversion it is
possible to measure the absorption due to intensely
coloured radical-cations generated from the amines in the
course of the reaction; the accuracy is to within 1.7 to
3.0%.

Fluorescamine (I),174 which forms coloured compounds
(II) with amines, is an effective reagent in the colorimet-
ric analysis of primary amines:

R-l

= 0
= 0

OH

(i) o (II)

The pH of the medium and the concentration of reagent
(I) are important for the reaction. The sensitivity of the
method is to within between 0.01 and 0.1. M.Legradi175'176

used successfully phenylacetonitrile in an alkaline medium
and diazotised sulphanilic acid for the analysis of nitro-
compounds. The method described by Mordovina et al.177

may be used for the microdetermination of nitrobenzenes
in aqueous solution. Thiourea dioxide (NH2)2CSO2 in an
alkaline medium has been suggested for the microdeter-
mination of the nitro-groups in aromatic compounds; the
sensitivity of the method is high and its accuracy is to
within 1-4%.

2. Photometric Analysis Using Inorganic Reagents

Quantitative photometric analytical methods, based on
reactions with simple and complex metal salts, are widely
used in the analysis of nitrogen-containing organic com-
pounds 3. Many fundamental studies devoted to a detailed
investigation of the structures of the complex formed and
the determination of various factors influencing the reac-
tion have been published in recent years. For example,
a study has been made178 of 15 different aromatic amines
in the presence of 13 metal ions178: Cr3+, Cu2+, Fe3+,
Bi3+, Ag*, Ni2+, etc. It was shown that, in the presence
of hydrogen peroxide and alkali, coloured complexes are
formed and that the colour of the solution depends on the
concentration of the amine. A method based on the reac-
tion with Fe(NO3)3 in the presence of acetyl chloride is
highly sensitive in the determination of aliphatic and
aromatic amines179. The influence of temperature, the
concentration of the salt and acetyl chloride, and the pH
of the medium on the formation of the complexes has been
studied, and a mechanism has been proposed for the for-
mation of the complexes; the accuracy is to within at
least 3%.

Connors and Albert180 used successfully the Hamilton
reagent for the analysis of 15 aromatic amines, including
a-methylbenzylamine. The reaction with the copper(II)
ion in ammonia solution has been used in the determination
of isomeric aminophenols in mixtures181; the reaction led



1000 Russian Chemical Reviews, 47 (10), 1978

to the formation of coloured complexes, which were
extracted with 1-butanol and determined colorimetrically.
Copper and nickel salts in the presence of salicylaldehyde
have been used to analyse amines182; the reaction results
in the formation of coloured complexes: yellow for aro-
matic amines and yellow-green for aliphatic amines.
Mitsui and Fujimura183 used this method to determine
primary amines but, instead of salicylaldehyde, they
employed nitrosalicylaldehyde; the accuracy of the method
is to within 0.5-1.5%.

Legradi184 developed an interesting drop method for
the determination of amines and hydrazines with the aid of
silver nitrate in the presence of alkalis; a drop of an
ethanol solution of the amine (or hydrazine), a drop of
silver nitrate solution, and a drop of 0.1 N NaOH are
deposited on filter paper, which results in the appearance
of an intense colour. This method may be used to deter-
mine p-, and 9-phenylenediamines, o-aminophenol,
anisidines, and toluidines. Sodium nitroprusside, which
forms solutions with a characteristic colour, is fairly
frequently used to determine amino-compounds 1)2. Sodium
nitroprusside was used comparatively recently185 in a mixture,
with acetaldehyde for the quantitative determination of
secondary aliphatic amines in a mixture with primary
amines. The same method can be employed also for the
determination of N-methylated amino-acids to within 3%.
Marco and Mecarelli186 used sodium nitroprusside together
with ferrocyanate for the determination of guanidine and
arginine derivatives. The employment of a mixed solvent
containing isopropyl alcohol and water prevents the forma-
tion of insoluble deposits and gives rise to a high intensity
of the colour of the solution.

Reactions involving oxidation by potassium peroxydi-
sulphate, potassium hexacyanoferrate, potassium bromate,
sodium perchlorate, etc. are frequently used in the photo-
metric analysis of amines187"189. Korotkova and Noskov189

used K3[Fe(CN)6] as the oxidant for the determination of
certain aromatic amines and, in order to establish the
optimum conditions for the photometric determination,
they employed the Box-Wilson mathematical experimental
design method.

In conclusion, one should note that each of the methods
described for the quantitative colorimetric determination
of nitrogen-containing compounds has its advantages, dis-
advantages, and limitations. Certain methods are applic-
able only to the simplest representatives of compounds of
the class indicated and are not applicable to more complex
systems; in many instances difficulties arise in carrying
out the experiment. However, sometimes the colorimet-
ric method of analysis is the only suitable procedure
among all the known methods of functional group analysis
for compounds of the given class.

3. Photometric Analysis of Sulphur-containing Organic
Compounds

Photometric methods for the determination of thiols are
based on the following reactions: phenylation reactions,
reactions with disulphides, and reactions with organo-
mercury compounds. The first type includes primarily
the dinitrophenylation reaction proposed190 for the deter-
mination of aliphatic and aromatic thiols. The method
proposed by the same workers191 for the determination of
thiols using 2,4-dinitrobenzoylsulphenyl chloride is based
on the Janowsky and sym -phenylation reactions. The
reaction of a thiol with an excess of the reagent by a
factor of 2 -3 is quantitative over a period of 3-5 min at

50°C:

N02

O,N
/

+ RSH-

NO2

I
- S S R

O.N

+ HCI

After the Janowsky reaction has been carried out, photo-
metric measurements are made on the solutions at
A = 480 nm.

Another interesting reaction has been suggested by
Unorits Furfural reacts with thiols in sulphuric acid
at room temperature to form a red-violet substance
(Amax = 505 and 535 nm), which consists of the hydrolyt-
ically cleaved furan ring:

TRS—CH=CH—CH=C—CH=SR1 +

I OH J - H S ° ; •
In the reaction with hydroxymethylfurfural ring opening
does not occur, and the colour arises as a result of the
formation of cations having the following structure:

H.SO.+RSH

HOCH2-« i'-CHO
xx =SR HOCH/ ^CHSR.

The use of heterocyclic disulphides of the type

s-s

X = NO2, NH2, or COOH.

has been proposed for the photometric determination of
thiols193. The reaction proceeds in accordance with the
equation

The thiopyridone formed absorbs in the range 2,40—430 nm.
We may note that the accuracy of the method is low.

4,4'-Bisdimethylaminophenylmethanol, which forms
intensely blue cations at pH 5.0, is also used as an
alkylating agent194. The addition of a thiol causes the
disappearance of the colour. This method is widely used
in the analysis of proteins. Photometric methods for the
determination of thiols mixed with disulphides have been
described195'196, 5,5'-dithiobis-(2-nitrobenzoic acid),
reacting via the mechanism

-NO 2 +RSH-

• R S S -

COOH

being used as the reagent. An intense yellow colour
(Amax = 412 nm) arises owing to the formation of the
aromatic mercaptide (III). The generation of the colour
due to this mercaptide has been demonstrated by the
detection of the quinonoid mesomeric structure

>—NO2 ~ S=

\coo- -coo-

Reactions with organomercury compounds are widely
used in photometry64'196. /5-Dimethylaminophenylmer-
cury acetate andp-diethylaminophenylmercury acetate are
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used for the extraction-photometric determination of thiols.
It is suggested64 that organomercury compounds form
chelates with diphenylcarbazone which has a bright violet
colour in benzene. The accuracy of the method is to
within 4-8%; thioureas, sulphates, nitrates, and phos-
phates do not interfere with the determination. The
results of the photometric method agree satisfactorily with
those of titrimetric analysis where the given reagents are
used as titrants.

Only one paper has been published in the last six years
on the photometric determination of sulphides and disul-
phides, involving the determination of thiuram disulphide
in fungicides in the course of the analysis of industrial
preparations; the method is based on the reaction with
copper acetate73. Basic dyes of the type of rhodamine C,
Acridine Orange, and Chrysandine [chrysoidine? (Ed. of
Translation)] have been proposed as reagents for the
determination of sulphonic acids46'52. Some of the main
factors which determine the interaction between basic dyes
and sulphonic acids are the pH of the medium and the con-
centration of acid. Quinone derivatives are used in the
colorimetric determination of thiourea. Thus 1,4-di-
amino-5-nitroanthraquinone has been used in anhydrous
acetic acid200; the measurements were made at 565 nm.
Thioureas, thiosemicarbazides, monothiosemicarbazides,
and isothiocyanates react with 2,3-dichloro-l,4-naphtho-
quinone in an ethanol solution of ammonia, forming an
intense violet colour 201o Apart from ammonia, pyridine,
quinoline, ethylamine, and aniline may be used as the
bases. The sensitivity of the method decreases in the
sequence thiosemicarbazones > thiosemicarbazides »
thioureas > isothiocyanates. We believe that the method
requires further development. Wronski202 suggested a
method based on the reaction of thiourea with an alkaline
solution of o-(hydroxymercuri)benzoic acid with heating.

It has been noted that aromatic substituents increase
while aliphatic substituents decrease the rate of desulpho-
nation; tri- and tetra-substituted and cyclic thioureas are
extremely resistant to this reaction. Attempts have been
made 88'203 to reduce the reaction time by employing
dipolar aprotic solvents—dimethylformamide and dimethyl
sulphoxide. An interesting photometric method has been
proposed for the determination of xanthates204: acetone
and then the xanthate are added to a solution of nickel
nitrate in acetic acid; photometric measurements are
then made at 420 nm on the resulting intensely yellow
solution The error of the method is to within less than
0.5% . Dixanthates are determined with the aid of an
excess of potassium thiocyanate205; the amount of potas-
sium thiocyanate is determined photometrically on treat-
ment with (NH4)2SO4.Fe(SO4).24H2O in nitric acid. A com-
parative assessment of all the methods for the analysis of
sulphur-containing compounds permits the conclusion that
the potentiometric titration procedures are the most suit-
able, being simplest and most accurate.

IV. OTHER METHODS

One should consider in the first place certain new
analytical methods devised in recent years. A definite
interest attaches to the method for the determination of
aliphatic nitriles based on catalytic hydrogenation with
subsequent titration in a non-aqueous medium206. The
authors206 devised a special apparatus for the hydrogena-
tion of nitriles, which occurs in the presence of platinum
oxide as the catalyst in acetic acid. The amines formed
are determined by potentiometric titration with 0.1 N

HC1O4 solution in dioxan. The standard deviations do not
exceed 0.003-0.006.

Two methods for the determination of amides are note-
worthy: the ion-exchange method207 and analysis of
N-substituted amides by the thermal cleavage method208.
The latter procedure is based on brief (1-2 min) heating
of amides at 300-400°C, amides being readily decomposed
under these conditions to the amines and acids (or their
decarboxylation products). The reaction products are
identified chromatographically (by TLC or paper chroma-
tography). More than one hundred compounds have been
studied by this method; a mechanism has been proposed
for the cleavage reaction and may be represented sche-
matically as follows208:

CH
c=o

c=o
NH

CH,

CH3—C—CH2—C-NHR
II II
o o

CH2-C-NHR •
I II

' 2H2O f

CH2

J\ArNm

I II
c=o o

CHS

H,O
RNH2 + CH3—C-CH2—COOH - . CO2 + CH3CCH3 .

II ii
o o

A. highly sensitive colorimetric method209, in which the
amide group is oxidised with bromine, the excess bromine
is decomposed by sodium formate and the products are
oxidised further with iodine until the formation of a pale-
blue complex (the "tri-iodine-starch" complex), may be
used to determine trace amounts of various amides in
aqueous solutions; photometric measurements are made
on the complex at 610 nm. The accuracy of the method
is to within 3.0%.

A rapid and convenient micro-gas-volumetric method
for the determination of the hydrazino-group in organic
and inorganic compounds by oxidation of the group with
p -benzoquinone in 5% Na2HPO4 solution has been reported
210. Hydrazine derivatives may be determined by this
procedure in the presence of ammonium salts; the accu-
racy is to within 0.2%. A method for the quantitative
determination of dimethylhydrazine in solution by classi-
cal and a.c. polarography has been developed recently6.
The method may be used in the dimethylhydrazine concen-
tration range 10~3-10"6 M and the error is 4% .

A very interesting analytical method has been developed
for the determination of a mixture of a -amino-alcohols
(primary, secondary, and tertiary) by treatment with an
excess of potassium periodate in a weakly alkaline
medium21 „ The method is rapid and accurate; the
presence of a -amino-acids and a -diamines does not inter-
fere with the analysis. It should also be mentioned that,
following the development of the technique of ion-selective
electrodes213'216, potentiometric methods have come to be
even more widely used for the determination of various
nitrogen and sulphur-containing compounds. These meth-
ods may be used to determine many substances belonging
to the classes noted above5'6'212'214'215. The polarographic
method is used on a fairly wide scale in the analysis of
complex organic sulphur-containing compounds5'198.

The experimental data presented in this review indicate
the great interest of investigators in the problem of the
functional group analysis of nitrogen- and sulphur-contain-
ing organic compounds. At the same time one should note
that there are still too few universal methods for the
chemical analysis of mixtures of compounds belonging to
different classes. The problems to be solved in the
immediate future apparently involve the search for new
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reagents and greater use of mathematical experimental 22.
design methods for the selection of optimum reaction
conditions. 23.

—-oOo-- - 24.

During the preparation of the manuscript for the press, 25.
a number of new publications appeared. There are 26.
several reviews devoted to general problems of functional
group analysis217'220. Titrimetric methods for the 27.
determination of nitrogen- and sulphur-containing com-
pounds have been described221"225 and accounts of photo- 28.
metric methods have appeared256"266. Other analytical
methods have also been described267"281. 29.

30.
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