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I. INTRGCDUCTICN

The use of the reactions of carbonyl compounds with
ammonia and its derivatives in polarography makes it
possible to investigate the physicochemical parameters
of these reactions '~® and to achieve in many instances
important indirect determinations of the substances
involved. The latter is very important for the under-
standing of the mechanism of the nucleophilic inter-
action*”®, which is widely used in other branches of
analytical chemistry ®*".

Among the physicochemical parameters of the reactions
of carbonyl compounds with ammonia and its derivatives,
the equilibrium constants and the acid—base dissociation
constants of the products have been most widely investi-
gated with the aid of polarography. These applications of
the polarographic method are examined in the present
review together with the mechanism of the reduction of the
reaction products and the analytical applications.

II. REACTION EQUILIBRIA AND ACID-BASE
PRCPERTIES OF PRODUCTS

An extensive application of polarography in the study of
the reactions of carbonyl compounds with ammonia and its
derivatives was achieved for the first time by Zuman *™*
and by Zuman and Brezina'*’'°, However, in the majority
of the early studies *~ the polarographic method was used
to investigate the simpler single-stage interaction and
MatouSek * was the first to use polarography to charac-
terise quantitatively the multistage interaction on the
basis of the reactions with formaldehyde. This research
was developed further **~*® and now involved the determin-
ation of quantitative reaction parameters. The develop-
ment of the theoretical and experimental principles of the
application of polarography to the study of single-stage
and partly multistage interactions was continued in other
studies 3°7%,

Among the reactions involved in the given equilibrium,
it is possible to isolate the main and side reactions. The
main reactions, which are observed in aqueous solution,
can be described by the following general mechanism %738
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where Q, G, and G’ are respectlvely the carbonyl com-
pound, its hydrated form, and its anion, A and A* are
ammonia or an ammonia derivative and its form pro-
tonated at the nitrogen atom, M, D, and D* are adducts—
hydroxyalkyl- and bishydroxyalkylamines (there is also a
possibility of trlshydroxyalkylammes T and T* in the reac-
tion between HCHC and NHi *®)—and the corresponding
forms protonated at the nitrogen atom, and U and U"*
represent the dehydration products—an unsaturated com-
pound and its form protonated at the nitrogen atom.

The reaction of secondary amines HNXX’ with formal-
dehyde leads to the formation, apart from M(M"), of the
correspopding cation of the quaternary amino-derivative
%9-41 ¥ N(CH,OH)z. A similar reaction is also charac-
teristic *° of tertiary amlnes XX'X" NCH-CH, although
according to Matoudek ** there is also a possiblhty of the
formation of the compound XX'X”NCH2C™ under these
conditions.
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Together with the main reactions (1), numerous side
reactions have been noted *, among which those involving
the formation of the cyclic trimer

38439
.

and the diamine>C(HNX)g are the most important

We shall use the following notation for the equilibrium
constants of the main reactions:

Lg =1G)IQ), (3)

Ly = [MJ/[A][QL, (4)

Lys = [MH/[A*] [Q], (5)
Ly, = [DI/[A][QP, (6)
Lo+ = [DH/IA*]1QPE, (n
Ly = [TV/[A][QP, (8)
Lys = [T+VIA*](QF, (9)
Ly =[U}/IA}Q], (10)
Ly = [U/1A*Q), (11)

and for the acid dissociation constants:

Kg =[G} [HH/G], (12)
Kpe = [A][H]/[A), (13)
Ky = [M] [HF/[M#], (14)
Kps = [D][H+)/[D*], (15)
Kyq = [T] [HH/IT4], (16)
Kys = [UTHA[U*], (17)

If the reaction involves the anion of the carbonyl com-
pound (for example, the anion of pyruvic acid) or with the
anion of the nucleophile (for example, the anion of an
aminoacid), then LM, LD, KM*, KD*, and Ky* are
replaced by Lm-, LDp-, KMt, Kp+, and Kyt. For the
reaction of the anion of the carbonyl compound with the
nucleophile anion, we have Lpf=and K. Ina fairly
acid pH range, Egns.(5), (7), and (13)—(15) hold also for
aminoacids. Here it is necessary to bear in mind that
the constant KA+ has not been determined experimentally
and is usually assumed *® to be equal to the acid dissocia-
tion constant of the methyl or ethyl ester of the aminoacid.
On the other hand, the acid dissociation constants of the
carboxy-group in the protonated form of the aminoacid
KIA" as well as the acid dissociation constants K 5+ of the
protonated nitrogen atom in the aminoacid dipolar ion
have been determined experimentally **. Some of the
above constants are interrelated:

Kue = KpsLp/Lygss (I 8)
Ko+ = KpeLp/Lps, (1 9)
Kre =KiaLy/Lry (20)
Ku+ = KpsLg/lyse (21)

In view of the insignificant influence * of the carbonyl
compound undergoing the addition reaction on the constant
KA+, we obtain a similar relation also for aminoacids:

KM: :KAiLm—/Lm+' (2?)

We shall now consider equations for the determination
of equilibrium constants from the average limiting
polarographic current i1im for the reduction of the reac-~
tion products. If G~, D, and D* are neglected in mech-
anism (1) for Q= const. (c is the overall concentration,
the subscript indicates the substance involved, and the
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square brackets represent the equilibrium concentration),
we obtain the equation **:

[M] + [M*] +[U] 4 [U*]
L,= =(L L
*T T QI G A+ A e T o)

KA+ {(Ly + L[))/(Lm“‘ Ly )} HHY)

(I Lg) (K4 + [HY]

- _ ilim'ilt:im — . (293)
(lim = 4im) (€AY fim — CQitim)

The sums of the constants Ly + Ly and Ly+ + Ly+ (for
the reaction between HCHG and NH:NH.) ** were deter-
mined from the dependence of the effective equilibrium
constant L ¢ on pH and the individual equilibrium constants
were found with the aid of additional investigations ***,
In Eqn.(23), 7jjy is the limiting current in the presence
of an excess of nucleophile such that a further increase of
cA does not lead to an increase of i1jy;, i.e. under these
conditions virtually the entire carbonyl compound is con-
verted into products which can be polarographed; ijim
and #}j;y can have both diffusional and kinetic origins 3%,
The dehydration product U* is reduced'***** and, if a
diffusion current obtains, the stages involving the protona-
tion of M and U and the M(M*) dehydration stages are
fairly rapid and there is insufficient time for the equilib-
rium in the stages involving the formation of the adduct
M(M?*) to be appreciably displaced at the surface of the
dropping electrode. The latter condition should also be
observed in the presence of a kinetic current ™%, which
is due to slow stages involving either the protonation of U
or the dehydration of M* (see below). _

If the study is performed with cA = const., i}im is
determined in the presence of an excess of the carbonyl
compound and Eqn. (23) then has the same form, but cp
and cQ must be interchanged.

Under the conditions such that Ly > L and L g+ >»
L+ (M and M* may be neglected), Eqn.(23) assumes a
simpler form when account is taken of Eqn.(21): %

= [U] + [U] B Ky + (1] _
¢ QI IG) (AD +[AN] YT (1 Lg) (K -H [HHD
=- ~ 7‘lim _Ii’lm - i ( 24)
B = Flim? Caliim — Qi

The equilibrium constants for the individual stages can
now be found directly from Eqn.(24) (for the reactions of
various carbonyl compounds with NH:NH:, with the excep-
tion of HCHO). *'7°%®

A further simplification of Eqn.(24) is achieved when
CA > cQ: 12,13,17,30,34

1 Ky +HY i

Ly e . (25)
CY (L (K D @~ T €a

When cq » cA (cA = const.), it is necessary to replace
cA by cQ in Eqn.(25). Eqn.(25) has been used in a number
of studies *>"'**7 put without taking into account the
hydration of the carbonyl compound. Furthermore, the
liriting diffusion current i g for the carbonyl compound
was used in some investigations ®'°7'* instead of 1)}y,
which is less accurate, because the constants of the U(U")
and Q diffusion currents may differ. Cn the other hand,
in the case of the kinetic current the replacement of Ijim
by 14 is altogether inadmissible.

If Ly > LU and LM+ >» Ly+ (i.e. U and U* may be
neglected), then [U], [U*], Ly+, and Ky* in Eqns.(24)
and (25) must be replaced by [M], [M*], LM*, and KM*
respectively. M' may then be reduced at the electrode
instead of U*.

Retaining M, M*, D, and D" in Eqn. (1), introducing T
and T* (for the reaction between HCHO and NH%), 2® and
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neglecting A, G- U, and U*, the present author and

Cheremukhina %® obtamed the equation
Fiim Kyl KpelH Kry +[HY]
'lnm "'lu'n M Lg) [H*] Q D+ T Lo [HA] cQ't—"r+ (Ut Lo 1] o
(26)

but no account was taken of the hydration of Q. In the
derivation of Eqn.(26), it was assumed that cQ > CA

(cp = const.) and that the sum_ of the products M* + D" +

T* is reduced. The current 111m was determined in the
presence of a large excess of Q. If A is also involved in
mechanism (1), then [H*] in the denominators of all the
terms on the right-hand side of Eqn.(26) must be replaced
by KA+ + [H*]. When [H*] > Ka*(KM+, Kp*, KT+) or
[H'] « Ka*(KMm*, KD*, KT+), then Eqn.(26) and the cor-
responding equation with KA+ + [H*] in the denominators
can be greatly simplified 23242641 Furthermore, the
trishydroxyalkyl derivative T(T*) was not involved in the
equ111br1um [reactions of formaldehyde with aminoacids **’

, NHCH, % and (CH3):NH: ***] and the third term in
Eqn (26) (wlth cQ) was eliminated. The equilibrium
constants were found with the aid of equations of type (26)
25-26,2%4 ysing a graphical method analogous to the meth-
ods of determining the equilibrium constants for stepwise
complex -formation reactions based on the study of poten-
tials ** (potentiometry) or half-wave potentials ** (polar-
ography).

Eqn.(25) can be used to describe the equilibrium in the
reactions involving NH:NHCONH. '"**° without any changes
(because U + U* predominates). On the other hand, in
the studies *'°™'® of the reactions involving NHs,
NH-RCOQ~, and NH:CH2CH:CH in the presence of an
excess of the nucleophile, the adduct M *'%' or M + M*
%1% was the dominant species and L M+(L M) and K p+
were apparently determined from Eqn.(25) ®'°7** rather
than L y+(Ly) and Ky+, as believed by the authors *'°7*3,
We shall return to this problem later.

The single-stage interaction (the dominance of M* in
the reactions of formaldehyde with aminoacids in an acid
medium *® and of M in the reaction of formaldehyde with
NH:CH.CH.OH ***° in the presence of an excess of the
latter) has been investigated polarographically using Eqgns.
(26), in which only the first term (the aminoacid term)
was retained and (25) in which L y+ and Ky* were replaced
by L+ and K M*(NH2CH2CH.OH) respectively. The insig-
nificant concentration of D* in the reactions involving
aminoacids with a primary amino-group in an acid
medium ** is apparently due to the relatively low value of
Lp+, which has been confirmed by data obtained using
kinetic ***° and other methods *’

It is noteworthy that, in a polarographic study ** of the
reactions of formaldehyde with aminoacids in an alkaline
medium, samples were polarographed in an acid medium
in order to increase 7]im (Zl1m) Under these conditions,
the hmltmg current decreased with time { and values of
1lim (lim) extrapolated by { = 0 were used in the calcula-
tions. The extrapolation was_ facllltated by the fact that
the kinetic equatlon relating 71im (zhm) to time was of
first order ™, which can be explained by the rapid and
almost complete decomposition of D* to M and the reduc-
tion of M*(LD*/LM* < LM*). Thus, although only the
M* wave was observed in the acid solution, its height
corresponded to the sum of the concentrations of the
adducts [M] + [D] formed in the alkaline medium.

In contrast to these reactions, the HCHO— NH:OH
and HCHO—NH, 2° equlllbrla in an acid medium, i.e,

Q+A+—"M*+Q =" D,
[N P

-3

(27
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which were also investigated by the polarographic method,
are characterised by the opposite relation: Lp+/L M* >

L M+, which is probably due to the much smaller influence
of steric hindrance than in the reactions with aminoacids.
When account is taken of the relation k-, > k42, which
is most likely to be characteristic of aminoacids (steric
effect), the decomposition reaction between M* and D*
(aminoacids) involving the reformation of the initial sub-
stances via a first-order mechanism cannot be accounted
for by postulating the attainment of equilibrium in the
D*+= M* + Q stage. As stated above, here it is neces-
sary to assume (bearing in mind the very low value of
Lp+/LM*, so thatk-; > k..) a rapid and almost complete
decomposition of D* to M* and a slow decomposition of
M* into the initial substances Q and A" in accordance with
a first-order kinetic equation* It is noteworthy that,
when the reactions between formaldehyde and aminoacids
were carried out in an alkaline medlum and samples were
polarographed in an acid medium * in the presence of an
excess of formaldehyde, the currents 111m were readily
attained. On the other hand, when the reactions were
carried out 1n the acid medlum used in the polarographic
experiments *, lhm could not be attained even in the
presence of a very large excess of formaldehyde because
of the low value of Ly+. The values of i{im obtamed by
carrying out the reactions in an alkahne medium ** were
therefore used to calculate L pp*

Equilibria (1) can be investigated polarographically
also on the basis of the wave of the carbonyl compound
1919 put the scope of the method is then limited: (1) the
use of only an excess of the nucleophile hinders the study
of the equilibrium involving the formation of D(D*) and
even more so of T(T*); (2) the wave of the carbonyl com-
pound may be distorted by the superposition of the reduc-
tion of the reaction product

Since either the reaction products or the starting
material are consumed at the electrode during the
polarographic experiment, there is a possibility of a
shift of the equilibrium at the electrode surface. This
results in exaltation of the limiting current *® and the
values of 7]im are no longer suitable for a sufficiently
accurate determination from the latter of the equilibrium
constants for the reactions investigated. The degree of
such exaltation of 7}j, is greater the larger are the rate
constants for the first stages of reactions of type (27)
under conditions corresponding to the reduction of M, D,
and T (M*, D*, and T*). It has been shown®*® that the
above influence cannot introduce a major error if b, <
0.1-0.2 s™', while in the reduction of the initial substance
Q and in the presence of only the stage involving the for-
mation of M, '*’'® we have k.i[A] € 0.1-0.2 87", This rule
holds *® in the reduction (and also oxidation) of substances
subject to both diffusional and kinetic limitations, but in
the latter case the limitations should not be associated
with the displacement of the equilibria in the test reactions
at the electrode surface. The kinetic limitation may be
caused either by the slow protonation of the adducts M (D,
T) *% or of the dehydration product *~* (the adducts D and
T are absent and U is reduced or hydrogen is evolved
catalytically under the influence of U* **). This conclu-
sion can be extended to the limiting kinetic current due to
the slow dehydration of the adduct M (U is reduced) **’*°,

We may note that the rate constants for the decomposi-
tion of the adducts M™ into the initial substances (the
reactions between formaldehyde and aminoacids), which
have been investigated by the polarographic method **
remained sufficiently low in an acid solution (Table 1) to
cause the undesirable exaltation of 7}jy, in the study of the

14y
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equilibrium®, Under these conditions, the constants &,
and & -1 depended appreciably on the nature of the amino-
acid and the observed increase of k-, with increase of
both the —I and +I effects of the substituent X (Table 1)
can be explained on the basis of the kinetic scheme of
Cordes and Jencks °®:

4 ~H+ 4 Ht 4
XNH,CH,OH == XNHyCH,0~ — HCHO + NH X 22 NHgX.

(28)

slow

The substituent X with a —~I effect accelerates the slow
stage (the inductive effect facilitating the dissociation of
the C—N bond predominates); the acceleration of the
reaction with increase of the +I effect of the substituent X
is due to the dominance of the steric factor, which is
manifested by the displacement of the initial equilibrium
stage to the right. The steric effect also predominates in
glycine and, since it is smaller, the result is a relatively
low value of #-, (Table 1). The correlation between & -,
and K A+ (Table 1) confirms the above role of the inductive
and steric factors. It is also possible to follow the influ-
ence of the steric factor onk.; (Table 1), With the excep-
tion of glycine, this effect predominates at the equilibrium
stage involving the deprotonation of the nucleophile (the
increase of k+1 with increase of the +I effect). The
reduced steric hindrance in glycine is apparently mani-
fested to a greater extent in the slow stage involving inter-
action with formaldehyde, which in fact leads to a rela-
tively larger value of k+; (Table 1). Mechanism (28) also
makes it possible to understand the reason why k-;
increases with pH ** without the need to take into account
the appreciable amount of the doubly protonated M**
species ® (protonated at the nitrogen and oxygen atoms).

Table 1. The limiting current constants ({im,

pA mmole™ mg~? s") for the reduction of the adduct
CH:(OH)NH.X, * the rate constants for the formation of

the adduct from formaldehyde monohydrate and an amino-
acid (k.1), ” the rate constants for its decomposition (k.,) 2*
into the initial substances, and the dissociation constants
of the carboxy-groups of the corresponding aminoacids
(Ka+) * (the rate constants were determined at pH ~ 1

and 25°C).

inoaci 0 1%+ 1, | 103k .
Aminoacid X I -1s PK,
lim litre mole! 5°]] sl At
B-Alanine CH,CH,COOH 0.55 — 0.19 3.55
Glycine o 0.91 5.6 3.0 2.35
a-Alanine CH(COOH)CH;, 1.5 0.68 3.4 2.35
Norvaline CH(COOH)(CH,):CHg 2.7 1.4 3.8 —
Norleucine CH(COOH)(CH,)4CHg 2.5 1.1 4.5 2.34
Leucine CH(COOH)CH,CH(CH)o| 2.5 = 5.2 2.33
o-Aminoadipic acid | CHCOOH)CH,),COOH | 2.4 — 6.7 —
Valine CH(COOH)CH(CHg), 3.1 2.9 8.8 2.29
Glutamic acid CH(COOH)YCH,);COOH | 2.5 — 12.8 2.30
B-Phenyl-a-alanine  § CH(COOH)CH,CsH, 2.7 _ 17.6 2.1
Aspartic acid CH(COOH)CH,COOH 2.7 — 26.0 1.99

The reaction between formaldehyde and NHOH is also
fairly slow because the limiting current has a diffusional
origin®'. Only the rate constant for the decomposition of
D* into M* and Q (3.2 = 2 X 10™* s™') has been obtained for
this reaction (by the polarographic method) *¢*’,

With increase of pH, the rate of formation of M (D, T)
and U increases appreciably. Thus, on the basis of
kinetic data (polarographic method) '° for the reaction
between CHsCOCOO™ and NH: (pH 9.25), one may assume*®
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that the author '° worked under the conditions correspond-
ing to the limit of a fairly reliable application of the
method to the study of the equilibrium in this reaction on
the basis of the values of 7)jm. The rate of formation of
the adduct M in the reaction between pyridine-4-aldehyde
and methylamine at pH 10.5 is so high that the kinetics
are controlled in this case by the carbonyl dehydration
step®®. k-, =58 s~! was obtained®® for this dehydration
stage (by the stopped-flow method), which implies that,
during the polarographic reduction of M, there is an
appreciable exaltation of 7]im and the polarographic
method becomes unsuitable for the investigation of the
equilibrium in the formation of this adduct.

The pH dependence of the rates of the reactions
Q + A(A*) — U(U*) is more complex because these reac-
tions proceed via the formation and dehydration of M(M*)
and involve a change in pH, as shown by Jencks *’°%;
there is also a change in the rate-determining stage.
However, here too the problem of the degree of the
distorting influence of the reactions involving the forma-
tion of an intermediate aminocarbinol (the reduction of
U '"37%) at the electrode surface can be in many instants
solved comparatively simply. The point is that, in the
majority of reactions of this kind, the equilibrium concen-
trations of M(M*) may be neglected compared with the
concentrations of U(U*) and in the calculations one must
therefore use the overall equilibrium constant and the
effective rate constant for the reaction Q + A(A*) — U(U*)
and not the equilibrium and kinetic parameters of the
individual stages. The maximum value of k-, is
obtained ¥ for the reaction between (CHs)>CO and NH:OH.
.(NH;OH) under fairly acid conditions (the value of Ly* for
the calculations was taken from Conant and Bartlett *%),
but this value too (k-1 = 3.5 X 107° s™') is much lower than
the lowest permissible limit*®, This conclusion can
probably be extended also to reactions of aliphatic car-
bonyl compounds with hydrazine (the formation and reduc-
tion of hydrazones) ¥ ~*, although no direct kinetic mea-
surements have been made. This is indicated by the
invariance of the equilibrium constants over a wide range
of nucleophile concentrations *~%,

The equilibrium constants for the side reactions
between nucleophiles and carbonyl compounds [the forma-
tion of a cyclic trimer (2) and a diamine], found in a
number of studies *%2*7%%%%  ghow that the concentrations
of these products are insignificant under the conditions of
the polarographic study *’**.  Only the glycinate anion
gives rise to an appreciable concentration of the trimer
under the given conditions (alkaline solution) **, but here
too it does not exceed 9%.

The acid dissociation of the hydrated form of the
carbonyl compound is also indicated in mechanism (1),
but in the majority of studies [H*] > K@, so that this
process may be neglected. On the other hand, polaro-
graphic data® for the reactions of formaldehyde with
aminoacids in an alkaline medium were recently revised
taking into account the acid dissociation of CHz(OH)-.

It is noteworthy that, under the conditions of the
polarographic study at ordinary temperatures and rela-
tively low concentrations of the carbonyl compound, the
influence of the additional (apart from hydration) deactiva-
tion of the carbonyl compound (for example owing to poly-
condensation®’, aldol condensation, or the Cannizzaro
reaction®®) can also be usually neglected, at any rate for
the usual accuracy of th_e0 equilibrium constants (+10-30%).
In the determination of 71jy, the concentration of formal-~
dehyde reached®*® a fairly high value in some cases
(7.0 M), but under these conditions the side reactions of
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Table 2. The equilibrium constants (L M) for the reactions RR'CC + H.NX = RR’C(OH)NHX at 20— 30°C.

H,NX NH, (pK+=9,25) a-Alanine CH,CH(NH,)COO- (pK, +=9.87)]  Glycine H,;NCHNCOO~ (K , -.=9.88)
) B Ly, litre Ly, litee
RR’CO Lg Ly, litre mole: method |references., method | references, M’ method references
mole-l mole-1

Cyclopentanone — 1.6-10~3 P 13 8.0-10~2 P 13 0.190 p 13
a-Methylcyclohexane — 4.5-10"3 P 13 — - — 2.4-10"2 P 13
{CHy),CO 2.0-1078 4.0-1073 P 12 - — - . 6.8.10"2 P 12
Cyclohexanone -~ 9.8-10~3 P 13 3.0-10™2 P 13 7.2-10°2 P 13
CgHzCOCO0~ — Ly-=0.10 P 8 - — - — - -
CgHgCHO — 0.15 P 8 - - - — - -
CHEOCOCH, 2,0 0.15 P 8 - — - — — —

CH4COCOO0™ 5.4-10"2 Lyy-=0,26 P 8,10 |Lps-=0.98 P 8,11 (Lyy.=2.6 P 8,11
CHy(CH,),CHO 0.48 11.6 S 59 — — 2 _ — Z
;CH,CHO 0.72 18.1 S 59 — — _ — _ —
CHy,CHO 1.4 1.1-102 S 59 26 Pt, Su 38 47 Pt, Su 38
» » 8.92 Pt 38 — — - — —_ —
» » 1.3 o P — — - — - -
HCHO 2.0-10? 1.5-10° P 2 4.8-10* Pt 60 3.2.105 Pt 60
» » —_ — — 4,410 Pt 6l 1.2.408 Pt 61

» » — —_ — 4.6-104 Pt 62 1,3.118 P 24,25
s s _ _ _ 4.8-104 P 24,95 1.8-108 Su, Pt, 1 47
» » — — - 4.2-104 Pt 39 — — —
» » — — — 4.4-10 Su, [, Pt 47 — — -

MethodS' = polarographlc; S = spectrophotometric; Pt = potentiometric (pH); Su = sulphite; I = iodometric.

ALp=1. 9>< 10° from Ref.38; PLp =5.2 x10° and LT = 1.4 x 10'° from Ref.28; CL M- for HCHO and
Lp- =(1.4-3.0) X 10° from Refs 24, 25, 39, 47, 60, and 61; dLM- for HCHC andLD =(1.2—4.4) ¥ 10° from

Refs. 24, 25, 47, and 61.

Table 3. The equilibrium constants (L M) for the reactions RR’CO + H:NX = RR’C(OH)NHX at 20—25°C.

. Aspartic acid
H;NX Leucme(Cl—(l};kiHC_l-l;C;;l)(NHQCOO' oc()cchH.cfﬁ(orfé;)coo- CH:NH; (PKp+==10.62) (CH,)aCHNH, (pKp+=10,63)
== PK y+ =
d .. e .. . | .
RR’CO La Ly litre | method [Ref § Ly litre thod |References Eyplitre | method  [Ref LM’mr; method [References
molel mole-1 mole1 mole”
t

(CH,),C 2.0-10°8] — — - — — — 0.22 'S 63 4.9-1072¢ T 65
(CH,,).LCHCHO 0.44 — — - — — - 1.3-102bf s, Pt 64 48b S, Pt 64
CHLCHO 1.4 55 Pt, Su 38, 56 47 Pt, Su 38, 56 — — — — _ —
HCHO 2.0-10% | 3.4-10* | Pt 60 3.4-10* | P 2,25 | 3.0-10% | Cr, Su, I 55 —_ — -
» > 4.0-10* | Pt 62 3.0-104 | Pt, Su 47 — — - — — —
» > 4.8-10* | p 24,25 | 5.2.10%3 p 6l - —_ — — — -
< > 4.2:-10% | pt, Su 47 — - - — — - — — -

Methods: Cr = cryoscoplc T = acid—base titration; the remaining symbols have the same significance
as in Table 2. 230°C; P35°C; Cin C:HsOH; dLM~; Lp- = (1.2—-1.8) X 10° for HCHO was taken from
Refs. 24, 25, 47, 60, and 62; eLMZ"; Lp?- =(0.92—2.2) x 10° for HCHO was taken from Refs. 24, 25, 47,

and 61.

Table 4. The equilibrium constants (L) for the reactions RR'CC + H:2NX(HNXX’) = RR’' C(CH)NHXRR' C(OH)NXX'
at 20—-25°C.

{cu,--cn,\
i N
HNX(HNXX’) n-C,H;NH, (pK g+=10,60) NH,OH (pK p4+=5,97) HyNCH,OH (pK g4 =9.,50) Morpholine R CHyCH; /"
©Kp+=8.7)
RR’CO Lg Ly, litre hed| refe Ly, litre method | references] Lw, litre method |references LM’l{tIre method | references
mole! mole-l mote-! mole

(CHg),CO 2.0-107%| 8.4-10"2] P 20 1.0¢ S 37 — — - — — -
CHyCOCOO~ 5.4.1072 — — — 60d s 37 3.34 3 8 — — -
(CH,CHCHO 0.44 | 1.0-10%a] S, Pt 64 —_ — — — — — — —
CH,CH 1.4 — - - — - - — — - 25 Pt 38
HCHO 2.0-10% | 1.2-10%b] Pt 39 — — - 5.8-10* P 45, 46 1.6-10¢ Pt 38, 39
Cyclohexanone — — — - 6.5 S 37 —_ — — —_ — —_
C,HgCHO - — — - 11.3 S 37 _ — — —_ —

For the significance of the symbols designating the methods, see Table 2. 235°C; b reaction with t-C4HoNH3;
CLy=1.1x10%and Ly+ = 63;* dLM-.
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the carbonyl group were disregarded, since the aim of the
experiments was merely to achieve a virtually complete
conversion of the nucleophile into the polarographed prod-
ucts,

Table 5. The equilibrium constants Ly for the reactions
RR’'CO + HNX = RR/C=NX + H.0 at 25°C.

H,NX | NH.NHCONHy(pKa+=3.43) | NH,NH,(pK 4.+=8.1)

RR’CO Lg Ly.litre | oimod | references | LU B et odlreferences

mole-1 mole-!

Glucose —_ 16 PLS 21 — — -
(C,Hg)CO — 38 i 66 — — -
‘CH,(OH)COCH,OH — 1.4-10% P 30 — — -
Cyclopentanone — 6.8-102 1 66 — — —
» — 56 P 17 — —_ -
Cyclohexanone — 5.0-10% 1 54 — — —
» - 4.9-10° 1 66 — —_ -
» — 1.9-102 P 17 — — —
CH,COC,Hg — — — - 1.3.108 | P 3
(CH,),CO 2.0-40°3 | 3.2.10% | 1 54 2,4-108 | P 33

» — 3.1-102 1 66 —_ — —

» —_ 76 P 7 — — -
CgHsCOCHg — 3.8-10% P 17 — — -
CHZCO(CH,),CO0~ — — — - 3.5-108 P 35
CH,COCO0~ — 2,1.10%3) 3 54 b — -
CH4CH,CHO 072 — — — 2.5.10% P 33
CH,(OH)CHO — 4.0-10¢ P 30 — — —
CH,y(OHICH(OH)CHO — 4.010¢ | P 30 — — -
CH4CHO 1.4 7.7-104 1 54 1.9.108 P 31, 33

» » 9.1.10¢ P 17 — — -
(CH,),CCHO 0.24 6.2.10 1 54 — — -
Furfural — 1.3-10%¢| 1 4 —_ — -
CgHyCHO — 3.2.10% )] 54 — - -

» — >5-104 P 17 —_ - -

» — 4.5-10%d} s 67 — - -
HCHO 2.0-10% | 1,2-107 Pt 52 5.8-10%¢ P 33, 34
For the significance of the symbols designating the method,

see Table 2,

aLy, Ly~ = 10.5 from Ref.37; PLy- = 25.5 from Ref.
37; €Ly = 1.1 from Ref.37; 9Lp = 1.3 from Ref. 68;
eLM = 1.9 x 10° from Ref. 34.

Tables 2— 7 present the equilibrium constants, includ-
ing those obtained by nonpolarographic methods, for the
reactions of nucleophiles with various carbonyl compounds.
A fairly complete compilation of equilibrium constants
(Tables 6 and 7) is available for protonated species, since
the polarographic method is particularly promising,
because of its high sensitivity, for the investigation of
equilibria of this kind. It is noteworthy that the study of
the equilibria involving the protonated forms of the
nucleophile and the products, carried out for the first
time in polarographic investigations '*’'"’**, makes it
possible to eliminate to a considerable degree the dis-
torting influence of the cyclisation of the product #97  In
order to take into account the hydration of carbonyl com-
pounds (which has been done in only a few studies; the
effective equilibrium constants are more difficult to com-
pare), the present author selected the most reliable values
for LG * (Tables 2—7). In the calculations for carbonyl
compounds those values of L g have not been determined,
it was assumed that Lg <« 1, although this was not appa-
rently valid in all cases [for example, in the reactions
involving CH2(OH)COCH:OH, CH:(OH)CH(OH)CHO, and
CH2(OH)CHO in Tables 5 and 7]. Tables 1~7 also list the
acid dissociation constants of the initial nucleophiles taken
from Ref.49. Furthermore, the values of Kp+ are indi-
cated for certain aminoacids in an acid medium; as men-
tioned above, they were assumed equal to the values of
KA+ for the methyl or ethyl esters of the corresponding
aminoacids ™
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Table 6. The equilibrium constant L M* for the reactions
+ + + +
RR’CO + H3NX(H.NXX’) = RR’C(OH)NHzX[RR'C(OH)NHXX’]
at 20— 25°C.
RR’CO | HCHO, LG=2,0-10° | CH,CHO, Lg=1.4
L+, litre g ! Lyglit g
HRxanLTxx) PK A+ nﬂ) l;‘ 1 method g "l:ﬁl;_fle method g
s T
NH,0H 5.97|(1.7—1.8)-1042 | P % — — -
Aspartic acid
) - 8.0-10% Pt Su, 1 | 47 0.34 Pt,Su |38, 56
Leucine 7.57 1.8-102 Pt, Su a7 0.41 P, Su |38, 56
Glycine 7.64 5.0-102 P 2 — - -
» » 1.3.108 Pt,Su,l | 47 0.72 Pt,Su |38, 66
a-Alanine 7.74 60 P 29 — — .
> » 2.8.102 Pt, Su, 1 | 47 0.17 Pt, Su 38, 56
Norvaline —_ 90 P 29 — —
Norleucine — 90 P 29 — — —
Valine - 96 P 29 —_ - -
» —_ 72 Pt, Su, I 47 — — —
Morpholine 8.7 | (3.8—4.2)-103 | Cr, Su, M| 55 0.17 Pt, Su 38
» » 1.8-108 Pt 39 —_— — —
g-Alanine 9.06 — — - 0.65 Pt, Su 38, 56
NHS 8.25 26b P 28 |<2.4-1072| Su 38
~y-Aminobutyric
acid 9.7 — — — 0.62 Pt, Su 38, 56
e-Aminocaproic
acid 10.30 — — - 0.65 Pt, Su 38, 56
Sarcosine —_ 4.4-102 Pt 39 — — —
Proline — 1.0-103 Pt 39 — — —
CHgNH; 10.62 2.6-10% Cr, Su, M| 55 — — -
¥
(CHg)2NH, 10.71 | (3.2—4.0)-10% | Cr, Su, M| 50 — — -
» » 3.4-10° Pt 39 — — -
» > 6.0-103 P 40, 41 — — -
Piperidine 11.12 3.0-10% Pt 39 — — -
Pyrrolidine 11.27 2.8-108 Pt 39 — — —
Method: M = mercurimetric; for the significance of the

remaining symbols designating the methods, see Tables
2 and 3.

AL+ = (6—12) x 10° from Refs.26; PLp+ = 7.2 x 10%
LT+ = 1.6 x10° from Ref. 28.

Table 7. The equ111br1um constant L+ for the reaction
RR'CO + HaN¥ = RR’C=NHX + HO at 25°C.

HNx RH,NHCONH, (K 4+=3.4) | RHNH, (0K 54=8.19)
RR’CO Lg Lyt lite | oterences Lyt litre | references
mole-1 mole-1

C,HyCOCH, -— 0.38 7 — —
Cyclopentanone — 0.40 17 — —
CH4Cs 5 — — — 0.63 33
(CHg),CO 2.0-103 1.5* 54 1.1 33
» — 0.55 17 — -
Cyclohexanone —_ 1.04 17 — —
CH,(OH)CHO — 5.0 30 — -
CH,CO(CH,),CO0~ - — — 1.6%* 35
CHyf 4CO (CH,),COOH — — — 2.3 35
CH.;(OH)CH(OH)CHO -— 6.6 30 — —
CH 0.72 - - 86 3

CHgCHO 1.4 3.2-102% 54 4.3-102 31, 33
» » 42 17 — -
CgH;CHO — 6.7-10%* 54 — —

» — >40 17 -

Furfural — 8.3-10%* 54 —_ —_
CH,COCOOH 2.4 1.0-10%* 54 - —

HCHO 2.0-10% — — 7.4- 10“*” 33, 34

* Measured by the iodometric method; in the remaining
cases, the polarographic method was used.
**L U+ .
***[ M+ = 2.4 X 10° from Ref. 33.

The reproducibility of the equilibrium constants in
various studies using polarographic and other methods is
quite satisfactory in many instances: the reactions of
formaldehyde with @ -alanine and glycine (Table 2), with
leucine and aspartic acid (Table 3), and dimethylamine
(Table 6). On the other hand, in some cases it is so far
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difficult to regard the constants as reproducible within
one order of magnitude, this being particularly true of
the equilibrium constants Lp (Tables 2 and 3). The
values of L 1 for reactions between RR’CO and NH; taken
from Ogata and Kawasaki®® (Table 2) are probably too
high owing to failure to take into account, as suggested by
Gaux and Le Henaff **, the cyclisation of the adduct. The
value of LM (Table ?) found from L M* and KM+ for the
reaction between formaldehyde and ammonia also appears
too high®®, However, the stoichiometry of the reactions
in an acid medium, established by the present author and
Cheremukhina **, rules out the likelihood of the cyclisa-
tion of the adduct, particularly since one of the possible
cyclisation products (hexamethylenetetramine) is polaro-
graphically inactive”. The hypothesis of the formation
in the reaction between formaldehyde and NH; of a simi-
lar cyclisation product with several nitrogen atoms of
type (2) or of hexamethylenetetramine must be rejected
also because of the observation of two titration jumps
corresponding to strong and weak (pK A+ ~ 5 for the reac-
tion product) acids. On the other hand, one cannot
assume the similarity of the pK A+ for several groups in
the cyclisation product, protonated at the nitrogen atom,
because of the strong inductive effect (for example pKp2+ =
5.57 and pK = 9.81 for piperazine). However, the forma-
tion of mono-, bis-, and tris-hydroxymethyl derivatives
of ammonia with similar pKa+ values in the range 4.3 to
4.5 in the reaction between formaldehyde and NHi ** fully
justifies the single-stage titration of the adducts as acids
whose strength is close to that of acetic acid.  Another
possible factor causing an unduly high value of L M(HCHO +
NHi) ® is the formation of the dehydration product NH=
CH: and not the adduct NH-CH:OH. However, the exis-
tence of NH=CH: in solution is hardly possible in an
appreciable concentration owlng to the marked tendency
of this compound to cyclise **. The formation of the
fairly stable cyclic hydrate

HQN(CHQ—O
“H

A, (29)
i

on the basis of the adduct appears more probable, which
leads to an increase of L.

Other nucleophiles (Table 2) as well as other carbonyl
compounds form less stable cyclic hydrates of type (29)
owing to steric hindrance, and an anomalously high value
of L M is therefore characteristic of such compounds
(Table 2). This can also be said of the protonated form
of the adduct, including the adduct obtained in the reaction
between formaldehyde and NH;.?® The enhanced overall
hydration of both the initial protonated nucleophile and of
the protonated adduct under these conditions rules out a
significant influence of the formation of the cyclic hydrate
on Lyi+. The values of L+ for the reaction between
formaldehyde and NH; and other analogous reactions are
therefore fairly comparable (Table 6). Admittedly, the
cause of the lower values of L M+ for the reactlons of
formaldehyde with NHsCH.COOH and CHBCH(NHB)COOH
taken from the study of Zhantalai and the present author
compared with the data of Feraud and Le Henaff*" is not
altogether clear, particularly since the values of LM+ in
these studies are similar for the reactions involving
valine (Table 6). It is noteworthy that the reliability of
the data from Ref. 29 was also confirmed by kinetic mea-~
surements (Table 1), **?%°,

The relation between the reactivity and the nature of
the carbonyl compound in reactions with the same nucleo-
phile was considered on the basis of the Hammett equation

29
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(aromatic carbonyl compounds 7) and the Taft equation
(aliphatic carbonyl compounds ***°%). An increase of the
equilibrium constants with increase of the positive charge
on the carbonyl carbon was demonstrated (Tables 2—1).

In the reactions of aliphatic carbonyl compounds with
ammonia, primary amines, aminoalcohols, and amino-
acids, the concentrations of the dehydration products
U(U*) can usually be neglected. When aliphatic aldehydes
are considered, the main cause of the low capacity of the
adducts M(M*) formed under these conditions for dehydra-
tion is due to the overall electron-accepting effect of the
substituents at the carbonyl group, whichhinders the proton-
ation of the oxygen of the hydroxy-group inM and even more so
in the M* species protonated at the nitrogen atom. It
would appear that aliphatic ketones should have led to a
shift of the equilibrium towards dehydration products,
which has in fact been suggested *'*°°, However, here
too (probably owing to the insufficient electron-donating
effect) the equilibrium involves the preferential formation
of the adducts M(M*), as shown by a comparison with
other equilibrium constants (Tables 2 and 6).

The values of L and Ly have been found separately
for the reactions involving NH-OH. The higher values of
LM for NH.CH, NH.NHCCONH:, and NH:NH: compared with
other nucleophiles are noteworthy, which has been
explained ¥ by the stabilisation of the adduct in the former
case owing to an intramolecular hydrogen bond. The
lower values under these conditions of L for furfural and
benzaldehyde (Table 5) are caused * by the conjugation of
the carbonyl group and the aromatic ring. The influence
of the intramolecular hydrogen bond in the initial carbonyl
compound on the kinetics of reactions with NH-CH was
noted by Knorre and Emanuel*, ™

There are many reactions (Tables 5 and 7) where the
equilibrium between M(M*) and U(U*) is almost completely
displaced towards the dehydration product U(U*), which is
characteristic of nucleophiles containing nitrogen or oxy-
gen next to the NH: group (the compounds NH-NH.,
NH:NHCCONH:, and NH,CH). In these reactions, with the
exception of those between formaldehyde and NH NH.

.CONH: (NH,NH,, NH:NH, NH;OH),?"** the relation
Ly > LM or Ly+ > LM* holds (Tables 5and 7). Under
these conditions, the thermodynamic stabilisation of the
dehydration products owing to the presence of conjugated
systems in the latter apparently has the main influence ®*’°%,
The higher values of Ly for furfural and benzaldehyde
(Table 5) have been explained *” by the additional stabilisa-
tion of the dehydration product as a result of the conjuga-
tion of the azomethine group with the aromatic ring. On
the other hand, in the reactlons of formaldehyde with
NH:NHCONH: (NH2NH-, NHgNHg, NHgOH) the electron-
accepting effect of the two hydrogen atoms at the carbon
atom of the CH20H group of the aminocarbinol to a large
extent prevents the protonation of the oxygen in the
hydroxy-group and hence hinders the dehydration of the
aminocarbinol. For example, LUy/LM=~Ly*/Lm* = 0.31
for NH.NH(NH:NH,). ** Since the values of L\ and Ly
may be expected to be similar also for the reaction of
formaldehyde with NH.NHCCNH:, the observed®* equilib-
rium constant, which the authors®® believed to be Ly, was
included in Table 5 (see Lyj).

The problem of the relation between reactivity and the
nature of the nucleophile is more complex. Apart from
the effects of the intramolecular hydrogen bond and con-
jugation discussed above (NH:NH., NH:NHCONH:, NH.OH),
attention was directed ¥ to the absence of any correlation
between L M(LU) and KA* (Tables 2—7), Jencks® and
Kallen and Jencks * explained the latter by the similarity
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of the values of o* for the hydrogen atom and the RR’COH
group substituting it, as a result of which the polar
effects of the substituents in the nucleophile should not
influence L M(L y) appreciably. This is the difference *°
between the reactions under consideration and those of
carbonyl compounds with nucleophiles such as CH acids
57", Nevertheless the problem of the role of the polar
effect of substituents in nitrogen-containing nucleophiles
is apparently more complex. Thus the relations L >
LM+ and Ly > Ly+ (Tables 2 and 7), the increase of
LM *7°° in the series of aminoacids NHz(CHz)nCOO with
increase of n, and the influence of the nature of the sub-
stituents in amides on the rates of reaction with formal-
dehyde "® can be explained **’"® by the polar effect.
Furthermore, a distinct correlation between L M+ and KA+
(Table 6) and between L)* and o* for the substituent X in
NH3X has been observed for several nucleophiles (ﬁH4,
NHsCH,CCCH, NHsOH) with a primary amino-group in the
protonated state”™. For reasons which are obscure,
CH:NH; deviates significantly from this correlation
(Table 6). Protonated secondary amines and also amino-
acids of the type HN(CH2)nCOCH likewise failed to show a
correlation between L+ and KA+ (Table 6).

Sander and Jencks ? obtained a correlation (also con-
firmed by Hine and Redding *°) between the reactivity and
the nature of the nucleophile using a set of constants
expressing the ratios of the equilibrium constants for the
given series to the equilibrium constant for a standard
nucleophile (methylamine). However, these data are
insufficient for reactions involving aliphatic carbonyl
compounds, particularly since formaldehyde exhibits an
appreciable deviation from the correlation ®?

The reactivity of the nucleophile depends appreciably
on steric factors %383 This is manifested in the series
of aminoacids *, for example, on passing from glycine to

a -alanine, and also in the relation Ly~ > Lp-/L M~
(Tables 2 and 3). It is noteworthy that the relation
L+ < Lp*/L M* holds for protonated forms (Table 6),
which is most probably due to the dominant influence of
the decrease of the degree of hydration on passing from
A* to M*. However, the dominance of steric factors may
also be expected for aminoacids (L M+ > Lp*/L M*), since
the formation of D* could not be observed experimen-
tally *°*7%®, It has been noted ** that the steric factors
of nucleophiles are manifested to a lesser extent in the
reactions of acetaldehyde compared with those of formal-
dehyde. Apparently for this reason we have LM <
L p/L M(CHsCHO) (Table 2).

On the basis of Eqns.(18)—(22) and using the equilib-
rium constants L M, Ly, LM*, and LU+, the acid dissoci-
ation constants of adducts protonated at the nitrogen atom
(Table 8) and of the dehydration products (Table 9) were
found in a number of studies. Some of the results have
been revised using the average equilibrium constants
(when different equilibrium constants are quoted in the
literature for the same reaction). Furthermore, Tables
8 and 9 present some of the results of direct measure-
ments of KM* and Ky+. It is necessary to consider the
considerable discrepancies between the results 5417 ( see
Ky+ for CsHsCH=NNH.CONH.; Table 9) and also the con-
siderable variation of K+ for the adduct obtained in the
reaction between RR'CC and NH{ as a function of the
nature of the carbonyl compound (Table 8). In contrast
to other nucleophiles, in the latter case the formation of a
cyclic hydrate of type (29) and the sensitivity of this fac-
tor to the nature of the carbonyl residue (the steric effect)
show a more significant influence; the sensitivity is
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lowest for formaldehyde On the other hand, a somewhat
low value of KM* for NH:C(CH).CH was apparently found '?
(Table 8). Nucleophiles which themselves introduce an
appreciable steric hindrance (for example o -aminoacids)
form adducts for which the difference between the KM* as
a function of the nature of the carbonyl compound are
small (Table 8). The dependence of Ky+ for the dehydra-
tion product on the nature of Jthe carbonyl compound
(reactions w1th NH:NH. and NH:NH.) is described by the
Taft equation >

Table 8. The acid dlssoc1at10n constants of the nucleo-
philes HaNX(H:NX; H.NXX') (KA+) and the adducts (Kp+)
in reactions with RR’CO at 20—25°C.

RR'CO HeNx (1,8 Hx0 PKa+ PKm+ References
HCHO Morpholine 8.7 6.0 38,39,55
CH4CHO » » 6.5 38
HCHO NH} 9.25 4.5 2
CH,CHO » > 6.9 8,38
{CHy),CO » » 9.0 12
HCHO Valine 9.722 7.0b 24,25,29,47,60,61
HCHO Leucine 9.742 7.4b 24,25,47,60,62
CH,CHO > » 7.6 38,56
HCHO o-Alanine 9.872 7.{;5 24,95,29,39,47,60—62
CH,CHO » » 7.7b 38,56
(CHy),CO » » 8.4b 12

HO Glycine 9.882 8b 42
HCHO » » 7.6% 24,25,29,47,60,61
CH,CHO > » 8.1b 38,56
HCHO Aspartic acid 10.00¢ 8.44d 24,25,47
CH4CHO Ditto » 7.9d 38,56
CH,CHO g-Alanine 10.242 7.5b 38,56
CHyCHO -y-Anlinobutyric acid 10.562 7.7 38,56
HCHO CH,NH, 10.62 7.5 55
HCHO Proline 10.64 7.9 39,60
HCHO Sarcosine 10.7 7.7b 39,60
HCHO (CHg)aNH, 10.74 8.0 3
HCHO Piperidine 11.12 8.1 39
HCHO Pyrrolidine 11.27 8.6 39

a b . C . d
pKAt; pKME; pKAL; TpKME.
Table 9. = The acid dissociation constants of the nucleo-

philes HaNX (K A+) and the dehydration products (Kj*) in
the interaction of the nucleophiles with RR’CQ at 25°C.

RR'CO pPRy+ References

+

NH;NHCONH,; pKa+3.43=
CHy(OH)CHO —
CH,(OH)CH(OH)CHO
CHyCHO

C4HsCHO
CqHsCHO
Furfural
(CHy),CO
Cyclopentanone
Cyclohexanone

(CHy):CO NH,OH; pKa+ = 5.97

N
HCHO  NH,NH,; pKa+ = 8.15
CH,CHO

CH,CH,CHO

CH,CO(CH,),CO0~

{CHg),CO
CH,COC,Hs

30

30
17,54

54

67

54
17,54,66
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17,54,66
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35 gjusted for pKA* = 3.43; P adjusted for pKA* = 5.97;
cin methanol; dpKa* = 8. 19 was used in Refs. 31, 33,
and 35; here the values of pKyy+ have been adjusted to

pKA+ = 8.1,
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The main conclusion which can be drawn from Tables
8 and 9 is the occurrence of the relations K M* > KA* and
Ky+ >» KA*, which is very important for the acid—base
titration of the reaction products ®’. Under these condi-
tions, K+ (KM 3 is greater by 1.5—3.0 orders of magni-
tude than KA+ (Kp+), while Kyy+ is greater than Kp+ by
2.0—4.0 orders of magnitude. Whereas the higher values
of Kyj+ compared with KA+ can be readily explained (by the
polar effect of the azomethine group), the reason for the
appreciably higher values of Kp+(K M) is still insuffi-
ciently clear, because, as stated by Kallen and Jencks *°,
polar effects do not change very greatly when the hydrogen
atom is replaced by the C(OH)RR’ group. The above
authors' hypothesis of the significant role in this case of
the common hydration factor is quite justified (by analogy
with amines ¥), but the formation under these conditions
of a cyclic hydrate of type (29), particularly for the
adduct involving HCHO and NHi, which causes an addi-
tional enhancement of the acid function of the protonated
nitrogen, is probably also important. Aminocarbinols
where the amino-group is not in the 1-position apparently
form less stable hydrates (with more than 6 units) and the
role of this factor is reduced. Naturally, the direct
electron-accepting effect of the R“C(OH)RR’ group in such
aminocarbinols is less pronounced, which also reduces
their acid properties.

III. THE MECHANISM CF THE PCLAROGRAPHIC
REDUCTION OF REACTION PRODUCTS

The mechanism of the reduction of the dehydration
products (hydrazones, oximes, etc.) has been investigated
in greater detail (Lund **’®, Kitaev and coworkers ®~%7),
This mechanism was recently considered in Kitaev and
Buzykin's review ® and will be only briefly described in
the present review, with the exception of the problem of
the kinetics of the limiting current which has not been
dealt with adequately. The possible mechanisms of the
electrochemical reduction of adducts (aminocarbinols)
have been considered in the literature in less detail,
particularly since their reduction via the formation of the
usual dehydration product U (the adduct of a nucleophile
with a secondary or tertiary amino-group) is frequently
ruled out.

As stated in Section II, the presence of conjugated
systems® is characteristic of the dehydration product U
having the structure RR’C=NYR", where Y is either a
nitrogen atom (hydrazones) or an oxygen atom (oximes),
which, together with protonation, facilitates the dissocia-
tion of the N—7Y bond during their reduction. Under these
conditions, four-electron reduction is usually observed in
an acid solution *7%":

RR'C=N—YR" & RR'C=N—YR"y+ H =22,

2e;2H+

— R"YH + RR'C s=NH; —2  RR/CHNH,. (30)

It has recently been shown > that unsubstituted hydrazones
of aliphatic carbonyl compounds also undergo a four-elec-
tron reduction reaction at pH < 8. Since hydrazones of
this kind are to a large extent hydrolysed, a micro-
coulometric study has been carried out * in the presence
of a very large excess of hydrazine.

I Y is a carbon atom in the compounds RR’C=NYR"
(azomethines), only the double bond is reduced (a two-
electron process) **:

RR'C=NYR" —= 20, pR/CHNHVR” -4-20H-. (31)
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The mechanism of the generation of the kinetic limiting
current in the reduction of hydrazones when the solution
contains the corresponding adducts has been considered **
on the basis of the scheme

M - M
todiff. 2 15
” =]+
i H+;k+1
—— U+ -
LT VU (32)

which takes into account both the slow protonation of U and
the slow dehydration of M. A kinetic equation has been
derived (in the presence of a large excess of the nucleo-
phile when virtually the entire carbonyl compound is con-
verted into M and U): *

Thim ki Wy (b + L) + %Ly ]

=1lg — PR 0 — pH,
% {kyy (Lma L) 4 (ooy + %) (Lyg + Ly) R~y Ly [HH])
(33)

where (Tloim)d is the limiting diffusion current and ¥ is the
IlkoviC constant. Since under these conditions k%1 >
RiYi[H*] and kL, > K or kL > EYi[H*] and 4y > K
(enhancement of base catalysis at the hydration— dehydra-
tion stages) *°°, Eqn.(33) assumes the following form *
with increase of pH (LU/LM = ki, /k.,):

= . T
(fim e ~ him

lg ?fim — k-:l LU .
@da =1, wlmt+ly
when L (j > L M, whereupon the dehydration product pre-
dominates {[U] > [M]}, we obtain

i k’;l
g =1

— pH.

(im)a = T . (35)

It is noteworthy that Eqns.(33)—(35) are applicable to
both bulk-phase and surface protonation processes ®* when
the Henry adsorption isotherm holds. Eqns.(34) and (35)
correspond to mechanism (32) with a fairly rapid adduct
dehydration stage. Here kinetic inhibition is due solely
to the stage involving the protonation of the dehydration
product U,

Eqn.(33) has been confirmed * for the reduction of the
prf)ducts of the reaction of formaldehyde with NH,NH.,
.(NH;3NHz) in the pH range 5.5—8.0. Thus formaldehyde
hydrazone is reduced even in the acid pH range with con-
siderable kinetic limitation owing to the slow dehydration
of the adduct present ina considerable amount (Table 5).
With increase of pH, the retardation of the process at the
protonation stage was also observed. This inhibition
predominated at pH > 7.0 [see Eqn.(34)].* Since the con-
centration of the adduct was extremely low, the limiting
current for the hydrazones of other aliphatic carbonyl
compounds at pH < 6.5 had a diffusional origin, while at
pH > 6.5—7.0 kinetic process inhibition, due to the
retardation of the stage involving the protonation of the
dehydration product, was manifested. The applicability
of the usual equation for the polarographic dissociation
curve [Eqn. (35)] to these hydrazones has been demon-
strated **, this being characteristic also of thiosemi-
carbazones .

In order to find the true rate constants from Eqns.
(33)—(35), the Koutecky equation has been used *'**. For
the formaldehyde adduct, the true dehydrationrate constant
kB’ = 0.4 s~' at pH~ 6, which is close to the result obtained
from a chronopotentiometric study®. The rate constants
for the protonation reaction are listed in Table 10. Surface
protonation *%"29%% with participation of adsorbed species
is characteristic of the majority of these compounds, as
shown by the unduly high rate constants (Table 10). The
rate constant for the bulk-phase process may have been

pH; (34)
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found only for the anions of levulinic acid owing to the
insignificant adsorption of the hydrazone anion at E =
—~1,3——1.6 V (here and henceforth potentials relative to
the normal calomel electrode are quoted) (Table 10).
Surface protonation is also characteristic of oximes ™,
The semicarbazonium ion may participate in the protona-
tion reaction *°°,

Table 10. The true (Ky+) and apparent (polarographic)
(K{y+) acid dissociation constants of the dehydration
products and the rate constants & (based on the Koutecky
equation with a coefficient of 0.886) for their protonation
at 25°C.

Dehydration product PRy« PKU+  litre ,:",h-l 1 Refs.
Acetophenone thiosemicarbazone 0.92 7.5 5 -401%2 92
Cyclohexanone thiosemicarbazone 1.04 7.0 4 1012 92
Acetaldehyde semicarbazone 0.8 6.5 6 -101:8 92
Benzaldehyde semicarbazone 0.8 7.2 210192 92
Formaldehyde hydrazone 4.2 6.7 2.10%p 34
Acetaldehyde hydrazone 4.45 7.8 6-1010 34
Propionalaehyde hydrazone 4.64 7.8 5 -1010 34
Acetone hydrazone 4.76 7.8 3 .10t 34
Ethyl methyl ketone hydrazone 4.79 7.8 310w 34
Hydrazone of levulinate anion 4.76 7.4 5-10° 35

2 The dropping period of the dropping mercury electrode
wast, = 3.0s; PEqn.(34), LM =1.9%x10°andLy =
5.8 x 10° (Table 5).

The plot of 7]im against pH for the limiting current
corresponding to the equilibrium Q + A(A*) = M(M*) =
U(U*) passes °”* through a maximum, which has been
explained *”*, on the one hand, by the increase of the
concentratior of the reaction products with increasing pH
(because Ly > LM+ and Ly > Ly*) and, on the other
hand, by the opposed effect due to the enhancement of
inhibition at the product U protonation stage. The calcu-
lated 7}im—pH curves obtained with the aid of Eqn.(23)
(for cA > cQ) are close to the experimental curves ®,
Expressions have also been found * for pHmax{subject to
the condition d7jjyn/d[H*] = 0} at which 7]jm reached a
maximum value. The expression for pHmgx correspond-~
ing to reactions involving the appreciable formation of M
(formaldehyde) together with U is *

1 Lyt Ly (B, A, +0)%ey
max "~ g le ot =

2 Eyy (k%) (4 Lg)
The following expression has been obtained for reactions

where the concentration of M compared with U may be
neglected *:

pH (36)

1 Kpe U4 Lg +cplp) %
PHpax =~~2—lg *-——-—————k:' PR . (37

The values of pHmax have been calculated ® with the aid
of Eqns.(36) and (37) and the maximum limiting currents
(flim)max have been obtained with the aid of Eqn. (22) for
cA > cQ using the values of i]im and [H*)max. pHmax
and (Tlim)max are close to the experimental values for a
series of hydrazones (Table 11) (the values of LG were
taken from Tables 2—17).

The influence of the nature of the hydrazones of ali-
phatic carbonyl compounds on the half-wave potential E 1/
is determined to a large extent (Table 12) by the inductive
effects of the substituents in the carbonyl compound, as
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shown by the shift of E1/2 towards negative values with
increase of the electron-donating effect of the substituents.
A similar conclusion follows also from the correlation
analysis of the half-wave potentials for many other com-
pounds with the azomethine group®. With the exception
of formaldehyde hydrazone, the limiting current constants
in the acid pH range (Table 12) correspond to a diffusion
process.

Table 11. Comparison of the experimental and calculated
values of pHmax and (i}im)max ~* (cQ = 1.0 X 107 M;
cA =1.0 X107 M).

H T 1i
Hydrazone PHmax @ lim)max, 6A
expt. | calc. expt. | calc.
Of formaldehyde 6.0 6.1 1.18 147
Of acetaldehyde 6.6 6.6 2.26 2,27
Of propionaldehyde 69 7.4* 1.75 1.77*
Of acetone 7.8 7.9 0.60 | 0.49

*It was assumed in the calculations that Lg = 0.72, which
is more accurate than the value adopted in Ref. 34.

Table 12. The half-wave potentials (E1/2, pH = 7.4) and
the limiting current constants ({jy,, pA mmole™ mg™?3

/2 .
s¥?; pH = 3.5-5.5) for the reduction of RR'C=NH,.
. —E o 4 —E ;. 0

R l R l 11V Nim R R 1/eV Rim
CH,=CH H 1.05 — CHyCH, H 1.30 9.8
CH,=C(CHy) H 1.15 —  [CH, CH, 1.47 9.6
CH;CH=CH H 122 — ICHg CoHy 1.46 9.4
H H 1.17 6.4 CHj (CH,),COO~ 1.49* 40.5*
CH, H 1.32 9.8

Py

Data from Ref.35; in
Ref. 93 were used.

he remaining cases, data from

We shall now proceed to the consideration of the mech-
anism of the polarographic reduction of adducts—amino-
carbinols. For the formation of aminocarbinols with
participation of formaldehyde, MatouSek ** proposed a
mechanism involving the reduction of the adduet M with
dissociation of the C—0 bond (first wave):

2e; H+

\NCH,OH —H*_, >NCH.,6H S>HO+ >N<5H2
b

and reduction with dissociation of the N—C bond (second

wave, which coincides with the formaldehyde reduction

wave):

N
NCH,, (38)

SNCH,OH —ﬁ—’>l)\(1HCH,OH - >NH + &m0 288 caoH. (39)

These mechanisms are based?® on data concerning the
nature of the chemical reduction of the corresponding
hydroxymethyl derivatives and also pulse volt-ampero-
metric data at different frequencies. In addition to reac-
tion (38), attention should also be directed to the possibil-
ity of the intermediate formation and reduction of an
ammonium derivative:

LN 5 + ON=CH, 2B
>NCHgOH >NCH2(I)H~>H20 F ON=CH, ONeHs. (40)
H
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The occurrence of a two-electron process of type (38)
or (40) was demonstrated®® by a microcoulometric study
of the sum of the products of the reaction between for-
maldehyde and NHsOH. Since this reaction gives rise?
to the mono- and bis-hydroxymethyl derivatives HONH,.
.CH20H and HONH(CH>CH)z, the reduction of only one
hydroxymethyl group in both the mono- and bis-hydroxy-
methyl derivative should correspond to the two-electron
process:

€

+ s H+
HORIH (CHOH), — ~ HONH (CH,0H) CHyOH — H,0 -+ HONH (CH.OH) CH, =
|
H
— HONH (CH,OH) CHj. (41)

This is most probably associated with the fact that there
is insufficient time for, the product of the two-electron
reduction, namely HONH(CH-OH)CH3; to undergo a repeated
dehydration stage with further reduction at the electrode
surface.

Presumably the reduction with dissociation of the C-0O
bond [reaction (38)] or the C~N bond [reaction (39)] is
activated by the formation of a six-membered cyclic
hydrate of type (29). Although protonation is inhibited
under these conditions, the enhancement of the mutual
inductive effect of the RR'N and OH groups facilitates the
reduction. This probably constitutes the main difference
in the electrochemical behaviour of aminocarbinols with
the amino-group in the 1-position compared with other
aminocarbinols, which are incapable of being electro-
chemically reduced.

Table 13. Polarographic characteristics of the hydroxy-
methyl derivatives of aminoacids '® at 25°C (1im,

- - 2
pA mmole ™ mg™¥? g¥?),
- - CHCHO=

Aminoacid Ka= PRt HCHO=0.6M cHCHO=6.0M =2.0MpHi=

PHmax | Ulim)max | PHmax ' QNim)max| —Ey,.V
p-Phenyl-g-alanine 5.4 7.6 1.4 5.8 1.8 1.13
B-Alanine 10.24 — 7.4 0.60 4.7 1.7 1.18
8-Phenyl-a-alanine 8.6 7.8 1.4 6.2 2.9 1.18
Valine 972 | 7.0 | 8.2 1.0 68 | (1.9 117
Leucine 9.74 7.4 7.9 0.92 6.3 2.6 1.18
Notleucine 9.83 — 8.2 0.86 6.4 2.4 1,18
Nowvaline — — 8.2 0.80 6.4 2.4 1.18
a-Alanine 9.87 1.4 8.0 0.57 6.0 1.6 1.19
Glycine 9.88 7.6 6.8 0.60 4.4 2,2 1.20
a-Aminoadipic acid — — 8.0 0.38 6.3 1.2 1.22
Glutamic acid 9.95* 7.8 0.45 6.2 1.2 1.25
Aspartic acid 10.00** 8.0 0.32 6.4 1.3 1.26

8.4
* pKazt: =
AL pKp+=4,51.
** PKax; pKAz=3,9

In an acid medium (pH < 2), where the adduct M(D, T)
is almost completely protonated at the nitrogen atom, the
dehydration stage preceding the electrochemical reduction
process is either catalysed by repeated protonation (at the
oxygen atom *%) or there is intramolecular catalysis owing
to a hydrogen bond:

N+HX _ RR'C—NHX
-

RR'C: .
| “ HO—H
+

HO ---H

(42)

Since the limiting kinetic current is independent of pH in
this range of the latter for many hydroxymethyl derivatives
of aminoacids *, intramolecular catalysis appears to be
more likely., The independence of ilim of pH in fairly
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acid solutions also shows that the kinetic current is caused
by inhibition at the dehydration stage [mechanism (38)], *
while the stage involving the protonation of the oxygen atom
[mechanism (42)] is fairly rapid (is close to equilibrium),
The nature of the substituent X in the nucleophiles (Table
1) has an effect under these conditions, manifested
mainly by displacement of equilibrium (42) [the distance
from the dissociating C—~C bond than in the decomposition
of the adduct into the initial substances is greater]. An
increase of the —I effect of the substituent X (the inductive
and steric influences) as well as an increase of the +I
effect (the dominance of steric influences) displaces equi-
librium (42) to the right; hence follows an increase of
71im and its correlation with the constants 2 -: and Kar
(Table 1), Starting with norvaline, 7]im approaches the
diffusion value (Table 1).

Table 14. The half-wave potentials for the reduction of
RR’/C(OH)NHX.

R R X pH —Ey, V References
H H OH ~0 0.49* 26.51
H H H 2.5 0.84* 28.99
H H H 7.8 1.1 99
CeHyg COCgHs H 9.25 0.58 8
CHg COCH, H 9.25 0.66 8
CgHjy COO~ H 9.25 0.88 8
CH, COO~ H 9.25 1.04 8
CHg H H .25 1.44 8
CH, CHj H 9 25 1.56 8
CHq COO~ CH,COO™ 9.88 1.09 8
CH, CH. CH,COO~ 9.88 1.50 8
CHy COO™ CH(CHg)COO~ 9.87 1.10 8
CH, COO~ CH,CH,OH 9.50 1.04 8
H H CH.CH,OH 10.0 1.3 3

*RR’ C(OH)NH.X.

Over a wide range of pH values with cQ = const. and
cA = const., 1]jy passes through a maximum as a function
of pH, 22128,73,95,96,98-101 35 in the reduction of semi-
carbazones *° and hydrazones * in an equilibrium mixture.
This is caused by the increase of the concentrations of the
adducts (LM > LM*, LD >» Lp*, LT > LT+) with
increasing pH, the opposite effect due to the decrease of
the concentrations of the forms of the adducts protonated
at the nitrogen atom, and inhibition either at stage (42) or
at the stage involving the protonation of the adduct at the
nitrogen atom. The occurrence of one of the above
inhibiting effects with increasing pH is indicated by the
confirmation of the validity *® of Eqn. (35) for the reduction
of M + D + T (for the reaction of formaldehyde with NHi).
Under these conditions, the i]im—pH curve is described
by Eqn.(26) when account is taken of Eqn.(35). As for
hydrazones ¥, pHmax was found from the condition
dilim/d[H*] = 0 *® and it was shown theoretically that
pHmax should shift towards lower pH values with increas-
ing ¢, which agrees with experimental data . This is
also characteristic '® of the adducts obtained by the reac-
tion of formaldehyde with aminoacids (Table 13). In the
presence of a not unduly large excess of formaldehyde,
the changes in (ilim)max and in"Ey/: at a constant pH
(Table 13) are caused mainly by the inductive and steric
effects of substituents in similar (@ - or g-) aminoacids,
which leads to a correlation between (Tlim)max and £,/
and between Ko+ and K\t (Table 13). The influence of
the inductive effect on Ey, > at a constant pH (the displace-
ment of Ey,/> towards positive values with increasing —I
effect) is also illustrated by the data in Table 14,
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IV. ANALYTICAL APPLICATIONS

The reactions under consideration are widely used for
the indirect polarographic determination of carbonyl and
nitrogen compounds. Distinct polarographic waves are
observed, while under the usual conditions the reduction
of many compounds is either partly or fully masked by the
discharge of the supporting electrolyte. This applies
particularly to nitrogen compounds and many aliphatic and
cyclic carbonyl compounds. Even when the carbonyl
compound is reduced relatively readily (formaldehyde,
etc.), a valuable feature of the reaction is that the reduc-
tion wave of the product M(D, T) or U occurs at potentials
much more positive than the reduction potentials of the
carbonyl compounds, which makes it possible to use a
large excess of the latter and hence increase the sensitiv~
ity of the determination of the nitrogen compounds. On
the other hand, in the determination of the carbonyl com-
pounds, a large excess of the nitrogen compound (ammonia,
semicarbazide, hydrazine, etc.) is also permissible,
because the nucleophile employed is frequently polaro-
graphically completely inactive under the given conditions.

It must be emphasised that, in the selection of the
concentration of the reactant, one need not endeavour to
ensure the complete conversion of the component being
analysed into the polarographed product. It is sufficient
to obtain an equilibrium mixture, because the limiting
current in the presence of an excess of the reactant at a
constant concentration of the latter and a constant pH is
proportional to the concentration of the substance anal-
ysed [Eqns. (25) and (26)]. Naturally, in the analysis it
is important to achieve reaction equilibrium rapidly,
which is usually done by selecting the optimum pH in the
solution. For this purpose and also in order to increase
the sensitivity of the determination of the carbonyl com-
pound, a supporting electrolyte buffer solution was used
with a pH close to the pK A+ of the nucleophile present in
excess '*'%,  The optimum pH of the supporting electro-
lyte corresponding to the maximum limiting current is
frequently selected for analysis®*™'®, In order to attain
equilibrium rapidly and increase the sensitivity of the
determination, the reaction has been carried out '*"'% in
an alkaline medium and the polarographic measurements
have been made in an acid solution. This method is suit-
able only when the reaction products are very slowly
decomposed in the acid solution into the initial substances
(aminoacids with the amino-%roup not in the o -position)
24,102,193 It has been shown’™ that the rate of equilibra-
tion in the carbonyl—amine interaction increases sharply
in anhydrous acetic acid, which is probably due mainly to
catalytic factors.

The selectivity of the methods is achieved either by
selecting agspropriate reagents (N -alkylhydroxylamines'®,
hydrazine '*) or by altering the pH of the supporting elec-
trolyte 107,108

From the analytical point of view, it is also important
that, with the aid of the reactions under consideration, it
is possible to trap easily the component analysed in the
gas phase '*"'° or extract it fairly completely from a non-
aqueous solution '®*'*!,  One should also note that suitable
direct analytical reactions with carbonyl comgounds have
not been found for many nitrogen compounds ®?7%°%10%112=
7 pecause of their weak nucleophilic properties, so that
it has been suggested (see below) that the nitrogen com-
pounds be subjected to preliminary hydrolysis with subse-
quent conversion of the hydrolysis products in the pres-
ence of the carbonyl compound into the polarographed

substances. Preliminary hydrolysis has also been used''®
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for vinyl acetate with conversion of the resulting acet-
aldehyde (reaction with hexamethylene-1,6-diamine) into
the polarographed product. The conversion of organic
nitrogen compounds into the inorganic ammonium ion with
its subsequent polarographic determination in the presence
of formaldehyde has been achieved''? in order to improve
the familiar Kjeldahl method. The nitrogen-containing
reagent (an aminoacid) to be used for the determination of
a carbonyl compound has been obtained '2° by the hydroly-
sis of the substance to be analysed—polycaproamide.

Analytical determinations are usually based on cathodic
waves, but anodic waves for the products of the inter-
action of carbonyl compounds with o-phenylenediamine
have also been used >~ ',

1. Determination of Carbonyl Compounds

Reactions with Girard reagents (the formation of
hydrazones) have been used '*"'**~'*® to determine aliphatic
and cyclic ketones, ketosteroids, terpenes, and other
carbonyl compounds. Analytical reactions belonging to
an analogous class have been carried out on the basis of
hydrazine *572!2108,114,1357142 © phaylnydrazine %, semi-
carbazide 17?71 09911091447180 Cmaleic acid monohydrazide ',
aminoguanidine ***, and 2,4-dinitrophenylhydrazine **27'%°
(either an excess of the reagent ** was determined '°*'**
or an amperometric titration was carried out'**), I is
noteworthy that, whereas the use of hydrazine for the
determination of aliphatic carbonyl compounds was unsuc-
cessful owing to the use of an unduly acid supporting
electrolyte ** (in contrast to the determination of sugars '*),
starting with the work of Baranova et al.''* and Yuan-
Hsiao Lin and Chen-Ya Wang'® the problem has been
solved successfully (determination of carbonyl compounds
in the wash water from the manufacture of isoprene *'* and
determination of acetone in vinyl acetate'®; supporting
electrolytes at pH 6.3 '** and 7.2 ** have been used).

This application has been developed in other investiga-
tions '°*%1*? and included the separate determination of a
series of aliphatic aldehydes and ketones in the manufac~
ture of synthetic rubber monomers '%**"'*  formaldehyde
has been determined in cellulose ethers *®™!, and a highly
sensitive method has been developed for the determination
of acetaldehyde in commercial ethanol without the need for
the preliminargr concentration (distillation) of the former
2 " The use ™*° of reactions based on semicarbazide,
thiosemicarbazide, and phenylhydrazine for the adsorption
concentration of aliphatic and aromatic aldehydes on a
stationary mercury drop, which permitted an appreciable
increase of the sensitivity of the determination (oscillo-
graphic polarography), is of interest. An increase of the
sensitivity of the determination with the aid of similar
reagents has also been achieved by using oscillographic
difference polarography .

The reactions with hydroxylamine and its alkyl deriva-
tives (the formation of oximes) have been used for the
polarographic determination of carbonyl compounds:
determination of aliphatic aldehydes'®, aldoses 2!:14¢
pyridoxals **®, vanillin ***'%°, furfural '*"***, croton-
aldehyde '®, and acetone'*,

The reactions with ammonia , glycine
, methylamine '*, n-butylamine *°, isobutylamine ***
ethylenediamine ”’93 1,6-hexamethylenediamine hiete0-frz
monoethanolamine “*****, and o -phenylenediamine

178 are also of definite importance in the polarographic
determination of carbonyl compounds. Nevertheless, in
many cases preference must be given to substituted and

the

8912413,166=167 8512413,

168

1214124 ,1%4—
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unsubstituted hydrazines and hydroxylamines as reagents
because of the much larger reaction equilibrium constant
(see Section II).

2. Determination of Nitrogen Compounds

The possibility, in principle, of the polarographic
determination of an aminoacid on the basis of its reactions
with pyruvic acid or acetone was already demonstrated in
earlier investigations'"’'*, Subsequently methods were
developed for the determination of methylamine in the
presence of dimethylamine (reaction with piperonal) '™,
aminoacids and ammonium ions (reactions with phthalic
anhydride) "**'®, hydrazine and its derivatives (reactions
with benzaldehyde) '®, and primary amines (reaction with
isobutyraldehyde) **°.

Starting with the work of MatouSek ** and Tur'yan and
coworkers **'% formaldehyde has found extensive applica-
tions as a reagent in the indirect polarography of nitrogen
compounds. It is used to determine aminoacids °**%%7*%
103,107,108,184,185, caprolactam 945102,1035186,187 (hydrolysis to
€ -aminocaproic acid), N -methylpyrrolidinone *° (hydroly-
sis to N -methylaminobutyric acid), ammonium ions 2*°%
108119188 hexamethylenetetramine " #**® (hydrolysis to
ammonium ions, but is can also be determined from the
formaldehyde formed—reaction with monoethanolamine "%,
acetonitrile *”'*® (hydrolysis to ammonium ions), primary
and secondary amines *>"*'9971%  qimethylformamide *’'*
(hydrolysis to methylamine), hydroxylamine “9/°!219%197
cyclohexanone oxime *°1 119197 gng other oximes '’
(hydrolysis to hydroxylamine), hydrazine, and formyl-
hydrazine'®. The successful employment of formalde-
hyde is due, firstly, to the high equilibrium constants for
the reactions (Section II) combined with the possibility of
creating a relatively high concentration of the reagent in
the supporting electrolyte and, secondly, the fact that, in
the presence of an excess of formaldehyde, several
polarographically active products are formed (in the
general case, mono-, bis-, and tris-hydroxymethyl
derivatives), which also increases the sensitivity of the
methods. Even in a very acid medium, where the nucleo-
phile is almost completely protonated, formaldehyde
behaves as a fairly active reagent *0s°1»!12:196

Certain nitrogen compounds (diamines , hydrazine
and its derivatives®”’, semicarbazide *®°, and hydrazides
201%%) have been determined successfully using acetone as
the reagent. Other carbonyl compounds have also been
employed to determine hydrazides®°*~2% and thiosemi~
carbazides *,

The determination of 2,2’-bis-(3-amino-4-~hydroxy-
phenyl)propane in polymers on the basis of its reaction
with benzaldehyde has been reported®”,

198,199
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