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Abstract—A number of mixed ligand complexes of alkali metal salts of o-nitrophenol, 1-
nitroso-2-naphthol and 8-hydroxyquinoline has been synthesized and characterized. IR
studies indicate the presence of hydrogen bonding. Ease of complexation as well as the yield
has been found to increase with the increase in radius of alkali metal cations. Low values
of their molar conductivities suggest that they are non-electrolytes.

In an attempt to explore the mechanism of selective
absorption of alkali metal ions by plants, with the
assumption that a knowledge of coordination
chemistry of the alkali metals would facilitate fuller
understanding of the mechanism, our attention has
been drawn to the ligands, picolinic acid N-oxide
and quinaldinic acid N-oxide. Previous authors
have reported the behaviour of picolinic acid N-
oxide'™® (henceforth designated as HPicO) with
various transition and non-transition metals; but
no alkali metal complex with this ligand has been
reported as yet. A literature survey also reveals
that the ligand quinaldinic acid N-oxide (hereafter
abbreviated as HQuinO), which has two possible
coordination sites, has remained neglected and no
attempt has yet been made to examine its chelating
ability. The present investigation has been under-
taken to examine the behaviour of these N-oxides
towards alkali metal salts and also to study whether
they are more selective in comparison to the parent
acids.

We have obtained a number of mixed ligand com-
plexes with these ligands having the general formula
ML-nHL’ where M =Li, Na or K; L = de-
protonated o-nitrophenol, 1-nitroso-2-naphthol or
8-hydroxyquinoline; HL’ = HPicO or HQuinO
behave as bidentate ligands.

* Author to whom correspondence should be addressed.

EXPERIMENTAL

Preparation of HPicO

The ligand picolinic acid N-oxide was prepared
by the method as described in the literature.®

Preparation of HQuinO

5 g of quinaldinic acid was dissolved in 20 cm?
glacial acetic acid and 40 cm® hydrogen peroxide
(30%) was added to it. The contents were refluxed
on a water bath for about 2 h. On cooling, a vol-
uminous light yellow precipitate was obtained. The
contents were evaporated to dryness and the residue
was recrystallized from methanol, when shining
light yellow needles of quinaldinic acid N-oxide
were obtained. These were filtered, washed with the
solvent and dried in an electric oven at about 80°C.

Authenticity of the product so obtained was
established by its m.p. determination, analytical
data and IR spectrum. The decomposition tem-
perature of the sample comes out to be 168-170°
dec. which is in consonance with the reported
value.®® A very high yield (ca. 96%) was obtained
and it took only 2 h to complete the reaction.

Preparation of the complexes

The complexes were synthesized by taking equi-
molar proportions of the alkali metal salt (ML) and
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the ligand (HL") in absolute ethanol with the ligand
in slight excess. On refluxing with continuous stir-
ring, a clear solution was obtained. On cooling it,
the adduct separated and was filtered, washed with
absolute ethanol and then dried in an electric oven
at 80°C.

No adduct separated in the case of lithium salts
of o-nitrophenol and 1-nitroso-2-naphthol. Our
attempts to synthesize adducts of the title ligands
with the corresponding alkali metal salts did not
succeed, although such adducts have been obtained
from picolinic acid® and quinaldinic acid. '

RESULTS AND DISCUSSION

The complexes of these ligands with alkali metal
salts are characteristically coloured. Ease of their
complexation with these salts was found to increase
with the increase in radius of the alkali metal ions.
Yield too showed similar trends. The colours, the
decomposition/transition temperatures, conduc-
tivity values as well as the analytical data of these
complexes are listed in Table 1.

These complexes are soluble in most polar sol-
vents such as methanol, but are insoluble in non-
polar solvents such as benzene, toluene and dieth-
ylether. They are stable when kept in vacuo or in a
desiccator over anhydrous CaCl,. On exposure to

moisture, they appear to decompose rapidly to give
the free ligand and the alkali metal salt.

They either decompose or undergo a trans-
formation at temperatures which are considerably
higher than the melting point of the corresponding
ligand, indicating thereby their greater thermal
stability.

Infrared spectra

Infrared measurements for the title ligands and
their hitherto unknown mixed ligand complexes
with alkali metals were made between 4000-650
cm™! in Nujol mulls. Pertinent IR data for these
compounds are recorded in Table 2.

The multiple bands that occur in the spectrum of
the ligands HPicO and HQuinO indicate that in the
solid state, they contain strong hydrogen bonds,
possibly of the symmetrical type resulting in the
dimer.'! In the spectra of the complexes, these mul-
tiple bands have disappeared.

The spectra of all the complexes of HPicO con-
tain a broad band in the region 2420-2320 cm™',
while those of HQuinO exhibit the broad band in
the region 2340-1850 cm~!. The complex KON
P - HPicO exhibits a broad band at 2700 cm ' also.
Likewise the IR spectrum of the complex
NalN2N - HQuinO exhibits two broad bands at

Table 1
M.p./decomp./ Conductivity (%) Found (%) Calculated
transition (Ohm~'cm?

Compound Colour temp. (°C) mol~") C H N M C H N M
HPicO Pale yellow 161 m — 51.7 3.7 105 — 51.8 3.6 10.1 —
NaONP - HPicO Yellow 202t 3.0 484 35 93 76 480 30 93 7.7
KONP-HPicO Orange 275d 5.0 456 2.8 8.8 122 455 2.8 89 123
KONP - 2HPicO Yellow 185t 7.0 480 35 92 88 474 31 92 85
NalN2N-HPicO- Brown 200 t 4.0 576 35 83 70 574 33 83 69
KIN2N - HPicO Brown 135d 4.5 553 33 80 112 549 31 8.0 11.1
Li8HQ‘ HPicO Cream coloured 172t 3.5 620 38 98 — 620 38 96 —
Na8HQ - HPicO Cream coloured 168 t 4.0 589 40 97 75 588 36 9.1 75
K8HQ-HPicO Cream coloured 165t 4.5 56.1 34 88 120 560 34 87 121
HQuinO Light yellow 168-170 d — 637 38 74 — 63.5 3.7 74 —
NaONP*HQuinO Yellow 205d 2.0 549 38 80 6.5 548 3.1 80 6.6
KONP:HQuinO  Deep yellow 215t 2.5 520 35 76 105 524 3.0 7.6 10.6
KONP-2HQuinO Yellow 202d 35 569 36 75 70 562 32 75 170
NalN2N-HQuinO Brown 185d 3.5 63.0 39 72 62 625 33 73 6.0
KIN2N+-HQuinO Brown 178 d 1.0 599 38 7.0 98 600 32 70 97
Li8HQ-HQuinO  Cream coloured 190 t 1.0 66.6 45 82 — 67.0 38 82 —
Na8HQ-HQuinO Pale yellow 185d 3.0 63.7 42 78 64 640 36 78 6.4
K8HQ*HQuinO  Pale yellow 180d 35 612 40 7.5 105 612 3.5 75 104

HPicO = picolinic acid N-oxide ; HQuinO = quinaldinic acid N-oxide ; ONP = o-nitrophenol; IN2N = 1-nitroso-

2-naphthol, and 8HQ = 8-hydroxyquinoline.
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Table 2
Compound Selected IR absorption bands (cm ")
HPicO 28001850 w 1720 s 1680 s 1620 s 1295 s 1267 s
NaONP - HPicO 2300 br 1710 m 1670 m 1615 m 1290 s 1255 s
KONP - HPicO 2350 br 1710 m 1620 s 1280 m 1250 m
KONP - 2HOicO 2320 br 1685 sh 1680 m 1620 s 1285 m 1240 m
NalN2N - HPicO 2320 br 1690 s 1640 s 1602 s 1285 sh 1242 m
K1N2N - HPicO 2340 br 1700 s 1660 s 1605 s 1290 s 1250 s
Li8HQ - HPicO 2340 br 1715 m 1680 m 1620 m 1295 s 1260 s
Na8HQ - HPicO 2340 br 1715 m 1660 m 1615 m 1295s 1265 m
K8HQ - HPicO 2400 br 1720 m 1660 m 1615 m 1290 s 1275 m
HQuinO 2800-1900 br 1680 br 1610 m 1300 m 1280 m
NaONP-HQuinO 2340 br 1 1660 sh 1620 m 1295 w 1280 m
KONP - HQuinO 1850 br 1650 sh 1615 m 1295 sh 1280 m
NalN2N-HQuinO 2320 br 1640 s 1598 sh 1290 m 1270 s
KIN2N-HQuinO 2320 br 1625 s 1598 sh 1285 m 1268 s
Li8HQ  HQuinO 2340 br 1660 s 1615 m 1290 sh 1275 m
Na8HQ-HQuinO 1950 br 1660 sh 1610 br 1290 w 1275 m
K8HQ: HQuinO — 1630 s 1610 sh 1290 sh 1275 s

2350 and 1950 cm~'. Such a band is completely
absent in the spectrum of the complex
K8HQ - HQuinO. These bands could be assigned
to O---H—O/N - - - H—O absorptions and suggest
hydrogen bonding to be an essential feature of these
complexes, which is in conformity with the obser-
vation of Nyholm et al.'?

The bands at 1720 cm~! and 1680 cm~! that
occur in the ligand HPicO have been assigned to
asymmetric —COOH absorptions ;> while the band
at 1295 cm™! is, in all probability, due to sym-
metrical stretching —COOQOH vibrations. The shift-
ing of all these bands to lower frequencies by 5-30,
1040 and 5 cm ™' respectively in almost all the
complexes is indicative of the coordination through
the oxygen atom of the —COOH group of the
ligand. The 1680 cm™' band, that occurs in the
spectrum of the ligand HQuinO, may, in analogy
with the assignments in the case of picolinic acid N-
oxide,’ be attributed to asymmetric CO, vibrations
of the —COOH group. On complexation, this band
shows a negative shift of 20-50 cm~'. The 1280
cm™' band of the spectrum of HQuinO, due to
symmetrical stretching —COOH vibrations, has
either remained unaffected or has shifted to lower
frequencies by Scm ™',

In the spectra of the HPicO complexes, the 1620
cm™! band of the ligand, assigned to vCC+vCN
absorption,* has shifted to lower frequencies by 5
18 cm™'; while in those of HQuinO complexes, the
1610 cm ™' band of the ligand has either remained
unaffected or shifted to higher frequency by 5-10
cm™!,

The 1267 cm~' band of the ligand HPicO, which
is attributed to the stretching N—oxide vibrations,
has shifted to lower frequencies in the complexes
by 7-17 cm~ . Likewise, the 1300 cm~! band of
medium intensity in the HQuinO spectrum ascribed
to the stretching N—O vibrations has shifted to
lower frequencies by 5-10 cm ™. These features sug-
gest the coordination of these ligands with the alkali
metals.

The 1267 cm~ " band of the ligand HPicO, which
is attributed to the stretching N-oxide vibrations,
has shifted to lower frequencies in the complexes
by 7-17 cm ™!, Likewise, the 1300 cm~! band of
medium intensity in the HQuinO spectrum ascribed
to the stretching N—O vibrations has shifted to
lower frequencies by 5-10 cm ™. These features sug-
gest the coordination of these ligands with the alkali
metals through the oxygen atom of the N-oxide
moiety. Similar shifts have also been observed in
the case of complexes of the ligand picolinic acid
N-oxide with transition metal cations.*>

The band at 847 cm ™!, that occurs in the spec-
trum of HPicO, has been assigned to the bending
N—O vibrations,® but no appreciable change in
the position of this band appears to take place on
complexation.

Conductivities

Molar conductivities of all the complexes were
measured in methanol at 25°C at a concentration
of 103 M.

A value of ca. 35-40 Ohm~! cm? mol~! cor-
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responds to a 1:1 electrolyte.’®> From the results
(Table 1), it is evident that the molar conductivity
values of none of the complexes approach either
ideal or 1 : 1 electrolytes. However, fairly low values
of molar conductivities of these complexes suggests
that they are non-electrolytes.
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Abstract—Complex formation reactions between In(II) and 2-mercaptopropanoic acid
(H,A) have been studied in 3.0 M NaClO, at 25°C, by measuring the EMF of the glass
and In(Hg) electrodes as a function of the acidity of the solution. At —log|H*| > 5.5
the formation of a precipitate is observed. The EMF data obtained in the range
1 < —log|H*| < 5.5, treated by the general minimizing program LETAGROP, can be
explained by assuming the formation of the species InA*, InA(OH) and InA(OH);. A
reaction equation is proposed and the formation constants for these species are given.

Simple aliphatic mercaptoacids have been studied
as possible masking agents in analytical processes,
sometimes as substitutive of potassium cyanide, '™
as well as simple coordination models which are
present in some complex molecules of biological
interest.’

The analytical work so far published deals mainly
with qualitative aspects of many reactions with
metals which are very interesting from the analytical
point of view.

The information on the stoichiometry and equi-
librium constants of these reactions is scanty. Stud-
ies of complex formation with divalent ions, which
favour the formation of mononuclear species, show
a high stability of the reaction products.®® In other
cases,'®!! a precipitate appears which can be redis-
solved via polynuclear complex formation.

The existence of different reaction products intro-
duces some difficulties in the analytical applications
of this type of reaction. However, a detailed study
of the system will elucidate the conditions where the
analytical applications are successful.

* Authors to whom correspondence should be addressed.

In this context, a detailed study on the com-
plexation of these acids with mono or trivalent cat-
ions has been undertaken in our laboratory.!? The
results on In(III)-2-mercaptopropanoic acid are
reported here. Mono and trivalents cations have
been chosen because of the lack of information in
these systems which are of great analytical interest.

EXPERIMENTAL

Reagents, solutions and electrodes

2-Mercaptopropanoic acid, CH ;CH(SH)COOH,
Fluka, p.a., was purified and determined as
reported before.!® A In(ClO,); stock solution was
prepared as described elsewhere.!® This solution
was analysed by electrodeposition of metallic
In on a Pt net coated with Cu'* in a buffered ox-
alic acid/oxalate medium. The H* content of
the In(ClO,); solution was determined poten-
tiometrically. NaClO,, HCIO, and NaOH solu-
tions were prepared and analysed according to
recommended methods.'?

Ag(s)/AgCl(s) reference electrode was prepared
according to Brown.'® The In(Hg) electrode was
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prepared in situ for each titration by electrolytic
reduction of In** in a mercury cathode,'!” until the
indium concentration in the amalgam attained
0.02% (w/w). A glass electrode Radiometer
G202C was used.

Apparatus

The EMF measurements were carried out with a
Radiometer PHM 64 potentiometer with an accu-
racy of +0.1 mV. These measurements were moni-
tored by means of an automatic system controlled
by a microprocessor made in our laboratory. The
equilibrium was considered when two consecutive
EMF readings within 10 min did not differ by more
than +0.2 mV. A Metrohm Herisau E211A coul-
ometer was used for the *“E,, titration”. All
measurements were carried out in a thermostated
bath at 25+0.1°C.

EMF measurements

The complex formation equilibria were studied
from EMF measurements using potentiometric
titration techniques. The composition of the test
solutions can be represented as:

7S = BmM In(III), AmM H,A,
HmMH™*,3.0M CIO;.

In each experiment the total concentration of
In(IIT) and 2-mercaptopropanoic acid were kept
constant while the H™ concentration varied step-
wise from 107%% to 10~! M. To vary [H*], equal
volumes of the following solutions were added :

T, = 2BmM In(II), H, mM H*, 3.0 M CIO;
T,=2AmMH,A, H,mMH*,3.0M CIO;.

The free concentrations of In** and H* of the
test solution 7'S were determined by measuring the
EMF of the cells:

R.E./3.0M NaClO,// TS/G.E. @
In(Hg)/TS // 3.0 M NaClO,/R.E. {amn

where R.E. is the reference electrode :
Ag(s), AgCl(s)/2999 mM NaClO,, 1 mM AgCIO,,

G.E. is the glass electrode and In(Hg) the In(s)
amalgam electrode. The sign // denotes the presence
of a salt bridge of the Wilhelm type.'®

The EMF of the cells I and II in mV at 25°C can
be written as:

Ey=E,+59.161log[H*]+ E;s
= E,+59.16logh+E, (1)

Ez = E,3+19.721log[In**]+ Ep

= E;3+19.72logb+Ep.  (2)

E,, and E, were determined coulometrically and
volumetrically, respectively, at the beginning of
each experiment using the Gran functions.'® Ej and
E;, were determined in free ligand test solutions. Ejg
was negligible in our experimental conditions while
E;, had only a significant value when —logh < 2.

Dissociation equilibrium of 2-mercaptopropanoic
acid

The study of the dissociation equilibria of 2-mer-
captopropanoic acid in 3.0 M NaClO, at 25°C was
carried out previously to study complex formation.

This study was done following an experimental
technique similar to the formerly explained. In this
case measurements were done in absence of metal.

The data collected in the form (Vy,, Vo, Ea)
were treated by means of LETAGROP program?°
and could be explained by the following reactions:

H*+A?"=HA~ logB,o = 10.124+0.02
JH*+A% =H,A log By, = 14.06+0.02.

These values agree with those obtained by us
under another condition.?!

RESULTS AND CALCULATIONS

Complex formation equilibria

Different titrations were carried out in which the
analytical concentration of In(III) and 2-mer-
captopropanoic acid were varied (2, 5 and 10 mM,
and 15, 25 and 40 mM, respectively). The exper-
imental data were taken in the form of (Vyy, Voo,
E,, Eg)pa- The reversibility of the chemical equi-
libria was tested by titrating the test solution 7S in
two ways, i.e. first with an acid and then with an
alkali, until a white precipitate was observed. The
potential values agreed for each —log[H*].

The complex formation equilibria between
In(I1T) and 2-mercaptopropanoic acid can be writ-
ten as follows:

pHT +4¢In’* +rA*~ =H,InA,. 3

The formation constants for the different species
can be defined as:

Bpor = [H,In A Jh™"b%a™" @

where b, a and h represent the free concentrations
of In**, A~ and H*, respectively.
The experimental data were converted into
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(7, —logh), pairs, being:

n = log (B/b)

where b was calculated from eq. 2.
Mass equilibrium equations give the following
general equation :

n=log(1+ Eqﬁpqrbq_ larhp)- 6

If n is plotted vs —logh when the total con-
centration of the ligand is constant, the curves
superimpose practically for low metal concentra-
tions. It infers that # is independent of b, and
this happens when ¢ = 1 (mononuclear species) (cf.
eq. 6). When the total concentration of the metal
is increased, at —logh > 3 the curves present a
small deviation. This indicates that from this
value the formation of polynuclear complexes is
probable.

)

Numerical analysis of the data

In order to ascertain the composition of the
different complexes, i.e. the different (p, g, r) values,
as well as the best values for the formation
constants, numerical calculations were performed
using the NYTIT version?? of the general mini-
mizing program LETAGROP.?° Taking sets of
data (Vy5, Vi, Ea, Ep)sa and the composition of
the T; solutions of the different burets as input data,
the program considered that the best set of equi-
librium constants is that which minimizes the error
square sum U/:

U=ZX pr(EB. cale ™ E B.exp) % (7)

In this equation Np represents the number of exper-
imental points, w is the statistical weight (w = 1,
in our case), Ey . is the corresponding quantity
calculated by the computer by assuming a set of
chemical species and equilibrium constants, and
Ejp, oxp 15 the experimental EMF value.

Taking into account the preliminary results
obtained from graphical treatment of the data,
different sets of complexes were chosen in order to
fit the experimental data. In this way, the value of
U at the minimum and the mean standard deviation
in Eg, o(Ey), were calculated for each set. The best
models were chosen as those which gave the lowest
values for U and &(Eg). The results of these cal-
culations are given in Table 1. It can be seen that
the combination of complexes (0,1,1), (—1,1,1)
and (=2, 1, 1) gave the best values for U and
o(Eg). It can also be seen that inclusions of pro-
tonated or polynuclear species in the calculation
implied that they were rejected by the computer or
that they led to a considerable increase in the U and
o(Ep) values.

Table 1. U and o(Ep) values for the different (p, g, r)
models tried by the program LETAGROP-NYTIT

Complexes
®.q.1 v

1 O 1.1

©,1,1)
22 (=1L, 1,1)
("'2, la l)

o(Esp)
(mV)

Rejected

Model species

0.431E+5 826

0.676E+2 1.59

0.130E+4 460 (-—-1,2,1)

0.672E+2 1.59 (1L, 1,2)

“This model represents the best fit of the experimental
data.

The value of o(Ep) = 1.59 mV indicates that the
model represented by the equations:

In** +A* =InA*

logBo1; = 13.1240.09  (8)
H,0+In**+A?"=InA(OH)+H"

logB_;,1=10.69+0.16 (9)
2H,0+In** + A2 =InA(OH); +2H*

logB_,; =8214+0.06 (10)

refers to a 99.9% confidence level.

The fit to experimental data is illustrated graphi-
cally in Fig. 1, where the value (Ep cac— Ep exp) 1S
plotted as a function of the —logh for different

4
— 3—
<3 F
8 2, N o o
T 4 2" a 8 5 B 5,004 e
L) b Yo o® A% say
W oS oo - * .0 Aa ~
- o
2 b . P et o a e
8 L4 . o a4
* -2 a
3 . :
T -3l .y ® A
o A
~ 4} a
-5 | L 1 1 1 1 | |
15 20 25 30 35 40 45 50 55
~log #

Fig. 1. (Eg, oac— Es, xp) plotted as a function of —logh at

different metal to ligand ratios (O: B =2 mM, A =25

mM; @: B=2 mM, A=40 mM; A: B=5 mM,
A=40mM; []:B = 10mM, A =41 mM).
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concentrations of In(III). The EMF values rep-
resented in this figure seems to indicate the absence
of any systematic deviation. It can be seen, however,
that when the In(III) concentration exceeds the
value of 5 mM, the deviations observed are higher
than the mean values and this ratifies the fact,
that for higher concentrations levels, the existence
of polynuclear species is possible.

DISCUSSION

From the values of equilibrium constants
reported in eqs (8-10), a,, was computed. The
calculations performed with the program
HALTAFALL,?? are illustrated graphically in Fig.
2. This figure shows that the hydrolysis reactions of
In(IIT) in the presence of 2-mercaptopropanoic acid
in the range 1 < —logh < 5 leads to soluble mixed
hydrolytical species formally derived from the InA *
complex, with the following general formula
InA(OH), ", with n = 1 or 2 in the present exper-
imental conditions. These results follow the pattern
postulated by Biedermann for the hydrolysis of
In(TI). '3 This author found the existence of mono-
nuclear ions of the type In(OH);™" (n=1 or 2)
which are formally similar to those found in present
work.

The results of the present work can be easily
expressed in terms of hydrolysis instead of for-
mation constants. That is to say:

InA* +H,0 = nA(OH)+ H™*

lOgK_“l = —2.43
InA* +2H,0=InA(OH); +2H*
10gK_211 - —4.91

0.90
0.80
0.70
0.60
@ o050
0.40
0.30
0.20

0.10

120 180 240 300 360 420 480 540
~log ~

o 0.60

Fig. 2. Distribution of the species of the system In(III)-
2-mercaptopropanoic acid in the form a,, vs —logh
when B = 2 mM and A = 15 mM.

because logK_,,, =logB_,i;—logBo;; (=1 or
2). If we compare these values with the correspond-
ing constants of hydrolysis of In(III) reported by
Biederman:

In** +H,0 = In(OH)>* +H* log K_,,, =
Il'l3+ +2H20: IH(OH)3—+2H+ log K—-Zl() =

we can conclude that the acidic properties of In3*
are enlarged when 2-mercaptotropanoic acid takes
part in the coordination sphere of this ion. This fact
has been observed in other systems.2*

These results differ from those of Sarin and
Munshi.?* They claimed the formation of a series
of complexes of general composition InA,, ; # being
1, 2, 3. Although the formation constant for the
first complex is of the same order of magnitude
as that determined in this work [vide eq. (8)], the
different experimental approach may explain the
discrepancies. While, these authors titrated the
metal solution up to pH = 10, we found around
pH = 6 the formation of a white precipitate makes
the EMF measurements extremely difficult. As the
solid formation proceeds slowly it may be probable
that under too fast titration procedures this reaction
was not observed. This could indicate that Sarin
and Munshi’s data were collected before equilibrium
was attained and consequently their results must be
viewed with caution.

—4.25
—8.53
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Abstract—The kinetics of the reduction of Cr(VI) by L-
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—d[Cr(VD)]
dt

with k£, = (3.1+0.5)x10"* s™'; k, =123+1.1 mol~3 dm® s~! at I = 1.0 mol dm~*
(NaClO,), [H*] = 0.04-0.10 mol dm* and T = 25.1°C. The corresponding activation par-
ameters are AH* = 26.2+0.4kJ mol~'; AS* = —224+1JK "'mol™'; AH% = 33.940.01
KJ mol~!; AS* = —111+1 JK~' mol~". The above rate is very much slower than those
of other related reactions. This is interpreted in terms of a rate-determining Cr—S bonded
intermediate which undergoes hydrolysis after electron transfer to yield Cr(III) and meth-
ionine sulphoxide. The significance of pathways involving second-order substrate depen-

methionine (represented by RSCH ;)

naigtant with tha rata law -
LIOIOLLALIL YWILLIL LIV 1ALy 1AYY .«

= (k1 +k [H*F[RSCH;])[Cr(VD)]
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dence is also discussed.

Chromate ester formation is a common feature of
chromium(VT) reduction by electron pair donors.'”’
Presumably because of their medical significance,®
more attention has been given to sulphur-bonded
esters which are characterized by their formation
constants and electronic spectra.®® These inter-
mediates are thought to provide low energy path-
ways for subsequent electron-transfer. Thus any
factor that inhibits their formation is known to
affect the reduction markedly.'%!!

The reaction of Cr(VI) with L-methionine was
investigated for several reasons. Firstly, L-meth-
ionine like L-cysteine® and other related thiols" has
three coordinating centres viz : O, N and S. Of these,
sulphur has been established as the most susceptible
to attack by Cr(VI). However, this site is partially
blocked by a methyl group within the substrate and
it is therefore of interest to study the effect of this
on the reactivity of the substrate. Secondly,
although the reaction had been investigated by

* Author to whom correspondence should be addressed.
Present address: Department of Chemistry, School of
Science and Science Education, Federal University of
Technology, Minna, Nigeria.
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different workers'*>'? in the past, conflicting views

had been expressed as to the nature of one of the
final products. While one group'’ postulated a
disulphide as one of the products of the reaction,
the other group'® was able to establish a sulphoxide
as the corresponding final product. It is thought
that the present investigation would be able to
resolve the conflict and throw more light on the
mechanism of the reaction.

EXPERIMENTAL

L-methionine (Koch-Light, Pure) was used with-
out further purification. Potassium dichromate
(Analar grade) was used for the kinetic runs while
the sodium salt (B.D.H. Reagent) was used for the
product analysis where concentrations were such
as to cause precipitation of potassium per-
chlorate had the potassium salt been used. Mixtures
of sodium perchlorate (Fluka, puriss) and perchloric
acid (Analar Reagent) were used to maintain a con-
stant ionic strength of 1.0 mol dm~* at varying
hydrogen ion concentrations [H*]. Stock solutions
of perchloric acid were analysed by titration against
weighed quantities of sodium tetraborate.
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Kinetics

Under the conditions used for the kinetics HCr
O; has been established* as the reacting species of
the oxidant. Kinetic measurements were therefore
made at 350 and 420 nm by monitoring the absorb-
ance changes due to it on a Pye Unicam SP 8000
spectrophotometer with fully thermostated cell
compartments. The concentration of the oxidant
was kept constant at 4.0 x 10™* mol dm~> while
L-methionine concentrations were varied between
(5.0-25.0) x 10~ * mol dm~? and the ionic strength
of the medium was kept constant at 1.0 mol dm >
using sodium perchlorate. Pseudo first-order plots
were linear to more than three half lives and dupli-
cate measurements agreed to +2%.

Products

The main product methionine sulphoxide was
characterized as follows :

A reaction mixture containing 2.0 x 10~* mol
sodium dichromate, 2.5 x 10~ 2 mol methionine and
5.0 x 10~ * mol perchloric acid in a 50 cm? solution
was allowed to stand for about 2 h. Thereafter 10
cm? of 0.4 mol dm? sodium bicarbonate was added
and stirred vigorously followed by dropwise
addition of benzoyl chloride solution until pre-
cipitation was completed. The precipitate obtained
N-benzoyl methionine sulphoxide which is a deriva-
tive of methionine sulphoxide was confirmed by
its melting point 183°C.!? The yield obtained was
about 70%.

A second method'* for the characterization of
the product was employed by adding an acetone—
ethanol mixture (1 : 1 vol. ratio) to a similar reaction
mixture as above which had previously been
brought to pH 4. The precipitate of methionine
sulphoxide was identified by its melting point
which was found to be 238°C.'* The yield
obtained was about 86%.

RESULTS AND DISCUSSION

The linearity of the pseudo first-order plots
implies that the reaction is first-order in Cr(VI).
Representative values of the pseudo first-order con-
stant, k., obtained at different methionine con-
centrations, hydrogen ion concentrations [H?*],
wavelength and ambient temperatures are shown in
Table 1.

Plots of k,,, as a function of methionine con-
centration for different [H*] at constant tem-
perature were linear with a common positive inter-
cept (Fig. 1). The slopes of these lines vary linearly
with the square of the hydrogen ion concentration

[H*]? (Fig. 2).

30 —

° 5 10 15 20 25
10® tmethioninel,mol dm™3

Fig. 1. The dependence of observed rate constant (k)

on the concentration of methionine at 25.1°C.

[Cr(VI)] =4.0x10"% mol dm~3; I=1.0 mol dm3

(NaClO,); [H*] = 0.04 mol dm~3(®); [H*] = 0.06 mol

dm™*([0);[H*] = 0.08 mol dm~*(x);[H*] = 0.10 mol
dm~3(A).

From these results, the reaction is considered to
proceed via two parallel pathways and the overall
mechanism for the reaction can be represented
by eqs (1)~(5). Under the conditions of the experi-
ment, Protonated methionine  CH,SCH,
CH,CH(NH,)CO-H represented as RSCH, is the
predominant species in line with the argument
presented elsewhere.">*!2 The mechanism is
therefore given as:

HC:rO; +RSCH;

£~ R{(CH,)SCRo; +H,0 (1)

103 (H*12 mol? dm™®

Fig. 2. Plots of slope [eq. (9)] as a function of [H*].
=20.1°C (©); 25.1°C (1) ; 30.1°C (A); 35.0°C (x).
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Table 1. Observed rate constant (k) for the reaction of Cr(VI) and L-methionine [RSCH ,}
at different hydrogen ion concentrations [H*] and temperatures. [Cr(VI)] = 4 x 10~ * mol
dm~3 I = 1.0 mol dm~* (NaClO,) and 4 = 420 nm

103[RSCH,] [H] 10% kg, 57
(moldm~?) (moldm~%  0.04 0.06 0.08 0.10
T =20.1°C
5.0 2.5 3.6 5.6 6.6
10.0 39 5.8 9.6 11.8
15.0 438 7.8 12.3 17.0
20.0 5.4 8.5 16.0 18.8
25.0 5.8 10.6 18.8 25.1
T = 25.1°C
5.0 3.0 (3.0) 4.7 6.7 8.4 (8.4)
10.0 4.8 (4.9) 8.0 120 (120) 156
15.0 6.4 (6.2) 103(10.0) 16.5(162) 222
20.0 6.9 11.8(11.6) 19.9(19.2)  27.5(27.4)
25.0 7.2 148 (147) 251 30.4
T = 30.1°C
5.0 39 58 8.3 11.0
10.0 5.6 10.0 14.0 18.9
15.0 72 12.2 18.9 25.7
20.0 7.7 15.4 21.5 319
25.0 8.1 17.6 25.7 35.5
T = 35.1°C
5.0 438 78 98 131
10.0 7.6 11.1 16.7 21.4
15.0 8.3 16.0 26.9 32.1
20.0 10.5 20.6 29.6 39.2
25.0 11.3 21.8 34.0 49.1

() Values at 1 = 350 nm.

R!(CH,)SCrO3 —ﬁ"?; Cr(IV)+R(CH,)S=0 (2)

R!(CH,)SCrO; +RSCH,

Tk;? Cr(IV)+ R (CH;)S=0

+RSCH,;+2H* (3)

where R!(CH,)SCrO5 is

(0] /CH 3
I

O=Cr—S
|

N
0 CH,CH,CH(NH,)CO,H

other contributing steps are as in (4)—(5).
2CK(IV) 2% Cr(II1) + Cr(V) @)
Cr(V)+RSCH3;Ls(t)> CrIID)+R(CH,)S=0. (5)

On the basis of this scheme the rate of loss of [HCr
07 ] can be readily derived [eq. (6)]

—d[HCrO7]r
T dr
__ KIRSCH;](k, +k,[RSCH JH)HECIO ],
- 1+ K[RSCH ) .
(6)
But
—d[HCrO7]r _
——[I;Id—tu = kanHCrOz 17 @)
therefore
Koy, = K[RSCH,;](k,+ k,[RSCH 3][H+]2)' ®

1+ K[RSCH,;]
If K[RSCH,] >» 1, eq. (8) becomes

kops = k1 +k,[H*][RSCH;]. ®
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Table 2. Rate constants k, and k, for the reaction of
Cr(VI) with L-methionine at different temperatures

T/°C %y fs! %,/ Mol=3dm®s~'
20.1 2.540.3 9.4+0.8
251 3.1+0.5 12.3+1.1
30.1 3.840.5 153+1.2
35.0 4540.5 19.3+1.4

AH* = 26.2+0.4 kI mol~';

ASY = —224+41 JK~ ! mol~!
AH% = 33.94+0.01 kI mol~';
AS% = —1114+1JK "~ mol~!

“Error expressed as standard deviation.

The observation that plots of k., vs [RSCH]
gave good straight lines at constant [H*] and tem-
perature is consistent with the above mechanism.
The various rate constants k,, derived from the
intercepts of such plots and k,, obtained from the
graph of slope vs [H*] at different temperatures are
shown in Table 2 together with their corresponding
activation parameters.

Our observed rate law eq. (6) differs only slightly
from those derived for other related reactions'™
with the predominant path involving two substrate
molecules. A comparison of the activation par-
ameters for the predominant path in this and similar
Cr(VI) reductions"** reveals that such routes
involve essentially similar processes. There is a
change in coordination number from four in Cr(VI)
to six in the kinetically stable Cr(III) products.
Therefore, an expansion of coordination shell has
to occur somewhere between the two states. It is
thought that the coordination of a second substrate
facilitates the expansion of Cr(VI) which occurs in
reactions (3) where there is a two electron reduction
from Cr(VI) to Cr(IV). This requirement for reor-
ganization may account for the slowness and rate-
determining character of the step. Another argu-
ment that could be advanced in favour of the second
substrate is that the substrate being positively
charged under the experimental conditions used,
would make the central chromium ion more posi-
tive and thereby increase the tendency of the metal
to oxidize the coordinated substrate. This is very
similar to the observation made in the reaction of
the same reductant with the [AuCl,]~ anion.'*

Interestingly, the reduction of Cr(VI) by meth-
ionine is much slower than the corresponding
reductions of the same oxidant by penicillamine -
glutathione'-? and cysteine* under the same exper-
imental conditions. This is consistent with the pos-

tulate® that the formation of an intermediate com-
plex is a prerequisite for these redox processes.
It also supports reports by McAuley and his co-
workers"?>* that the site most susceptible to
attack by Cr(VI) in these substrates is sulphur.
The presence of an alkyl group at the site appears
to inhibit but not totally prevent the coordination
of sulphur to the chromium centre. Although the
formation of an intermediate complex could not
be established from repeated scanning of reaction
mixtures, this does not invalidate the postulate
that some form of complex formation is involved
before electron-transfer.

Comparison of the rate constants k, and k, in
this reaction with those of similar reactions involv-
ing the oxidant with penicillamine” and cysteine,*
show that the former rate constants are two orders
of magnitude greater than those of cysteine* and
comparable with those of penicillamine.? This is
not very surprising judging from the fact that the
presence of the methyl group in methionine (which
is retained after the electron-transfer process) and
two methyl groups attached to the adjacent carbon
atom in the case of penicillamine would aid the
rapid release of the electrons from sulphur to the
oxidant much more than in the case of cysteine*
(inductive effect). However, in spite of this, the over-
all rate of oxidation of methionine is slower than
those of the latter under the same experimental
conditions. This would tend to suggest that sub-
stitution into the inner coordination sphere of chro-
mium(VT) is likely to be the rate-determining step
in these reactions.

The fate of the intermediate Cr(IV) produced in
reactions (2-4) has generated a lot of debate in
the past. Westheimer and Watanabe'®!® considered
several possible paths involving the subsequent
reactions of Cr(IV), citing experimental evidence
that in dilute HCIO, one subsequent step must
involve Cr(VI). However, addition of 0.04 mol
dm~? of Mn(II) had no effect on the rate of the
reaction. This would suggest that the oxidant in this
investigation is not involved after the rate-deter-
mining steps. Rather, a disproportionation of
Cr(IV) is assumed to take place followed by a two
electron reduction of the Cr(V) produced to give the
final products Cr(III) and methionine sulphoxide. A
similar observation was made by Haight and his co-
workers'® in the oxidation of hydrazine by Cr(VI).

Srivastava and coworkers'? in their own inves-
tigation of the title reaction have proposed a direct
linkage between the sulphur atom in methionine
and one of the oxygen atoms in HCrO; rather than
the metal centre in an attempt to rationalize the
formation of a sulphoxide as one of the final pro-
ducts. It is difficult to see how this could possibly
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be the case given the fact that both sulphur and
oxygen are highly electronegative elements. On
the other hand, Petri and Baldea'? in their own
studies, postulated that the title reaction pro-
ceeded via the hydrolysis of H;C—S group in
methionine leading to the formation of the
sulphur-bonded HO,CCH(NH,)CH,CH,SCrOj
intermediate before electron transfer. No
alcohol was obtained as a product in our own
investigation to make us reach such a conclusion.
Moreover, the hydrolysis of the H,C—S group
leading to the fission of the C—S bond is highly
unlikely in the acid medium used.

In conclusion, the oxidation of methionine is
assumed to take place through the formation of a
sulphur-bonded intermediate complex which under-
goes hydrolysis after the electron transfer to give
Cr(III), methionine sulphoxide and possibly sub-
stituted [Cr'"™(RSCH ;)] as the products in line with
the suggestion elsewhere.'”!® The formation of the
sulphur-bonded intermediate complex is assumed
to be the rate determining step in these reactions.
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THE FORMATION OF THE [7-SeB,,H;;]- ANION FROM 1-
SeB,;H,; AND THE STRUCTURE OF THE ANION
STUDIED BY BORON-11 COSY NMR AND X-RAY
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Abstract—The [7-SeB,,H ;] anion has been prepared by the degradation of 1-SeB;,H,
with NaOEt in ethanol. Data from 'H, ''B and ''B-!'B COSY NMR spectra have enabled
the structure of the anion in solution to be assigned. An X-ray diffraction study of [Et,N][7-
SeB(H ;] showed the crystals to be monoclinic, space group P2,/c with two formula units
in each unit cell of dimensions a = 8.485(2), b = 10,654(2), c = 10.078(2) A, 8 = 91.10(2)°.
1985 unique reflections were measured, but only the 547 with I > 30(I) were labelled
“observed” and used in the structure solution and refinement. Both cation and anion lie on
independent inversion centres and are disordered. In the anion, the Se atom was scrambled
unequally over 12 sites. The final R value is 0.12. An analysis of the MNDO calculated
composition of the five lowest energy unoccupied m.o’s. of the sulphur analogue of SeB, | H
was carried out. The results suggest that the B-atom lost in the nucleophilic degradation
reaction will be from a position adjacent to S(Se). This is supported by experimental data.

Most of the reported work on heteroboranes has
concerned carbaboranes.! Cage substituted het-
eroboranes which contain Main Group elements
other than C have received less attention although
research groups in the U.S.A."? and Czechos-
lovakia® have made many notable contributions in
this field. The relative lack of interest in het-
eroboranes is surprising since, where comparisons
are available, there are clear differences in the reac-
tions of isostructural and isoelectronic boranes, car-
baboranes and heteroboranes. For example whilst
[B,,H,,]*>~ and 1,2-C,B,,H,, failed to react with

* Authors to whom correspondence should be addressed.
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Pt(0) complexes of the type [Pt(PR;),],*° both 1-
SB,,H,,%and 1-SeB,;H,,” reacted with [Pt(PPh;),]
in refluxing EtOH but gave different products
namely nido [9,9-(PPh;),-6,9-SPtB;H ] and closo
[2,2-(PPh;),-1,2-SePtB,,H ,]. In our work we have
decided to focus attention on heteroboranes con-
taining S, Se or Te. In this paper we discuss the
formation of the [7-SeB;(H;,]- anion from 1-
SeB,;H,, and the elucidation of its structure in
solution by ''B COSY NMR spectroscopy and in
the solid state by X-ray crystaliography.

Boron-11 COSY NMR spectroscopy has recently
been shown to be an important new method of
analysis of boron cluster systems in solution and
is particularly useful when combined with other
techniques such as 'H{''B} NMR.?® These tech-
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niques have been used in the present work to fully
assign the ''B and 'H NMR spectra of [SeBH, .} ".

Three solid state structures of selenium con-
taining heteroborane cages are in the literature.
Of these, the structure of 1-SeB;H,;; showed
crystallographic disorder’ but nido-[7-(n*-CH)-
7,8,12-CoSeB,H,)° and  closo-[2,2-(PPh;),-1,2-
SePtB,H o]’ were not disordered. It was hoped
that a crystal structure analysis of [Et ,N][SeB,H ,,]
would provide the first example of a non-disordered
cage containing only Se and B.

RESULTS AND DISCUSSION

The [SeB,,H,;]- anion was first prepared by
Todd et al.'® by the reaction of a freshly prepared
agqueous ammonia solution of Na,Se, with deca-
borane. The alternative preparation presented here
is the nucleophilic degradation of 1-SeB;,H,, by
NaOEt in refluxing ethanolic solution followed by
precipitation of the anion with aqueous [Et,N]I
solution, Fig. 1. By this method [Et,N][SeB,H ]
was obtained in 55% yield. The reaction is com-
parable to the reported degradation of SB; H,(Ph)
by methanolic sodium hydroxide to give
[Me,N][SB,H,o(Ph)] (38% yield),'! or the degra-
dation by ethanolic potassium hydroxide of 1,2- or
1,7-C,BH ; to give the corresponding (3)-1,2- and
(3)-1,7-[C,BsH,,]” anions.'?

The anions [B;H;;]>",'" [C,BsH 5] ,!? and
[SeB;oH ]~ are isoelectronic and by Wade’s rules
would be expected to be isostructural, that is based
on an icosahedron with one apex missing, Fig. 1.
In common with most other known heteroboranes
containing main group atoms the heteroatom
would be expected to occupy a position where it
will have the minimum number of B atoms as neigh-
bours, i.e. in the open face of a SeB, ring. The
solution structure of [SeB;oH ;] can be interpreted
on this basis.

The '"B{'H} spectrum of [SeB,H;;]” has been
described before'® and comprises six singlet
signals; § (ppm) —5.6(2B), —9.2(2B), —14.6(1B),

Table 1. NMR chemical shifts for [SeB,,H,,}™ ¢

B—Hsite 6 ''B’ 8 'H°

8.11 -9.2 2.05

23 —16.3 1.67

9.10 —~17.6 1.26 (also p-H, —4.11)
4.6 -5.6 2.37

1 -35.6 1.05

5 —14.6 1.83

“Numbering of sites as in Fig. 1.
¢ Determined by ''B-''B COSY.
Determined by 'H—{''B selective}.

—16.3(2B), —17.6(2B) and — 35.6(1B). The assign-
ment of these signals was carried out using 'H{''B}
NMR results in conjunction with !'B-!''B COSY
data, Fig. 2. The 'H{''B} spectrum, with single
frequency decoupling at 3(''B) = —17.6 showed
sharpening of the B—H—B signal. Hence, the sig-
nalat d — 17.6 ppm in the !'B spectrum arises from
B(9,10). The ''B-!'B COSY spectrum shows the
signal at & —17.6 couples to that at § —14.6. This
then must be due to B(5). Thus, the signal at ¢
—35.6 must be due to B(1). The COSY spectrum
shows the signal at § —5.6 displays coupling to
every other signal. This could only be explained if
this signal arose from B(4,6). In addition, the signal
due to B(9,10) shows coupling to that at § —9.2.
Of the two remaining possibilities, only B(8,11) are
adjacent to B(9,10), and so we assign the signal at
4 —9.2 to B(8,11). Thus, the signal at § —16.3 must
be due to B(2,3). This signal shows two of the three
interactions expected, i.e. to B(4,6) and B(1) though
not to B(8,11). The boron NMR assignments are
quoted in Table 1, together with proton NMR
assignments as elicited from selective 'H{''B}
experiments.

In order to establish the solid state structure of
[SeB,,H, ], a X-ray crystallographic study of the
[Et,N]* salt was undertaken. With Z = 2 in space
group P2,/c, both cation and anion must lie about

Fig. 1. Degradation of 1-SeB, H,, to [7-SeB,H,]".



The formation of the [7-SeB,H ;] anion

2,3 9,10

4,6 8,1l

(a)

o)

0 -10 ~-20 -30

Fig. 2. (2) ''B{'H} and (b) ""B-"'B COSY NMR of [7-SeB,H ] .

C32

Fig. 3. A view of the [Et,N]* and [SeB,,H,,]” ions. The anion lies on a crystallographic inversion

centre denoted * ; the Se and B atoms are mutually scrambled over the 12 sites. For clarity atoms in

the disordered cation are shown as spheres of arbitrary radius. The bonds in one of the two [NEt,]*
moieties are shown as thick black lines.
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Table 2. Bond distances in [Et ,N][SeB,,H ,] (A) with estimated standard
deviations in parentheses®

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
SE/B-1 SE/B-2 1.853(6) N Cl11 1.539(10)
SE/B-1 SE/B-3 2.003(6) N C21 1.500(10)
SE/B-1 SE/B-4 1.978(7) N C31 1.502(10)
SE/B-1 SE/B-5 1.965(6) N C41 1.589(11)
SE/B-1 SE/B-6 1.942(9) Cl1 C12 1.619(11)
SE/B-2 SE/B-3 1.980(6) C12! C21 1.675(14)
SE/B-2 SE/B-4 1.893(7) C31 C32 1.708(13)
SE/B-2 SE/B-5' 2.012(7) c3t c4l 1.551(15)
SE/B-2 SE/B-6 1.717(9)
SE/B-3 SE/B-4 2.053(7)
SE/B-3 SE/B-5' 1.823(7)
SE/B-3 SE/B-6' 2.103(8)
SE/B-4 SE/B-5 2.012(7)
SE/B-4 SE/B-6' 1.796(9)
SE/B-5 SE/B-6 2.156(8)

“The superscripts refer to the following equivalent positions: ' —x,

=y —z;"=x,1-y, -2z

inversion centres and be disordered (Fig. 3). The
non-hydrogen atoms of the [SeB,,H,,]~ cage are
scrambled over twelve sites with the Se scrambled
unequally. Bond distances are given in Table 2.
Previous values for Se—B bonds were in the ranges
2.098(9)-2.21009) A in closo[2,2-(PPh;),-1,2-
SePtB,H o]* and 2.004(5)-2.160(5) A in nido-[7-
(n*-CsH,)-7,8,12-CoSe,B,H,}.°

To establish which boron site in 1-SeB, H,, had
been removed in the degradation reaction, a par-
tiall