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Nicotinamide complex of silver(l11) with expanded coordination number

YUNFU SUN' and LOUIS J. KIRSCHENBAUM*

Department of Chemistry, University of Rhode Island, Kingston, Rl 02881, USA

In strongly alkaline media ([OH] > 0.12 M), nicotinamide (nica) forms a complex with square-
planar Ag(OH), [nica] > 0.05 M. The complex decomposes in seconds to nicotinamide N-oxide.
The correlation of maximum absorbance of the complex with concentrations of nicetinamide and
hydroxide requires that the complex is either the five-coordinate Ag(OH)4(H.;nica)” or the six-
coordinate Ag(OH)s(nica)®. Comparison with the reactions of Ag(OH),” with hicotinate ion (nic)
and acetamide under similar conditions indicates that nicotinamide coordinates with Ag(OH),™ by
the amido group rather than the nitrogen on the pyridine ring or the;amido oxygen. Kinetics of the
Ag(ll)- nica redox reaction are consistent with direct reaction between nicotinamide and
uncoordinated Ag(OH,)". Oxidation takes place at the pyridine ring, yielding nicotinamide

N-oxide. Silver(lll) is reduced to monovalent silver.
Keywords: Silver(l11); Kinetics; Nicotinamide; Intermediate; Complex

1. Introduction

The tervalent oxidation state of Silver forms only a limited number of complexes. The simplest
form of Ag(lll) is Ag(OH)s [1, 2], which is prepared by electrolysis in alkaline media. Of the
complexes which have been fformed directly from Ag(OH),, only those with periodate and
tellurate ligands are more stable than the parent ion [2a, b]. Other spectrally identifiable complexes
include those with{ nitrogen donors, including azide [3], tri- and tetraglycine [4a].
Dimethylglyoximate (dmg) and related ligands form pseudomacrocyclic adducts [4b]. Divalent
and tervalent'silver Nj-macrocycles with significant stability have been prepared by Ag(l)
oxidation [5] as have Ag(lll) derivatives of diguanide [6, 7]. A silver(lll) transient with a tridentate
dicarboxamite ligand has been identified by electrospray mass spectrometry [8]. Ag(OH), is

square-planar with a low spin d® electron configuration. It is a strong oxidizing agent [3-5, 9, 10],
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and reactions tend to be initiated by axial attack followed by replacement of a bound hydroxyl
and/or redox. In the present study, we have considered the redox reaction between Ag(OH), and
nicotinamide, and find a spectrally distinct intermediate complex that can only be characterized as
containing Ag(lll) with an expanded coordination sphere. The well-characterized nicotinamide
complexes include those with cobalt(l11) [11], palladium(ll) [12], nickel(ll) [13] and other
transition metals [14]. Nicotinamide (or niacinamide), scheme 1, has three potential donor atoms
and in principle any of these atoms may coordinate. However, nicotinamide is normally
monodentate, coordinating through the pyridine ring nitrogen [12, 13, 15] or either the amido

oxygen or nitrogen [14b]. Nicotinamide bridging complexes have also been reported [16].

0O

X NH3

=
N

Schemexl. Nicotinamide

2. Experimental

2.1. Solutions

Solutions of Ag(OH),  and NaClO, were prepared as described previously [2b, 17]. In order to
prevent the hydrolysis of nieotinamide (to nicotinic acid and ammonia) [18], nica solutions were
prepared in 1.2 M NaClO, from the solid (Sigma >98%) immediately before use. The kinetic
studies above [OH]'= 0.6 M were done by using stock Ag(OH)," in 2.4 M NaOH instead of 1.2 M.
Acetamide (Fisher ~99%) solutions were made in 1.2 M NaClO,4 and nicotinate solution was made
from nicotinic acid (Sigma >98%) in NaOH. Except as noted, all experiments were done at 1.2 M
ionic strength.

2.2. Kinetics
Kinetic experiments were performed by mixing equal volumes of the ligand and Ag(OH),

solutions in an Aminco-Morrow stopped-flow apparatus interfaced to a PC at the appropriate



temperature (generally 25 + 0.1 °C), alkalinity, and ionic strength. The reaction traces show an
increase and then decrease of absorbance due to the formation and decomposition of a yellow
intermediate complex. The reaction was followed at 390 nm, where the absorbance of the complex
is close to maximum and that of Ag(OH)4 is small. A representative reaction trace is shown in
figure 1. Because of the high absorbance of nicotinamide below 300 nm, Ag(OH)4 could not be
monitored around its maximum absorbance (267 nm).

Kinetic data were fitted by a two-exponential equation (“rise-fall”’) using the Kinfit routine
(OLIS). The pre-exponential for the first phase was taken to be the absorbance of an.equilibrium
mixture of Ag(OH), and the nicotinamide complex. The ratios of the observed first-order rate

constants for the formation (k) and decomposition (kq) steps were generally within a factor of five.

2.3. Spectra

Rapid UV-visible spectra were recorded on a Beckman DU 7500 diode array spectrophotometer at
~5 °C. Figure 2 illustrates the spectral changes over the course of the reaction. EPR spectra of
rapidly frozen reaction mixtures were taken on a Bruker ER 220D-LR ESR spectrometer with an
ER 4111 VT variable-temperature system at 123K.

2.4. Product analysis

The oxidation product was analyzed by thin layer chromatography (TLC). “Concentrated”
silver(111) solutions, ([Ag(OH)4}.= 2x10° M), were made and mixed with a small volume of very
concentrated nicotinamide solution ([nica] > 2 M) so as to minimize the effect of dilution while
maintaining a large excess.Of nica."The mixture was then neutralized with HCI to about pH 6 and
the AgCI precipitate centrifuged off. A drop of the neutralized centrifugate was spotted on a
Polygram TLC plate’ pre-coated with a 0.2 mm layer of silica gel N-HR/UV3s, (Macherey-
Nagel+C., Germany). Ascending TLC was performed in a glass developing chamber saturated
with absolute ‘ethanol [19]. The solvent front was run to a height of 15 cm, and the spots were
detected by a multiband UV lamp (UVSL-58) at the long wavelength (366 nm).



3. Results

3.1. Complex formation

When basic solutions of Ag(OH)," and nicotinamide are mixed, there is a rapid appearance of a
golden-yellow color due to the formation of a Ag(Ill) complex. The color disappears within a few
seconds at room temperature (figure 1).

Dividing the equilibrium limiting absorbances, Ar, obtained from the kinetic analysis by
initial Ag(l11) concentration gives the apparent extinction coefficient (eapp). Figure 3 plotsivalues of
gapp VS Nicotinamide concentrations at different [OH] and shows an increase of, absorbance with
both hydroxide and nicotinamide concentrations. The increase in &5 With_both [nica] and [OH]

suggests an equilibrium of the type:

KCX
Ag(OH)4 + OH + nica <—> Cx Q)

If we assume only one complex, the sum of the congentrations-of the two silver-containing species
equals the total concentration, [Ag(l11)]t. Thusgthe limiting absorbance (Ar) at a given [OH'] and

[nica] can be defined as in equation 2:

At = eapp[Ag(I1D]r
= eapp([AQ(OH)4 ] +{CX])
= eagory [AG(OH)4 TEcx[CX] 2

Combining equation 2:with the equilibrium expression 3, leads to equation 4:

[Cx]
K = (3)
[Ag(OH)41[OH J[nica]

EAg(OH)4- T ecxKex[OH][nica]

Eapp = 4
1 + Kx[OH[nica]




Using the experimental value of eagomys- = 368 M™ cm™ and applying a non-linear least squares
analysis (weighted by 1/espp) t0 equation 4 gave a good fit with the resulting values K¢ = 2.1 +
0.2 M?and ecy = (4.8 +0.2) x 10 M cm™ (at 390 nm). A point-by-point spectral comparison of
the complex and Ag(OH)," is shown in figure 4.

The confirmation of complex formation according to equation 1 is in opposition to previous
results where Ag(lll) complex formation involves displacement of hydroxide. In other systems
[3-5], the lower hydroxide concentrations favor complex formation and, thus, increase the
absorbance in the visible region. The possibility that higher order nicotinamine complexes are
formed which absorb less than the mono-complex at 390 nm might explain the hydroxide
dependence alone, but not in combination with the nicotinamide results. If the absorbance decrease
were due to the formation of these complexes, then the absorbance would decrease with [nica] as
well because higher nicotinamide concentrations also favor higher complexes. Thus, we conclude
that the complex is either the six-coordinate Ag(OH)s(nica)® or the deprotonated five-coordinate
Ag(OH)4(H1Nica)*.

3.2. Formation kinetics

The formation of the complex in the initial,phase of the reaction is first-order in [Ag(l11)]t. Values
of the observed pseudo-first-order rate constant, k., are given in table S1. The data show a
dependence on both nicotinamide and'hydroxide concentrations as shown in figure 5. Data analysis
leads to the following empirical rate\law(equation 5):

Alnica] + B[OH]
ke = (®)
[OH] # C[nica] + D[nica][OH]

Weighed.non-linear squares analysis yields A = 2.3 + 0.2 s*, B = 0.16 + 0.02 s*, C =
0.12+0.03and D = 1.0 + 0.1 M. The rate law suggests parallel reaction paths.

3.3. Decomposition products and stoichiometry
The golden-yellow Ag(lll)-nicotinamide complex decomposes in a few seconds, resulting in a

clear colorless solution. AgCI precipitation experiments show that the reduction of silver is a two-



electron process yielding Ag(l). Ag(l) forms highly stable complexes with nicotinamide [20], and
no precipitation was observed even at the lowest nicotinamide concentration (0.05 M).

The TLC separation gave two species with Rg = 0.54 and Rg = 0.15 when run in absolute
ethanol for about 6 h. The two spots correspond to nicotinamide and nicotinamide N-oxide (nico),
respectively. Literature Rg values are 0.60 and 0.17, respectively [16]. Nicotinic acid (Rg = 0.08)
was not found. The presence of nicotinamide N-oxide was also confirmed by its UV absorbance
maximum at 308 nm where it has an extinction coefficient & = 107 [21].

Since high concentrations of nicotinamide are necessary to get both complexation-and rapid
decomposition, stoichiometric measurements on the redox reaction are impractical.\However, the

product analysis accounts for the overall reaction (equation 6):

Ag(OH)4 + nica >———— Ag(l) + nico + 20H" + H,O (6)

3.4. Decomposition kinetics

The decomposition of the complex is first-order in [Ag(111)] with pseudo-first-order rate constants,
kg, plotted in figure 6 (data are in table S%)..The following simplest empirical relationship
(equation 7):

A'[nica]
kd = (7)
1 + B'[OH][nica]

gives a satisfactory fit with A'= 101 £ 0.02 M™* s*and B'=2.6 + 0.2 M.

The lack of any [nica]® terms in the decomposition rate law indicates that the electron
transfer takes place either between Ag(OH), and nicotinamide or within complex/intermediate
molecules. Hence;, an intermolecular electron transfer between the complex and nicotinamide,
which would require the attack of a second nicotinamide on the complex or intermediate, is
unlikely. The proposed mechanism (reactions 8 and 9) leads to equation 10 which fits well with the

redox results. Comparing:

I<CX
Ag(OH); + OH + nica <—> Cx (8)

Ky’



Ag(OH); + nica ————  products 9)
Kqy'[nica]
ke = (10)
1 + Kx[nica][OH]

equations 7 and 10, the equilibrium constant is determined to be 2.63 M, which is in good
agreement with the value of K. obtained from the absorbance analysis (Section 3.1). The
comparison also gives kg’ = 1.01 M™ s™. Recalculated values for kg are listed in table S1. An
alternative, but less satisfying, treatment of the decomposition with two additional-parameters is

given in the Supplementary Material (S2).

3.5. Reactions of Ag(OH), with acetamide and nicotinate ion

Nicotinate ion (nic’) does not form any visible complex with Ag(OH), even at [nic] = 1.0 M. Nor
were there any biphasic absorbance changes at 300 < A < 500.nmy Acetamide, on the other hand,
shows intermediate formation followed by redox, but at a lower rate than nicotinamide. The three
systems are compared in figure 7. It is also noticed thatvat the same ligand and Ag(OH),
concentrations, the acetamide complex has a mueh smaller absorbance than that of nicotinamide at
390 nm, either due to a smaller extinction coefficient or smaller equilibrium concentration or both.
The slight decrease in absorbance of the nicotinate mixture is of similar magnitude to the
spontaneous decomposition of Ag(OH).-[2(b)].

3.6. EPR Experiments and ionic strength dependence
EPR experiments were carried out on quickly frozen reaction mixtures. The spectra were devoid of
any signal, eliminating the possibility that the intermediate complex might contain monomeric
divalent silver [22, 23]. Detection of an EPR-active pseudo octahedral complex would also be
unlikely in light of*large ligand field splitting and/or zero field effects. Five coordinate complexes
based on C,, or D4, geometry would also be expected to be EPR silent.

The ionic strength dependence was investigated from p = 0.12 M to 1.2 M at [OH] =
0.12 M and 25 °C. The pseudo-first-order rate constants of complexation slightly increase with
ionic strength, but plotting logkopss Vs p'*/(1”*+1)-0.051 [24] was not linear, and the slopes of the
curve are generally smaller than one. This can be explained by a mixture of reacting species

(equation 5). The value of ky decreases with ionic strength, apparently due to the effect of ionic



strength on the equilibrium constant. For equilibrium equation 1, the ionic strength increase should
increase its equilibrium constant [25]. Such an increase of equilibrium constant will decrease the

amount of Ag(OH), present and thus decrease the decomposition rate.

4. Discussion

Although intermediates with expanded coordination spheres have been postulated in several
Ag(OH,) reactions [17, 26], this is the first example for which there is significant concentration
and spectral evidence for a stoichiometry requiring five or six coordination. The maximum
absorbance of the complex increases with both hydroxide and nicotinamide concentration, showing
that the complex is formed by reaction of one hydroxide and one nicotinamide with (Ag(OH),.
While we are unable to definitively explain the rate data for intermediate formation, the complexity
of equation 5 is not entirely unexpected. Both first-order and inverse hydroxide ion dependences
have been observed in Ag(lll) reactions, and an increase in rate'with decreasing [OH] has been
attributed to either protolytic reaction of the ligand or formation of Ag(OH3)H,O prior to the
replacement of a bound hydroxide ion [3]. The equilibrium’constant for protonation of Ag(OH,) to
give Ag(OH)s(H20) is about 10 and k = 0.6 s .for the transfer of a proton from water [27]. Thus,
the trihydroxo species might provide aqparallel kinetic path to axial complexation although
significant replacement of [OH] is inconsistent with the form of K¢ (equation 3) as determined
from the absorbance data. We have considered the following overall processes for complex
formation: (a) a six-coordinate complexis formed with addition of neutral nicotinamide and OH’;
(b) nicotinamide is deprotonated and then forms five-coordinate Ag(OH)s(H.inica)?;
(c) nicotinamide combines with Ag(OH), first and then is deprotonated to Ag(OH)4(H.1nica)® or
(d) nicotinamide reacts with two hydroxides to form a kind of intermediate (Int®), that then
complexes with ‘Ag(@H)s as Ag(OH)s(Int)®. In alternative (b), the deprotonation reaction of
nicotinamide, (Kx'= 8x1072 [28]) would promote a simple first-order dependence of complexation
rate on hydroxide which contradicts the experimental results. In (d), nicotinamide has to react with
two hydroxides before complexation since one hydroxide is needed to counter the hydroxide
released from the Ag(OH),". Alternative (d) also leads to the positive dependence of complexation
rate on hydroxide, and its need for an intermediate formed by nicotinamide's reacting with two
hydroxides makes it even more unlikely. Thus, the proposed six- or five-coordination (a, c, or a

combination) seems necessary to explain both the absorbance and kinetic data. We may also



conclude that suppression of nica deprotonation is responsible for the inverse [OH] contribution to
k., thus reinforcing the participation of neutral nica.

The absence of an EPR signal precludes not only a monomeric Ag(ll) (d°) complex, but,
even if five or six coordinate, the Ag(lll)-nica complex would be expected to be EPR silent. If
there were a weak pseudo-octahedral ligand field around Ag(lll), the anisotropy of the zero field
splitting would provide a relaxation mechanism for the electron spin state [29]. Even high spin
Ni(ll) On complexes, which should have smaller zero-field splitting, show no EPR signal unless
taken to extremely low temperature. A truly diamagnetic five- or six-coordinate Ag(ll). complex is
also possible since low-spin compounds predominate in higher oxidation states and for the second
and third transition series. Thus we are unable to choose between the stoichiometrically ambiguous
formulations of the complex given in Section 3.1.

Nicotinamide is known to hydrolyze to nicotinic acid and ammonia in both acidic and
alkaline media [18, 30, 31]. Since strongly alkaline solutions, were used in this study, the
hydrolysis of nicotinamide has been of concern. By using ‘neutral solutions of nicotinamide, the
pre-mixing hydrolysis can be avoided. The reaction,of nicotinamide and Ag(OH)," is fast enough
that it takes only tens of seconds to completion (decompesition of the complex). On this time scale,
the hydrolysis is negligible. In fact, the product analysis, which usually took place within a few
minutes after mixing, did not reveal any nicotinic acid or ammonia.

Because of the instability offthe” Ag(lll) complex, it was not possible to determine the
binding site spectroscopically. Product ‘analysis shows that oxidation occurs at the pyridine ring,
while comparison with nicotinate ion and acetamide indicates that the bonding occurs at the amido
nitrogen rather than the pyridine nitrogen. The oxidation products are different from reactions of
acetamide, formamide and other amides [32] which yield ammonia or amines and corresponding
acids [31], but similarito the oxidations of pyridine [33] by polyacids [34], and of nicotinamide by
hydrogen peroxides[35] and rat liver microsomes [36] which give the N-oxides. Unfortunately, the
oxidation mechanisms in these cases are unknown. In light of the fact that the complex appears to
involve binding at the amido group while redox occurs at the pyridine ring, we conclude that there
are two modes of interaction between Ag(OH), and nicotinamide. When nicotinamide combines
with Ag(OH), via its amido group, a complex is formed (equation 9); but the complex is a "dead
end” in regard to the redox process. The redox reaction (equation 10) involves oxidation at the

pyridine ring and does not require participation of OH" in a kinetically significant step. In the



oxidation of several oxoanions by Ag(OH),’, we postulated a mechanism in which a bound oxygen
is transferred to an axially coordinated ligand followed by redox [37]. Analogous behavior does
not seem possible in the present system, both because of the large distance between the amido
group and the pyridine nitrogen, and the absence of favorable electronic properties as seen in the
oxoanions.

Finally, we note that a somewhat more detailed alternative to equations 9 and 10 can be
written (Supplementary Material), which divides the complex formation into two segments with
the intermediate undergoing competitive oxidation-reduction. The additional parameter which
results is relatively uncertain, has little effect on the analysis from the simpler treatment, thus,
verifying that any common intermediate is of minor stoichiometric significance and does not allow

an alternative intramolecular path to redox.
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Figure captions

Figure 1. Formation and decomposition of the yellow complex at 390 nm.

Figure 2. Rapid UV-visible scans of silver(l11)-nica reaction mixtures at ~ 5 °C. (a) 0; (b) 2; (c) 12;
(d) 22; (e) 32 and (f) 52 seconds after mixing.

Figure 3. Apparent extinction coefficients from maximum absorbances at 25 °C. Solid lines are
calculated from Equation 4.

Figure 4. Comparison spectra of the complex from kinetic parameters (+) vs Ag(OH)4 (solid line).

Figure 5. Variation of k; with [OH] and [nica] at 25 °C and p = 1.2 M (data‘in S). Solid lines are
calculated from the observed rate law (equation 5).

Figure 6. The [OH] and [nica] dependence of the decomposition (redex)«eaction at 25 °C and p =
1.2 M. Solid lines are calculated from the observed rate law (equation 7).

Figure 7. Kinetic reaction traces of Ag(OH)," with nicotinate, acetamide and nicotinamide at
390 nm. [L]=0.5 M, u= 1.2 M, 25 °C. (a) Nicotinate,ion; (b) acetamide, (c) nicotinamide.
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