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Table V. Electrochemistry of Copper(1l) Mercaptides

compd E,,,mvVé Nb AE,, mV
[Cu(l)(p-CIC,H,S)] (2) —860 0.88 668
[Cu(1)(C HS)] (3) -850 0.80 616
[Cu(1)(OH,)]BF, (4) ~490 0.85 265
ferrocene 500 1.00 376

@ All results reported were obtained at a scan rate of 100 mV s™*

under the conditions described in the Experimental Section. E,,
values were calculated by taking (Ep ¢ + Ep a)/2. b Comparison of
cathodic peak currents to that for ferrocene.

adjustment by the —0.100 V required to correct the ferrocene
couple to the standard value of +0.400 V vs. the SHE. From
the results shown, it appears clear that the binding of the
mercaptide ligands is associated with a stabilization of the
copper(II) state of approximately 350 mV. This stabilization
must arise from the shift to the highly distorted five-coordinate
geometry of 2 and 3, compared to 4. In addition, the greater
donation of electron density to the metal by the more powerful
mercaptide apical ligand should contribute to the observed shift
in potential by making the copper(1I) more difficult to reduce.

If the prominent bands observed in the visible spectra of 2
and 3 do indeed correspond to the ¢(S)- and =(S)-Cu
charge-transfer bands of the “blue” copper proteins, then the
blue shift of ~ 11000 cm™ between the characteristic 600-nm
band of the type 1 copper and the higher energy band at 354
nm for 2 should be seen again in the difference in electro-

(39) Gagné, R. R; Allison, J. L.; Gall, R. S,; Koval, C. A. J. Am. Chem.
Soc. 1977, 99, 7170-7178.

(40) Bauer, D.; Breant, M. In “Electroanalytical Chemistry”; Bard, A. J.,
Ed.; Marcel Dekker: New York, 1975; Vol. VIII, p 306.

chemical potentials for these species. Indeed, if one takes a
typical potential for type 1 copper to be +400 mV vs. SHE,
the 0.1-V correction cited above for our reference electrode
would place type 1 copper at +500 mV in our system. The
separation in potentials between our complexes 2 and 3 and
the type | site would then be 1.35 V, which corresponds to
10850 cm™. These electrochemical results thus provide further
confirmation of the assignment of these intense visible tran-
sitions for 2 and 3 as LMCT transitions. More details of the
orbitals involved in these transitions are expected to arise from
our planned theoretical studies of the electronic structures of
2 and 3.
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The interaction of manganese(II) with bidentate and tridentate ligands containing nitrogen, oxygen, and/or sulfur donor
atoms has been investigated. The tridentate amino acids L-cysteine and D-penicillamine have proven to be the best chelators
for manganese(II) on the basis of aqueous titration data. Mono and bis chelates of high-spin manganese(II) employing
these amino acids have been prepared and characterized. Oxygen-uptake experiments in solution have been carried out
both on the isolated complexes and on prepared solutions of differing L:Mn(II):OH™ ratios. In each situation oxygen is
rapidly consumed. Observations made during oxygenation experiments suggest that the sulfur-containing amino acid is
oxidized to disulfide and that manganese catalyzes this reaction. An oxygenated manganese species is postulated as an

intermediate with penicillamine.

Introduction

Reports of amino acid complexes with manganese(II)
compared to those with other transition metal ions are less
abundant partly due to their relatively weak interaction. For
example, the formation constant (8,) of the bis(L-
histidinato)manganese(II) complex is some 6~12 orders of
magnitude less than for other first-row transition-metal ions.!
A recent review of amino acids with chelatable side-chain
donor atoms? and two reviews specifically dealing with cysteine

® To whom correspondence should be addressed: R.K.B., Radford Univ-
ersity; L.T.T., Virginia Polytechnic Institute and State University.

and penicillamine®* rarely mention manganese(II) although
chromium, iron, cobalt, nickel, copper, zinc, and several sec-
ond- and third-row transition metals are discussed at length.
A report specifically dealing with the chemistry of biological
manganese devoted one short section to its interaction with
amino acids.’

(1) Martell, A. E.; Smith, R. M. “Critical Stability Constants”; Plenum
Press: New York, 1974, 1975; Vols. 1 and 2.

(2) Martin, R. B. Met. Jons Biol. Syst. 1979, 9, Chapter 1.

(3) Gergely, A.; Sovago, I. Mer. Ions Biol. Syst. 1979, 9, Chapter 3.

(4) McAuliffe, C. A.; Murray, S. G. Inorg. Chim. Acta, Rev. 1972, 103.

(5) Lawrence, G. D.; Sawyer, D. T. Coord. Chem. Rev. 1978, 27, 173.
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Several earlier reports from this laboratory® have dealt with
a series of manganese(II) complexes that show chemical re-
activity toward small molecules such as O, and nitric oxide
(NO) and that might serve as models for biological molecules.
The goals of this study have been to (1) determine the ligand
parameters that enhance small-molecule reactivity and (2)
ascertain the stoichiometry and nature of the manganese—small
molecule interaction. The ligands investigated have been linear
tetradentate and pentadentate Schiff-base ligands (I) whose

OH HO
; ; :C:N(CHZ),,,Y(CHZ),,NZC
z ! !
R R

I

manganese(II) complexes react readily with dioxygen in so-
lution or as a suspension. Reactivity toward dioxygen is a
function of central donor atom (Y), aliphatic chain length (n,
m), and aromatic substituent (Z). The oxidation Mn(II) —
Mn(III) is observed in all complexes, but further oxidation
of the metal and/or the ligand is a common feature. Reactivity
with NO is likewise ligand dependent. Reversible coordination
of NO is observed with some pentadentate ligands to produce
manganese(I) nitrosyls, but manganese(1I) associated with
tetradentate ligands (Y = CH,) exhibits no affinity for NO.

Manganese(II) complexes of amino acids should be better
models for biological systems, since it is generally believed that
manganese porphyrins are not found in manganese-containing
chloroplast and superoxide dismutase. This report is concerned
with the coordination affinity of various amino acids and
similar oxygen—nitrogen donor compounds with manganese(II).
In addition, the preparation and O, sensitivity of several
manganese—amino acid complexes containing sulfhydryl lig-
ands are described.

Experimental Section

Materials. All amino acids were obtained from Sigma Chemical
Co., St. Louis, MO, and used without further purification. Other
materials were reagent grade from common commercial suppliers.

Titrations. Titrations were performed under an argon atmosphere.
In a typical experiment, 0.25 mmol of manganese(II) perchlorate
(hexahydrate) was added to the deaerated solvent, followed by the
ligand in an appropriate ratio, and the solution titrated with 1.00 M
sodium hydroxide. Titrations were done in either water or an etha-
nol-water (1:1, v/v) mixture at ¢ = 0.10 (0.10 M KNOj or 0.10 M
KCl).

Equipment. pH measurements were made with a Beckman Ze-
romatic pH meter equipped with a Fisher microcombination electrode;
all pH values are reproducible to within £0.10 unit. Standardization
of the electrode was by commercial buffer solutions at pH 4.00 and
7.00. All experiments were performed at room temperature, 26 °C
(£2 °C). Spectrophotometric measurements were made with a
Perkin-Elmer Model 552 double-beam recording spectrophotometer.
Infrared spectra were recorded with a Perkin-Elmer Model 283
double-beam recording spectrophotometer. Magnetic moments were
measured by the Faraday method.

Synthesis. The preparation of manganese(II) complexes followed
the method of Guntner and Schwarzhaus.” The ligand was added
to methanol or ethanol (ca. 125 mL), and the solution heated near
reflux under nitrogen for 0.5 h before an appropriate amount of NaOH
or KOH pellets was added. If a precipitate formed, small quantities
of water were added until the precipitate dissolved. A solution of
hydrated manganese(II) chloride or perchlorate in 30-50 mL of

(6) (a) Coleman, W. M.; Taylor, L. T. Inorg. Chem. 1977, 16, 1114. (b)
J. Am. Chem. Soc. 1978, 100, 1705. (c) J. Inorg. Nucl. Chem. 1980,
42,683. (d) Coord. Chem. Rev. 1980, 32, 1. (e) Titus, S. J. E.; Barr,
W. M,; Taylor, L. T. Inorg. Chim. Acta 1979, 32, 103. (f) Ebbs, S.J;
Taylor, L. T. Inorg. Nucl. Chem. Lett. 1974, 10, 1137,

(7) Guntner, H.; Schwarzhaus, K. E. Z. Naturforsch, B: Anorg. Chem.,
Org. Chem. 1976, 31, 448.
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Table I. Amino Acids and Related Ligands Titrated with Base
in the Presence of Manganese(Il)

amino acid donor set
alanine N,O
aspartic acid N,0,0
o-tyrosine N,0,0
arginine N,0,0
L-3,4-dihydroxyphenylalanine (L-DOPA) N,0,0,0
histidine N.,O.N
cystine N,0,0,N
cysteine N,0,S
penicillamine (3,8-dimethylcysteine) N,0,S
anthranilic acid N,0
o-aminophenol N,0
o-aminothiopheno! N,S
glycolic acid 0,0
2-mercaptoethanol 5,0
3-mercaptopyropylamine S,N
13 T T T T T T
L-CYSH, e
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//L-CYgr.-llz/Mn(Il)

10 T
pH
9 4
L-CYSHz/Mn{I)

8 5:1 .
7 .
[ L i L L L I

¢ 2 4 5 8 10 12

EQ. OH™ / Mole Mn(II)

Figure 1. Titration of L-cysteine in the presence of Mn(1I) (in 0.10
M KNO,, H,0). Abscissa is the equivalents of base per mole of
Mn(II) at the ligand-to-metal ratio indicated.

deaerated methanol was then added to the solution at room tem-
perature over a 30-min period. Precipitation in most syntheses was
evident prior to the addition of half of the manganese(II). The reaction
vessel was closed in a nitrogen atmosphere and transferred to an
argon-filled drybox. The precipitate was filtered, washed with
deaerated solvent, dried under vacuum, and stored in a drybox. A
typical reaction used 12.5-25.0 mmol of manganese(II) with the
appropriate stoichiometric amount of ligand and base.

Oxygen-Uptake Measurements. A constant-pressure Warburg
apparatus described previously®® was used. Appropriate quantities
of the ligand and base were dissolved in water and added to the reaction
flask. After the system was charged with O,, the manganese(II) solid
(generally 0.50 mmol) in a small container was spilled into the solution
and O,-uptake monitored for several hours.

Results and Discussion

Titration—Synthesis. Titration of a series of naturally oc-
curring amino acids and related compounds in the presence
of manganese(II) has been performed in order to observe the
strength of complex formation and to determine the number
of ligands coordinated to manganese(Il). Titrations were
carried out in water or in ethanol-water since several ligands
or their complexes were insoluble in water alone. A variety
of amino acids with different coordinating atoms or groups
was studied (Table I). Typical titration curves wherein the
donor atoms are exclusively nitrogen and oxygen show a de-
pression of the -NH;* pK, value when titrated solutions
containing manganese(II) are compared to those without
manganese(II). Titration of the ~-COOH groups is complete
by a pH near 4. Complex formation, however, is not suffi-
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Figure 2. Titration of D-penicillamine in the presence of Mn(II) (in
0.10 M KNO;, H,0). Abscissa is the equivalents of base per mole
of Mn(II) at the ligand-to-metal ratio indicated.

Table II. Macroscopic pK, Values for Cysteine and
Penicillamine in Water

ligand pK, Pk, m T,°C ref
L-cysteine 8.2, 10.5 0.10 (KCD 26 a
8.31 10.47 0.10 (NaC10,) 20 10
8.24 10.37 0.15 (KNO,) 25 8
D-penicillamine 8.0, 10.7 0.10 (KCI) 26 a
8.03 10.83 0.10 (NaCl0O,) 20 10
7.95 1045 0.15 (KNO,) 25 8
8.09 10.55 0.10 (KNO;) 22 11

¢ This work.

ciently strong with these amino acids to prevent formation of
manganese(1I) hydroxide (pH 210). Limited stability con-
stant data' support these findings: alanine, log K; = 3.4, log
K, = 1.9; histidine, log K| = 3.24, log K, = 2.92.
Titration of two sulfur-containing amino acid ligands
(cysteine (II) and penicillamine (III)) did not always yield

+
HsNCHCOO™ H3NCHCOO™
CH,SH C(CH3)2
CYISIH, SH
PENH,
111

hydroxide formation. Titration of uncomplexed L-cysteine
(CYSH,) and p-penicillamine (PENH,) (Figures 1 and 2,
Table II) gave macroscopic pK, values in good agreement with
literature values. The acidity constants for the ammonium
and sulfhydryl groups are not well separated, and the first
group is not fully titrated prior to the titration of the second
group. The sulfhydryl group is more acidic in both ligands®
so that the first pK, value refers to the predominant but not
exclusive titration of the -SH proton. For titrations in the
presence of manganese(II), a ligand-to-metal ratio in excess
of 2 was required to prevent precipitation. In the case of the
2:1 cysteine titrations, precipitation occurs above pH 10 after
3.8 equiv of base has been added. (Dashed lines correspond
to the onset of precipitation.) A further 2 equiv of base is
consumed up to pH 12. For the 2:1 penicillamine titration,
precipitation likewise occurs near pH 10 after 3.8 equiv of base
has been added. An increase in the L:M ratio prevents hy-
droxide formation for both ligands. For the L:M ratio of 5:1,

(8) Wilson, E. W, Jr.; Martin, R. B. Arch. Biochem. Biophys. 1971, 142,
445,
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Figure 3. Titration of N-acetyl-L-cysteine in the presence of Mn(II)
(in 0.10 M KNO,, EtOH-H,0). Abscissa is the equivalents of base
per mole of Mn(II) at the ligand-to-metal ratio indicated.
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Figure 4. Titration of S-methyl-L-cysteine in the presence of Mn(II)

(in 0.10 M KNO;, EtOH-H,0). Abscissa is the equivalents of base
per mole of Mn(II) at the ligand-to-metal ratio indicated.
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Figure 5. Titration of L-cysteine, methyl ester, hydrochloride in the
presence of Mn(II) (in 0.10 M KNO,, EtOH-H,0). Abscissa is the
equivalents of base per mole of Mn(II) at the ligand-to-metal ratio
indicated.

there is an inflection point at 7.0 equiv in the titration curve
and only a 2:1 complex is indicated, as 5.0 equiv of base is
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Tabte III. Acidity Constants of L-Cysteine Derivatives in Water
and Ethanol-Water?

titration ethanol-
ligand teaction water water®
N-acetyl-L-cysteine -COOH — -CO0O~ 31 4.05
-SH = §~ 9.8 10.6
S-methyl-L-cysteine -NH,* = -NH, 9.0 8.7
L-cysteine, methyl ester -NH,* = -NH, 6.6 6.2
-SH - -§~ 9.1 9.8
L-cysteine, ethyi ester'>  -NH,* — -NH, 6.77
-SH —~ -§~ 7.45
L-cysteine!? -COOH — -CO0O~ <25
-SH — §- 8.53
~NH;* = -NH, 8.86

@ Conditions are g =0.10 and 25 °C. © In order to obtaina
measure of the hydrogen ion activity referenced to the standard
state in the mixed solvent, 0.15 log unit was subtracted from the
pH meter reading (Bates, R. G. “‘Determinations of pH"; Wiley-
Interscience: New York, 1964; pp 222-224).

consumed by the more acidic group of the ligand and 2.0
additional equiv is consumed by the second coordinated donor
group of two ligands. The remaining three unbound ligands
then titrate with the same pK, as the free ligand. Ratios
between 2:1 and 5:1 for penicillamine can be interpreted in
a similar fashion. The hydroxide precipitate with cysteine but
not with penicillamine (5:1 curves) at high pH is consistent
with L-cysteine forming the weaker complex with manga-
nese(I1):> CYS?, log K; = 4.90, log K, = 3.75; PENZ", log
K, = 5.80, log K, = 4.52.

Derivatives of L-cysteine (IV-VI) in which the three po-

+ _ +
CHaCNHCHCO00™ HsNCHCOO HaNCHCQOCH3
CH2SH CH2SCH3 CH2SH
v VI

tentially coordinating groups are selectively blocked were ti-
trated in the presence of manganese(Il) (Figures 3—-5). The
pK, values for these free ligands in water and ethanol-water
are given in Table III. The acidity constants in the mixed
solvent compared to those in water are consistent with the
higher dielectric solvent (water) stabilizing charged groups
better; i.e., the constants are smaller in water when a charged
species is formed (-COO™ and —S°) but larger when a neutral
species (-NH,) is formed. This interpretation requires an
inversion in the relative acidity of the -SH and -NH;* groups
as the former is more acidic in L-cysteine but the latter is more
acidic in the methyl ester derivative. The same inversion has
previously been noted with L-cysteine and its ethyl ester.!?

Hydroxide formation is evident with all L-cysteine deriva-
tives even with 5:1 ratios. The titration of L-cysteine methyl
ester (5:1) (Figure 5) indicates the formation of a 3:1 complex
since an inflection point at 8.0 rather than 7.0 equiv (as in
L-cysteine, vide supra) is observed, and only two ligands titrate
as if unbound. Although the -COO™ group is normally re-
garded as a weak coordinator, its importance is clearly illus-
trated by the fact that cysteine forms only a 2:1 complex and
hydroxide formation is prevented until a higher pH. For the
remaining derivatives, it is not possible to infer the number
of bound ligands as depression of the acidity constants is not
sufficient to separate bound from unbound ligand. These
results, however, again suggest the involvement of nitrogen,
oxygen, and sulfur donor groups in the coordination of CYS?

Boggess et al.

Table IV. Elemental Analysis Data for Isolated
Manganese Complexes

% calcd % found
Heff>
C H N C H N up
Mn(CYS) 20.70 2.90 8.05 20.58 2.93 8.01 5.06

Mn(CYSH),]-H,0  23.01 4.47 8.94 22.71 3.80 8.71 5.60
Na,[Mn(CYS),|-H,0 20.17 3.36 7.84 20.27 3.41 7.70 6.07

Mn(PEN)-H,0 27.28 5.04 6.36 27.26 5.07 6.32 5.31
Mn(PENH), 1.5H,0 31.74 6.13 7.40 31.67 5.94 7.41 5.89

Mn(CYS-SCY)-H,0  23.15 3.89 9.00 23.12 3.52 8.93 5.77
Mn(CYS-CH,), 29.72 4.99 8.66 29.55 4.99 8.60 5.92

and PEN? to manganese(II) since the blocking of any donor
atom gives rise to hydroxide precipitation. A crystal structure
of [Co(D-pen)(L-pen)]™!3 and a variety of mixed-ligand
structures with histidine penicillamine and cysteine indicate
that terdentate coordination by these ligands is possible.

While isolation of manganese complexes of CYS?* and
PEN?" from the titration experiments was not practical,
syntheses in a nonaqueous medium were undertaken. Table
IV lists those complexes that have been prepared and their
elemental analyses. Although varying in metal:ligand ratio
and the extent of ligand deprotonation, each manganese(II)
complex is a pale white, semicrystalline solid. Each complex
is prepared by judiciously choosing the appropriate metal:
ligand:base stoichiometric ratio. Magnetic susceptibility
measurements support a high-spin manganese(II) assignment
in each case. The two complexes with an L:M ratio of 1:1 have
low magnetic moments. If the Mn(II) is to be four- or six-
coordinate, some polymerization must occur and the low
magnetic moments may be the result of antiferromagnetic
coupling through bridging ligands. Two additional complexes
have been prepared from the thioether of cysteine and cystine
both of which are high-spin complexes. Structural inferences
from Nujol mull infrared spectra are suggestive but not def-
initive.’® Those complexes that have been formulated with
H,0 show broad absorption in the 3300-3500-cm™! region.
Superimposed on this feature in all cases are sharp bands
typical of coordinated amino functions. In no case does ab-
sorption around 2500 cm™ appear, indicating that the thiol
group has been deprotonated in each complex. Mn(CYS-
H),H,0 and Mn(PENH),:1.5H,0 yield poor-quality IR
spectra; however, noncoordinated carboxyl groups are sug-
gested, which may be the site of protonation. Alternatively,
S-H stretching vibrational modes are known to be quite weak
in intensity and may go unobserved.

Oxygenation. Oxygen-uptake experiments in a constant-
pressure Warburg apparatus were carried out with cysteine
and penicillamine as well as some derivatives of each. The
addition of manganese(1I) to the solutions caused an increase
in both the rate and quantity of O, consumed in all cases.
Ligand-to-metal ratios in excess of 3:1 were required to prevent
initial precipitation of Mn(OH),, and O, consumption curves
were similar regardless of whether the enantiomeric or the
racemic form of the ligand was used. For CYSH,:Mn(11):0OH"
in a 5:1:7 ratio (Figure 6), a precipitate at the solution—oxygen
interface is evident during the initial 10 min of reaction and
the original colorless solution acquires a light green color.
Within the next 90 min, more precipitate forms and the so-
lution begins to lose color. After ca. 2 h, the solution is
colorless, a white precipitate (the major product) is suspended
in solution, and a small amount of a dark precipitate is present

(9) Doornbos, D. A. Pharm. Weekbl. 1968, 103, 1213,
(10) Doornbos, D. A. Pharm. Weekbl. 1967, 102, 269.
(11) Sugiura, Y.; Yokoyama, A.; Tanako, H. Chem. Pharm. Bull. 1970, 18,
693.
(12) Edsall, J. T.; Martin, R. B.; Hollingworth, B. R. Proc. Natl. Acad. Sci.
U.S.A. 1958, 44, 505.

(13) Helis, H. M.; deMeester, P.; Hodgson, D. J. J. Am. Chem. Soc. 1977,
99, 3309.

(14) deMeester, P.; Hodgson, D. J. J. Chem. Soc., Chem. Commun. 1976,
280; J. Am. Chem. Soc. 1977, 99, 101.

(15) Shindo, H.; Brown, T. L. J. Am. Chem. Soc. 1965, 87, 1904. Kothari,
V. M.; Busch, D. H. Inorg. Chem. 1969, 8, 2276.
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Figure 6. O, consumption as a function of time. Solution contains
CYSH,, Mn(II), and OH" in a 5:1:7 ratio (pH 10), near the first
inflection point in the titration curve (Figure 3): p,L-CYSH, (—);
L-CYSH; (---); L-CYSH, with no Mn(II) (-++). In the experiment
with no Mn(II) present, a full 2 equiv of base was added.
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Figure 7. O, consumption as a function of time for Mn(CYS) (A),
Mn(CYSH),-H,O (B), and Na,[Mn(CYS),]-H,0 (C).

on the top of the solution. Final oxygen consumption is 0.5
mmol of O, or ng,/ny, = 1.0 £ 0.1. Figure 7 also indicates
that the free ligand is susceptible to oxygenation after a 1-h
induction period under strongly basic conditions.

Guntner and Schwarzhaus’ report that the Mn(II) complex
Mn(CYSH), (CYSH™: bidentate via the N and O atoms, the
thiol group remaining protonated) in methanol is green and
that reaction with O, yields the white, dimeric complex
(CYSH)Mn(CYSSCY)-Mn(CYSH) in which CYSSCY?"
is coordinated cystine. We note the green color (vide supra)
in our oxygen-uptake experiments but do not observe any color
during the titration in which O, is rigorously excluded. In the
preparation of the solid complexes, a very faint green is ob-
served but colorless solids are obtained on filtration in an inert
atmosphere. It is more likely, then, that the initial green color
is the result of a Mn(III) species formed by the reaction of
coordinated Mn(II) with O,, which in turn oxidizes the cys-
teine to cystine (white solid) with reduction to colorless Mn(II).

We have indicated the oxidation reaction to be between
CYS? coordinated to Mn(II) (rather than CYSH") since
substitution of cysteine by S-methyl-L-cysteine gives an oxy-
gen-uptake curve similar to that of L-alanine (vide infra). A
free sulfide group therefore is essential to the oxidation process.
The principal reaction

4CYS? 4+ O, + 2H,0 + 2CYSSYC* + 40H- (1)

would require an ng,/ncys> ratio of 0.25; the oxygen-uptake
curve gives a value near 0.2 (0.50 mmol of O, consumed/2.50
mmol of CYS?). It appears plausible then that Mn(II)
principally serves in a catalytic role. Both the light and dark
precipitates, however, contain manganese as the characteristic
absorption spectrum of MnO,~ was obtained after adding
sodium bismuthate in an acid medium to the isolated solid.
The light product is probably a cystine complex as it seems

Inorganic Chemistry, Vol. 22, No. 9, 1983 1277

T T T T U T T

ABSORBANCE

500 700
A(NM)

Figure 8. Absorption spectra of a solution of D-PENH,, Mn(II), and
OH™ in a 5:1:7 ratio: (A) spectrum after a 2-min exposure to O,;
(B-E) spectra run at ca. 5-min intervals as the solution sat in a
spectrophotometric cell.
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unlikely that CYSH™ (as indicated by Guntner and Schwar-
zhaus) would remain, given the oxygen-uptake data.

Oxygen-uptake experiments in the presence of Mn(II) were
also carried out with two derivatives of cysteine, S-methyl-
L-cysteine and N-acetyl-L-cysteine, and with L-alanine with
similar results although the former cysteine derivative has a
blocked sulfide group while the latter one does not. In all
experiments, only a dark precipitate was formed, and ng,/ny,
ratios near 0.25 (0.22 and 0.24 for S-methyl-L-cysteine and
N-acetyl-L-cysteine, respectively) were observed. This would
indicate the principal reaction was

4Mn?*(aq) + O, + 2H,0 — 4Mn**(aq) + 40H- (2)

with little ligand involvement, unlike the case of cysteine above.

The solid Mn(II) complexes Mn(CYSH),-H,O, Mn(CYS),
and Na,[Mn(CYS),]-H,0 are only partially water soluble,
and thus it was not possible to observe whether a precipitate
formed during the O,-uptake experiments. The total amount
of O, consumed (Figure 7) was approximately half that of the
5:1 CYS*—Mn(II) mixture for Mn(CYSH),-H,O and Na,-
[Mn(CYS),]-H,0 and less than one-fourth for Mn(CYS).
The latter compound is likely polymeric in structure, and its
smaller O, consumption may be the result of only partial
solubility and reaction. Alternately, the coordination geometry
and ligand field environment may be different in view of the
fact that bridging donor groups may be required to complete
the structure in the solid state. It should also be noted that
no color changes were observed in these experiments. The two
bis chelates appear to exhibit more O, activity. Pale brown
oxygenated products were not seriously examined because of
precursor contamination. No doubt, oxidation of Mn(II) has
occurred along with mercaptide oxidation. The experimental
ratio of ng,/ncyss is 0.25 for both mono and bis chelates and
is expected if manganese-catalyzed oxidation of the CYS?™ is
occurring.

In several previous reports in which the reaction of cysteine
with a metal ion is rapid, substitution by penicillamine has
inhibited the rate of oxidation—reduction reaction and poly-
nuclear complex formation and allowed the characterization
of intermediate and final products.®!¢ With Mn(II), titration
data suggest the initial complexes are similar regardless of
whether CYSH, or PENH, is the ligand. However, oxygen
consumption and spectral development are quite different for
the two ligands. A solution containing a PENH,:Mn(II):OH

(16) Stadtherr, L. G.; Martin, R. B. Inorg. Chem. 1972, 11, 92.
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Figure 9. O, consumption as a function of time. Solution contains
p-PENH,, Mn(1I), and OH" in ratios 5:1:7 (A), 4:1:7 (B), 2:1:7 (C),
and 5:0:10 (D).

ratio of 5:1:7 immediately darkens upon exposure to O, and,
after a few minutes, has a deep purple color due to the ap-
pearance of an intense absorption band near 530 nm (Figure
8). Removal of O, from the solution results in a rapid de-
crease in intensity of the 530-nm band, and the solution be-
comes green due to the development of a broad absorption
band between 500 and 800 nm (Figure 8, spectra B-E). Thirty
minutes after removal of O,, the solution has lost most of its
color. Continued exposure (more than 2 min) of the original
solution to O, produces a dark precipitate with gradual color
loss to the solution. This reaction can be slowed considerably
by exposing the solution to air rather than pure oxygen and
can be nearly halted, though not reversed, by bubbling N,
through the solution. The nature of the species producing the
intense color is not known, but it seems apparent that a Mn-
(III) (or higher oxidation state) must be involved; a sulfur to
Mn(III) charge-transfer band would be expected to produce
an intense peak. Dioxygen coordination to the [Mn(PEN),)*
species followed by rapid oxidation to Mn(III) can be postu-
lated. Loss of color is then speculated to occur via Mn(III)
oxidation of PEN? to the corresponding disulfide (PEN-
PENZ), Although most likely due to coincidence, a
PENH,—Cu(II)-OH" mixture in a 1:1:2 ratio (pH 7) also
produces an intense purple solution with an absorption band
near 520 nm, and a species involving equipment amounts of
Cu(II), Cu(l), and penicillamine was postulated to exist in
solution.®? A later report showed the species present was ac-
tually an anionic cluster, [CullsCuly(D-PEN);,C1}>.17
Oxygen-uptake studies show a rapid consumption of O,
during the first 90 min (Figure 9) concomitant with the de-
velopment of the intense color. The amount of O, consumed
is dependent upon the PENH,:Mn(II) ratio, increasing as the
ratio increases, and upon the amount of base added to a fixed
PENH,:Mn(II) ratio. It appears certain that the ligand is
being oxidized as evidenced by the oxidation of the free ligand
within the same time span. Manganese undoubtedly catalyzes
the oxidation since the rate of oxygen uptake is considerably
enhanced in the presence of Mn(II). Further proof of ligand
oxidation is supported by the abservation that, while the ex-
perimental ng,/nyy ratio varies, the ng,/nppns- ratio is essen-
tially constant (~0.35). A ratio greater than 0.25 (ng,/npgn)
indicates that the final state for manganese is more extensively

(17) Bekker, P.J. M. W. L.; Freeman, H. C. J. Am. Chem. Soc. 1977, 99,
6890.

Boggess et al.
Table V. Observed and Predicted O, Consumption (mmol) as a
Function of D-PENH, :Mn:OH™ Mole Ratio®
2:1:4 4:1:6 5:1:5 5:1:7 5:1:10

observed ca. 1.0 ca. 1.5 ca. 0.5 ca.0.75 «ca. 1.0
predicted® 0.375 0.625 0.625 0.75 0.75
predicted® 0.50 0.75 0.875 0.875 0.875

@ Mn(II) content 0.50 mmol. © Based on reactions 3 and 4.
¢ Based on reactions 3 and 5.

oxidized and/or some of the O, has become incorporated with
the manganese. Solid products from the oxygen-uptake ex-
periments are dark brown and contain manganese, presumably
as Mn(III) or Mn(IV).

Reactions similar to those for CYS?" can be written as
(3)—(5) for PEN?", In contrast to the O, reactions with Mn(II)

4PEN?* + O, + 2H,0 — 2PEN-PEN? + 40H- (3)
4Mn?*(aq) + O, + 2H,0 — 4Mn**(aq) + 40H~ (4)
2Mn?*(aq) + O, + 4OH- — 2MnO,(s) + 2H,0 (5)

and CYS? in which slightly less O, is consumed than that
required solely for reaction 1, the reaction of O, with Mn(II)
and PEN?" consumes more O, than that required by reaction
3 (Table V). Experimental total oxygen consumption agrees
with that predicted by considering oxidation of PEN?" to its
disulfide and oxidation of Mn(II) to MnQ,(s) for the 2:1 and
4:1 ligand:Mn(II) ratios. For the 5:1 ratio, however, even
further oxidation of ligand and/or manganese is suggested.
The products from these reactions are again dark solids that
contain manganese.

The quantity of oxygen consumed and the composition of
the products are also dependent upon the amount of base
added. For a fixed PENH,:Mn(II) ratio of 5:1, addition of
10.0 equiv of base resulted in a total oxygen consumption of
1.5 mmol of O, or 1.7 times that required for both reactions
3 and 5. The dark solid remaining after completion of the
reaction contains manganese. When 7.0 and 5.0 equiv of base
were added to the same amount of PENH, and Mn(II),
identical oxygen-uptake curves were observed and ca. 1.0 mmol
of O, was consumed. The products isolated, however, were
not the same. With 7.0 equiv of base, a dark, manganese-
containing solid was obtained while with 5.0 equiv of base, a
white solid with no manganese was obtained.

Finally, N-acetyl-DL-penicillamine was investigated since
the corresponding derivative of cysteine reacted very differently
from cysteine. In contrast to N-acetyl-L-cysteine, N-acetyl-
pL-penicillamine is very reactive toward O, in the presence
of Mn(II), and the oxygen-uptake curve resembles that of
PENH,. Total oxygen consumption is ca. 1.2 mmol for 2.50
mmol of N-acetyl-DL-penicillamine, 0.50 mmol of Mn(II}, and
3.50 mmol of OH~ (5:1:7 ratio), or slightly more than that
consumed in the corresponding experiment with PENH,. The
ligand alone is oxygen sensitive at high pH and consumes
nearly 0.6 mmol of O,/2.5 mmol of ligand in the same time
period required for consumption of the 1.2 mmol. After 3 days,
total O, consumption is 0.8 mmol in excess of that required
for formation of the disulfide in reaction 3. An important
difference between the PENH, and its N-acetyl derivative,
however, is the absence of the intense purple color as the
oxygenation reaction proceeds. Instead, a dark precipitate
forms within a few minutes and the solution becomes yellow,
reminiscent of the penicillamine reaction after nearly 60 min.
Only a dark, manganese-containing solid is isolated at the
conclusion of the reaction. Similar comparisons have been
reported for Cu(11) with D-PEN?" and N-acetyl-pi-penicill-
amine. These results suggest that the final products in the
reaction of Mn(II) with PEN?" or N-acetyl-DL-penicillamine
may be the same, but the species imparting the intense purple
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color is more stable with PEN?" than with N-acetyl-DL-
penicillamine.

Conclusions

Manganese(II) has been shown to complex more extensively
with sulfur-containing amino acids than simple bidentate or
other multidentate amino acids or other non amino acid lig-
ands. Complexation is weak even with cysteine or penicill-
amine as evidenced by the tendency to form Mn(OH),(s)
during titrations. Mono and bis chelates of cysteine and
penicillamine, which are sensitive to O,, can be prepared and
isolated. In the presence of O,, both the sulfur-containing
ligand and manganese(II) undergo oxidation but the extent
of oxidation and products obtained are dependent upon the

ligand, the ligand-to-metal ratio, and the pH of the solution.
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A potentiometric titration procedure was used to study the coordination of silver(I) by melt chloride ion in the aluminum
chloride~N-n-butylpyridinium chloride (AICl;~BPC) and aluminum chloride—1-methyl-2-ethylimidazolium chloride
(AICI;-MEIC) melt systems. Analysis of data resulting from measurements on the cell AlJAICI;—RCl|fritted disk|-
AICI;~-RC1,AgCI(dil)|Ag indicated that silver(I) forms very stable, mononuclear complexes of the type AgCl,'”? (2 < p
< 4) in the chloride ion-rich compositions of these melts. AgCl was insoluble in the equimolar AlCl;-BPC and AICl;-MEIC
melts. Stoichiometric formation constants for silver(I) chloro complexes in basic AICl;~BPC melt relative to the 66.7 mol
% melt are as follows: AgCl,", 3.5 X 10'° (40.0 °C), 5.9 X 10'® (60.0 °C); AgCl;>, 3.2 X 10% (40.0 °C), 5.2 X 10% (60.0
°C); AgCl,>, 1.6 X 107 (40.0 °C), 4.5 X 10?2 (60.0 °C). Stoichiometric formation constants in basic AICl;~MEIC melt
relative to the 66.7 mol % melt are as follows: AgCl,>, 1.8 X 10%° (40.0 °C); AgCl,*, 1.5 X 1022 (40.0 °C).

Introduction

The combination of aliminum chloride and certain organic
chloride salts results in molten salts that remain liquid well
below room temperature. Two classes of these ionic liquids
have been recognized and found to be excellent solvents for
many organic and inorganic solutes. These ionic liquids are
based on N-alkylpyridinium chlorides, e.g., the aluminum
chloride-N—-n-butylpyridinium chloride (AlCl;—BPC) melt
system,!? and dialkylimidazolium chlorides, e.g., the aluminum
chloride—1-methyl-2-ethylimidazolium chloride (AlCl,-MEIC)
melt system.® Concentration cell measurements for both the
AIC1;-BPC** and AICl;-MEIC?$ systems indicate that the
predominant chloroaluminate equilibrium reaction existent in
these melts is

2AICI,- = ALCl, + CIF (1)

In addition, Raman spectral studies suggest that molecular
Al,Clg and AICI, are absent from melts that are formulated
with 66.7 mol % or less AICl;.” Chloroaluminate melts that

(1) Robinson, J.; Osteryoung, R. A. J. 4m. Chem. Soc. 1979, 101, 323.

(2) Carpio, R. A,; King, L. A,; Lindstrom, R. E.; Nardi, J. C.; Hussey, C.
L. J. Electrochem. Soc. 1979, 126, 1644.

(3) Wilkes, J. S,; Levisky, J. A.; Wilson, R. A.; Hussey, C. L. Inorg. Chem.
1982, 21, 1263.

(4) Gale, R. J; Osteryoung, R. A. Inorg. Chem. 1979, 18, 1603.

(5) Schoebrechts, J. P.; Gilbert, B. P. J. Electrochem. Soc. 1981, 128, 2679.

(6) Scheffler, T. B.; Hussey, C. L.; Wilkes, J. S.; Fannin, A. A., submitted
for publication in J. Electrochem. Soc.

(7) Gale, R. J,; Gilbert, B.; Osteryoung, R. A. Inorg. Chem. 1978, 17, 2728.

contain a molar excess of AICI; over the organic chloride salt
are termed “acidic” while those formulated with an excess of
organic salt relative to AICI; are denoted as “basic”.

The large variation in chloride ion activity that can be
achieved in these anhydrous, ionic liquids prompts them to be
interesting solvents in which to study transition-metal coor-
dination. In previous papers®® we examined the coordination
of cobalt(II), iron(II), iron(IIT), and nickel(IT) by melt chloride
ion in the AlCl;-BPC system. Although a number of authors
have discussed various aspects of silver(I) electrochemistry in
molten chloroaluminates,'®!* there is a paucity of data re-
garding the coordination of this metal species in these melts.
The study reported herein concerns a potentiometric investi-
gation of silver(I) chloro complex formation that was under-
taken in both the AIC1;-BPC and AICl;-MEIC systems.

Experimental Section

Instrumentation. Melt preparation and subsequent titration ex-
periments were conducted in a dry, oxygen-free nitrogen atmosphere

(8) Hussey, C. L.; Laher, T. M. Inorg. Chem. 1981, 20, 4201.
(9) Laher, T. M.; Hussey, C. L. Inorg. Chem. 1982, 21, 4079.
(10) Anders, U.; Plambeck, J. A. Can. J. Chem. 1969, 47, 3055.
(11) Schulze, K.; Hoff, H. Z. Naturforsch., A 1971, 264, 1472.
(12) Sato, T.; Yasunaka, H.; Ishikawa, T.; Midorikawa, R. Denki Kagaku
oyobi Kogyo Butsuri Kagaku 1973, 41, 713.
(13) Boxall, L. G.; Jones, H. L.; Osteryoung, R. A. J. Electrochem. Soc.
1974, 121, 212.
(14) Ray, H. S.; Tumanova, N. Kh.; Flengas, S. N. Can. J. Chem. 1977, 55,
656.
(15) Bagrii, V. A,; Pavlenko, N. A.; Chetverikov, A. V. Ukr. Khim. Zh.
(Russ. Ed.) 1979, 45, 215.

0020-1669/83/1322-1279801.50/0 © 1983 American Chemical Society



