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The reaction between potassium hexacyanomanganate(II1) and potassium cyanide in a molar ratio of 1:10 under vacuum
at 650° leads to the formation of a dark green cyano complex which contains both manganese(II) and manganese(111).
The product has the empirical formula Ki.;xMn(CN)s.ze.  Cyanogen is evolved from the melt during the period of heating.
When metallic manganese, mercury(II) cyanide, and potassium cyanide in a 2:1:10 molar ratio are heated at 650° in an
evacuated tube, mercury metal and KMn(CN); are produced. The same manganese complex results when Ky[Mn(CN)
is heated with excess KCN. When KMn(CXN); is heated with excess KCN, little, if any, reaction occurs. Extraction of
an unheated mixture of KMn(CN); and excess KCN with liquid ammonia, as well as similar extraction of any of the cooled
melts from the above reactions, yields products which appear to contain a small proportion of K{Mn{CX)s] mixed with
KMn(CN);. Potassium octacyanomolybdate(IV) undergoes thermal decomposition at 550° under vacuum in the presence
of potassium cyanide with the evolution of cyanogen and the formation of potassium pentacyanomolybdate(I11), KxMo(CN);.
The molar conductivity of the product in aqueous solution is consistent with the dissociation into three ions. The mag-
netic moment of the product is not consistent, however, with the value expected for a complex containing molybdenum(III).
The dark red melt obtained when metallic palladium, mercury(II) cyanide, and potassium cyanide in a 1:1:6 molar ratio
are heated to 550° under vacuum is identical with the melt obtained when potassium tetracyanopalladate(I1) and potassium
cyanide in a 1:4 molar ratio are heated under the same experimental conditions. Likewise, these melts are identical with
the one formed when palladium(II) cyanide and potassium cyanide in a molar ratio of 1:6 are heated under the same con-

ditions.
in their infrared spectra.
palladate(II).
groups.

In a previous communication,? we described the
preparation of cyano complexes of nickel(0) and
nickel(I) by some unusual reactions in molten potas-
sium cyanide as solvent. Potassium tetracyano-
nickelate(0), K,[Ni(CN),], was obtained by reduction
of potassium tetracyanonickelate(II) with cyanide
ion from the fused solvent and also by the reaction
between metallic nickel, mercury(II) cyanide, and the
solvent. Potassium tetracyanonickelate(I), K;[Ni-
(CN)4], was formed by the interaction of metallic
nickel, the nickel(II) complex, and molten solvent.

The present paper reports on the behavior of some
cvano complexes of manganese, molybdenum, and
palladium in molten potassium cyanide. Specifically,
this paper deals with the behavior of the following
systems in the molten solvent: (a) potassium hexa-
cyanomanganate(IIT), K;[Mn(CN)s]; (b) manganese
metal and mercury(II) cyanide; (c¢) potassium tri-
cyanomanganate(IT), KMn(CN)y; (d) potassium hexa-

cyanomanganate(II), K, [Mn(CN)s]; (e) potassium
octacyanomolybdate(IV), K. [Mo(CN)s]; ({f) potas-
sium tetracyanopalladate(II), K.[Pd(CN)i]; (g) pal-
ladium metal and mercury(II) cyanide; and (h)

palladium(II) cyanide.

Experimental

Materials.—The manganese metal employed was ‘‘Fisher
Certified”’ Reagent, 99.939 pure, with a specified maximum iron
content of 0.0059;. Palladium metal was obtained by reduction
of palladium(II) chloride with an agueous solution of hydrazine

(1) S. von Winbush, E. Griswold, and J. Kleinberg J. Am. Chem. Soc.,
83, 3197 (1961),

The melts solidify on cooling to give identical orange-yellow solids which contain four cyanide stretching frequencies
One peak is attributed to potassium cyanide and a doublet is assigned to potassium tetracyano-
It is proposed that the fourth cyanide stretching frequency is due to cyanides which serve as bridging

sulfate. The precipitated metal was collected and dried at 200°
under a high vacuum. Mercury(II) cyanide of C.p. quality was
obtained from the Fisher Scientific Company and used without
further purification. Potassium cyanide, Baker Analyzed Rea-
gent with a cited purity of 99.19;, was dried at 300° for 3 days
prior to use. Potassium hexacyanomanganate(II1) was prepared
according to the method of Lower and Fernelius? and potassium
octacyanomolybdate(IV) 2-hydrate by the method described by
Furman and Miller.? A final washing of the latter complex with
ethyl ether, followed by drying at 110° under high vacuum,
vielded the anhydrous compound. Sodium tetraphenylborate,
Puriss, was employed as obtained from the Aldrich Chemical
Company. Potassium tricyanomanganate(Il) and potassiumn
hexacyanomanganate(Il) were prepared according to the method
of Straus.# The latter complex was dried at 100° in vacuo to re-
move water of hydration. Potassium tetracyanopalladate(II)
was chtained by the directions of Bigelow.® The addition of
potassium cyanide to an acidic solution of palladium(II) chloride
gave a precipitate of yellow hydrous palladium(II) cvanide.
Drying of the latter material at 100° i# vacuo yielded the anhy-
drous compound. The Cl%labeled potassium cyanide was pur-
chased from Volk Radiochemical Company. The activity was
0.05 mecurie per sample. Prior to its being mixed with inactive
potassium cyanide, the radioactive material was dried at 300° in
vacuo. ITiquid ammonia, used as an extractive solvent in the
experiments with the manganese systems studied, was condensed
on metallic sodium before being used.

Analytical Methods..——Potassium was determined gravimetri-
cally by precipitation from acidic solution as the tetraphenyl-
borate.” Manganese was analyzed for by the bismuthate proce-

(2) J. A, Lower and W. C. Fernelius, Inorg. Syn., 2, 213 (1946).

(3) N. H. Furman and C. O. Miller, £b:d., 3, 160 (1950).

(4) P. Straus, Z. anorg. aligem. Chem., 9, 6 (18985).

(5) J. H. Bigelow, Inorg. Syn., %, 245 (1946).

(6) For detailed accounts of the analytical procedures the reader is
referred to W. L. Magnuson, Ph.D. Thesis. University of Kansas, 1963.

(7) K. Sporek and A. F, Williams, Analyst, 80, 347 (1935).
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dure,® after the particular complex had been decomposed by
heating in sulfuric acid solution. Cyano complexes of molyb-
denum were prepared for analysis of the metal in the following
manner. A 200-mg. sample of the complex was treated with 10
ml. of concentrated nitric acid and the suspension was heated
until the evolution of nitrogen(IV) oxide ceased. This treatment
yielded a red-brown precipitate. The reaction mixture was
diluted to 100 ml. and made basic by the addition of ammonia
water to dissolve the precipitate. Then 15 ml. of 309, hydrogen
peroxide was added in small portions and the solution was heated
almost to boiling for 2 hr. to convert the molybdenum to molyb-
date. The solution was cooled, made slightly acidic with concen-
trated acetic acid, and the molybdenum determined as lead
molybdate as described by Scott.® The cyanide content of most
of the complexes was calculated from nitrogen values obtained
by a modified semimicro Kjeldahl procedure.’ In a number of
instances, the cyanide content was determined from nitrogen
analysis performed by the Schwarzkopf Microanalytical Labora-
tory, Woodside 77, New York. For cyano complexes which are
rather resistant to hydrolysis, accurate cyanide values are diffi-
cult to obtain. A variety of methods gave variable and generally
low results.

Determination of Oxidation State of Molybdenum.—The
oxidation state of the molybdenum obtained in the reaction be-
tween potassium octacyanomolybdate(IV) and molten potassium
cyanide was determined by the method developed by Collen-
berg!! and later applied to the complex Ky[Mo(CN)H:0] by
Young.'? Approxmiately 200 mg. of the complex isolated from
the reaction was poured into a hot solution of iron(I111) ammonium
sulfate which contained a small amount of mercury{II) sulfate.
The solution and the flask containing it had been flushed previ-
ously with nitrogen in order to remove oxygen. The hot iron(I1I)
ammonium sulfate oxidized molybdenum to molybdate, generat-
ing ferrous ions in the process. The solution was acidified with 5
ml. of concentrated sulfuric acid and the ferrous ion titrated with
standard potassium permanganate solution. From a measure of
the quantity of ferrous ion present and the molybdenum content
of the sample, the initial oxidation state of the molybdenum could
be calculated.

Magnetic Susceptibility Measurements.—These measure-
ments were made by the Gouy method. For measurements on
solids a single compartment cell was employed, and the accuracy
and reproducibility of the balance was checked by determining
the susceptibility of Hg[Co(SCN),] against water as the standard.
In measurements on aqueous solutions of the product isolated
from reaction of potassium octacyanomolybdate{IV) with molten
potassium cyanide, a slightly modified version of the double com-
partment cell recommended by Selwood!?® was used. This cell
was checked with the use of 2 2.000 M nickel(II) chloride solution.

Infrared Spectra.—Infrared spectra in Nujol mulls were taken
on all starting compounds and all products of reaction on a
Perkin-Elmer infrared spectrometer, Model 421.

Reaction between Potassium Hexacyanomanganate(III) and
Potassium Cyanide.—In a typical experiment, 3.28 g. (0.01
mole) of potassium hexacyanomanganate(III) and 6.50 g. of
potassium cyanide (0.1 mole) were intimately mixed in a drybox
and the mixture transferred to a Pyrex tube 25 cm. in length and
20 mm. in o.d. At one end of the tube there was sealed an 18/9
standard taper ball joint. The tube was connected to a vacuum
line through this joint and the system was evacuated to a pressure
of 10 u. The tube was then heated in a tubular furnace (main-
tained in a hood) to 650° for 30 min. The temperature of the
furnace was controlled by means of a Wheelco indicating control-

(8 T. R. Cunningham and-R, W, Coltman, Ind. Eng. Chem., 16, 58
(1924).

(9) W. W. Scott, “Standard Methods of Chemical Analysis,” Vol. I,
5th Ed., D. Van Nostrand Co., Inc., New York, N. Y., 1934, p. 589.

(10) B. Jaselski and J. G. Lanese, Anal. Chim. Acta, 28, 6 (1960).

(11) O. O. Collenberg, Z. anorg. allgem. Chem., 181, 310 (1922).

(12) R. C. Young, J. Am. Chem. Soc., B4, 1402 (1932).

(13) P. W, Selwood, ‘““Magnetochemistry,” Interscience Publishers, Inc.,
New York, N. Y., 1943, p. 151,
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ler with Pilot amplifier. A trap which had been inserted in the
vacuum line and immersed in liquid nitrogen was used to collect
the gas which escaped from the melt during the heating period.
This gas was identified as cyanogen. When heating had been
completed, the furnace was removed and the molten material in
the reaction tube permitted to cool to room temperature. The
tube was then sealed near the ball joint and placed in the drybox.

The reaction mixture was powdered and transferred to a filter
tube which contained a 10-mm. sintered glass disk in the center
and was equipped with a stopcock near the top and one near the
bottom, the latter being fitted to a 18/9 ball joint for connection
to the vacuum line. The filter tube was placed on the line and the
pressure inside reduced to 10 u. The contents of the tube were
heated to the point where they were just molten. Nitrogen,
which was bled into the tube through the top stopcock, assisted
in the filtration of the melt through the disk and into the lower
compartment of the filter tube. In this manner, solid products of
decomposition in the melt remained on the disk. When filtration
was complete, the filter tube was allowed to cool to room tempera-
ture and was then transferred to the drybox. The filtrate, which
was a dark green solid, was removed, ground, and transferred to
an extraction apparatus adapted for use with liquid ammonia.
Approximately 60 ml. of the anhydrous solvent was condensed
into the extractor, which contained a Teflon-covered magnetic
stirring bar. The mixture was stirred thoroughly and the sol-
vent removed by means of an aspirator. Extraction in this
fashion was continued until no solid residue remained in the filter
flask of the extractor after evaporation of the liquid ammonia
filtrate. The dark green solid which remained on the extraction
disk was removed and dried i# vacuo. The yield was about 1.4
g. Potassium, manganese, and nitrogen analyses were performed
on the solid.

Reaction between Manganese Metal, Mercury(II) Cyanide,
and Potassium Cyanide.——In a typical run, a mixture of 1.50 g.
(0.027 g.-atom) of manganese metal, 3.45 g. (0.014 mole) of mer-
cury (II) cyanide, and 8.50 g. (0.13 mole) of potassium cyanide
were heated for 24 hr. at 650° in an evacuated tube 15 cm. in length
and 20 mm. in o.d., on the end of which was sealed a tube 4 cm.
long and 6 mm. in o.d. During the heating process the smaller
tube stuck outside the furnace and served as a trap for the col-
lection of metallic mercury which distilled out of the reaction mix-
ture. Upon completion of heating, the molten material in the
reaction vessel was allowed to solidify and the compartment
containing the mercury was sealed off and the metal weighed.
The tube containing solid material was transferred to the drybox,
and the contents were removed and powdered and then filtered,
extracted, and analyzed as described for the product of the pre-
vious reaction. The product obtained after filtration and ex-
traction was light green in color and weighed 0.45 g.

Fusion of Potassium Tricyanomanganate(II) with Potassium
Cyanide.—In a typical experiment, 1.73 g. (0.01 mole) of the com-
plex and 6.50 g. (0.10 mole) of potassium cyanide were mixed
thoroughly and the mixture was transferred to a Pyrex tube 20
cm. long and 20 mm. in o.d. The tube was attached to the
vacuum line, which contained a gas collection trap cooled in
liquid nitrogen. The system was swept out with nitrogen and the
pressure reduced to 10 g. The tube and its contents were then
heated to 150° for 2 hr., after which the temperature was gradu-
ally increased. At 550° the mixture began to melt to a dull green
liquid and the temperature was increased to 575°, where it was
maintained for 4 hr. No gas was evolved from the melt. At
the end of this time, the tube was permitted to cool to room tem-
perature and was sealed off. The contents were powdered, ex-
tracted, and analyzed in the usual manner.

Reaction of Potassium Hexacyanomanganate(Il) in Molten
Potassium Cyanide.—In a typical experiment, 3.67 g. (0.01 mole)
of freshly prepared potassium hexacyanomanganate(II) and 6.50
g. (0.10 mole) of potassium cyanide were intimately mixed and
heated on a vacuum line as described above, except that the
maximum temperature of heating was 550° rather than 575°.
The color of the melt was dull green. After the heating period,
the melt was allowed to cool and the solid transferred to a filter
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tube. The temperature of the tube was raised to melt the solid
and the melt was filtered as described previously. Essentially
no residue remained on the filter disk. The dark green solid
filtrate was extracted in the usual fashion and analyzed. Approx-
imately 1.7 g. of green solid was isolated.

Reaction between Potassium Octacyanomolybdate(IV) and
Molten Potassium Cyanide.—In a typical run, a mixture of 4.60
g. (0.01 mole) of potassium octacyanomolybdate(IV) and 6.50 g.
(0.10 mole) of potassium cyanide was transferred in the drybox
to a Pyrex tube 20 cm. long and 20 mm. in o.d., to which was
sealed an 18/9 ball joint. The tube was connected to the vacuum
line (containing a trap cooled by liquid nitrogen) through the
joint and the system was evacuated to a pressure of 10 u. The
contents of the tube were heated to 550° for 10-20 min. by means
of the tube furnace. The tube, now containing a red-brown melt,
was cooled to room temperature and the contents were trans-
ferred to a beaker containing 50 ml. of oxygen-free water. The
resulting suspension was filtered in a stream of nitrogen and the
red filtrate was chilled. Addition, with stirring, of 150 ml. of
ethanol to the chilled filtrate yielded a dark red oil. The super-
natant liquid was decanted and an additional 50 ml. of ethanol
was poured on the oil. Continued stirring and chilling of the oil
converted it to a dark red crystalline solid which was collected
by filtration and washed with ethanol and ethyl ether. The
product was then dried at 100° under high vacuum. To remove
any potassium cyanide present, the solid was extracted with an-
hydrous methanol in a Soxhlet extractor for 48 hr. After extrac-
tion, the product was dried 4»n vacuo at 100°. Approximately 1 g.
of product was obtained. It was analyzed for potassium, molyb-
denum, and nitrogen, and the oxidation state of the molybdenum
was determined. Infrared examination of the product in Nujol
showed the absence of water or bound hydroxyl groups. Once
the empirical formula of the product had been established by
analysis, the molar conductivity of 0.001 A aqueous solutions
was determined.

During the course of reaction at 550° a gas identified as cyano-
gen was evolved and was collected in the cold trap.

Behavior of Potassium Tetracyanopalladate(II) in Molten
Potassium Cyanide.—TUsually 2.88 g. (0.01 mole) of the complex
and 2.60 (0.04 mole) of potassium cyanide were employed. An
intimate mixture of these substances was added to a 250-ml.
round-bottomed flask with a 24/40 standard taper joint; sealed
into the side of the flask was a stopcock fitted with a ball joint for
connection to the vacuum line. A glass-covered bar magnet was
placed in the flask for stirring purposes. The flask was connected
to the vacuum line, and the system was flushed with nitrogen and
then evacuated to a pressure of 10 u. The flask was heated to
550° by means of a heating mantle for periods of from 10 min. to
1 hr. At temperatures near 550°, the solid mixture was con-
verted to a dark red melt, but no gas was collected in the liquid
nitrogen trap in the vacuum line. Upon removal of the heating
mantle, the melt solidified to a yellow-orange solid. When the
solid was transferred to a filter tube and melted and filtered, es-
sentially no residue remained on the filter disk. The absence of
cyanogen evolution and of carbonaceous material on the filter
disk showed that no decomposition had occurred during the course
of heating and that the palladium(II) had not been reduced.

Attempts to separate the components of the product mixture
by means of various solvents—Iliquid ammonia, glycerol, mono-
butyl ethylene ether, lithium chloride—potassium chloride eutec-
tic, dioxane, nitromethane, diethyl ethylene ether—were unsuc-
cessful. The mixture either dissolved completely or was insoluble.

Reaction between Palladium Metal, Mercury(Il) Cyanide,
and Potassium Cyanide.—In a typical experiment, a mixture of
1.06 g. (0.01 g.-atom) of palladium, 2.53 g. (0.01 mole) of mercury
(I1) cyanide, and 3.90 g. (0.06 mole) of potassium cyanide was
transferred to a Pyrex tube 20 cm. long and 18 mm. in o.d., to
which was sealed a small tube for collection of mercury. The
reaction tube was evacuated, sealed, and placed in a tube furnace
so that the small tube extended outside the furnace. The tem-
perature of the furnace was raised to 550° and so maintained for
varying periods of time up to a maximum of 24 hr. TUpon ter-
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mination of heating, the compartment containing the distilled
mercury was sealed off, and the large compartment was cooled
and transferred to the drybox. The yellow-orange contents were
powdered and filtered in the usual manner while molten. At-
tempts to separate the components of the yellow-orange solidified
filtrate by use of the extractants cited previously were not suc-
cessful.

Reaction of Palladium(Il) Cyanide with Molten Potassium
Cyanide.—A mixture of 1.58 g. (0.01 mole) of the palladium com-
pound and 3.90 g. (0.06 mole) of potassium cyanide in an appro-
priate Pyrex tube was heated in the usual manner on a vacuum
line for 15 min. at 550°. A red melt was formed, but no gas was
evolved. The familiar yellow-orange solid was obtained from the
red melt.

Exchange Studies.—It has been noted that cyanogen was
evolved in the reaction of potassium hexacyanomanganate(1II)
and also of potassium octacyanomolybdate(IV) with molten
potassium cyanide. Attempts were made to determine the origin
of the cyanogen in exchange studies in which these reactions were
carried out with potassium cyanide labeled with C!4.

The reactions were effected as described previously. Sodium
hydroxide solution was added to the frozen cyanogen which had
collected in the cold trap in the vacuum line. The resulting solu-
tion of sodium cyanide and sodium cyanate was removed from
the trap and treated with nitric acid and silver nitrate solution.
In this manner, one-half of the cyanogen was lost by hydrolysis
of the cyanate to ammonium ion and the other half was precipi-
tated as silver cyanide. The silver cyanide was filtered outo a
small filter paper, washed thoroughly with water and then with
acetone, and air dried. The activity of 0.150 g. of this material
was then measured.

The solid products obtained from the reaction were decom-
posed (the manganese materials by sulfuric acid and the molyb-
denum product by concentrated nitric acid) to liberate cyanide
ion; the latter was converted to silver cyanide and the activity
of 0.150 g. measured. The potassium cyanide extracted by
means of liquid ammonia from the filtrate of the reaction of the
manganese complex was also converted to silver cyanide, and the
activity of 0.150 g. of the latter compound was measured.

Results and Discussion

Manganese Systems.—When potassiumm hexacyano-
manganate(III), Ks[Mn(CN)s], was heated with a large
excess of potassium cyanide at 650° in a vacuum system,
cyanogen was evolved and a green material remained.
After filtration of the molten green material and re-
peated extraction of the solidified filtrate with liquid
ammonia, the dark green solid product remaining had
the empirical formula K; 5;Mn(CN);3 7, as is shown by
the analytical results in part (a) of Table I. (In this
table, each set of percentages represents the results of
replicate analyses on a separate preparation.)

The gram-magnetic susceptibility, 41-42 X 107, is
much higher than that of the manganese(III) starting
material (x, = 13.48 X 107% for K;[Mn(CN)¢]").
It is, in fact, not far below the value 44.11 X 107§
reported™ for potassium tricyanomanganate(II), com-
monly written KMn(CN); though probably better
formulated as K:Mn[Mn(CN)s]. The magnetic sus-
ceptibility, together with the average oxidation num-
ber +2.20 for manganese given by the empirical for-
mula, indicates that approximately 809 of the man-
ganese in the green product is present in the dipositive
state. Here, as in the reaction of potassium tetra-

(14) N. Goldenberg, Trens. Faraday Soc., 36, 847 (1940).
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cyanonickelate(II) in molten potassium cyanide,!
reduction has been effected by cyanide.

The presence of some manganese(III) and the excess
of potassium and cyanide over that corresponding to
the formula KMn(CN); raised the question of whether
some of the starting materials might have remained
simply mixed in the green product, in spite of the fact
that both are soluble in liquid ammonia and should
have been extracted. To answer this question, the
X-ray powder pattern of the product was compared
with the patterns of the starting materials and potas-
sium tricyanomanganate(II}; the infrared spectrum
was sinilarly compared.

The X-ray powder pattern of the material denoted
by the empirical formula K; s Mn(CN); 12 is very similar
in all respects to that of potassium tricyanomanganate-
(II). With the exception of a few very weak lines, the
strong and weak lines of the two materials correspond
very closely. On the other hand, the pattern is dis-
tinctly different from that of either starting material,
and there was no indication of the presence of either
free potassium cyanide or potassium hexacyanoman-
ganate(IIT) in the green product.

The infrared spectrum, likewise, showed no absorp-
tion peaks corresponding to those of K;[Mn(CN)g]
(2117, 2126, and 2148 cm.™!) or to that of potassium
cyanide (2080 cm.—'). Instead, a single peak with a
maximum at 2057 cm.”! was observed in the usual
region of cyanide stretching frequencies. This is
essentially the same as the single peak at 2060 cm.™!
exhibited by both KMn(CN); and K4[Mn(CN)s].

Although no detailed structure can at present be
proposed for K; ssMn(CN)s.z, it seems clear from the
evidence that all of the cyanides must be equivalent
and must be coordinated to manganese(II). More-
over, the predominant structural features of the ma-
terial must be very similar to those of potassium tri-
cyanomanganate(II).

In the hope that cyano compounds containing man-
ganese in an oxidation state lower than +2 might be
produced, three other series of experiments were con-
ducted. In the first of these, a mixture of mercury(II)
cyanide, manganese metal, and potassium cyanide was
heated as previously described. After filtration and
liquid ammonia extraction, the residual light green ma-
terial gave the analytical results and magnetic suscep-
tibility shown in part (b) of Table I. The mercury(II)
cyanide was quantitatively converted to mercury metal
in each run, but only about one-tenth of the man-
ganese metal was consumed. No cyanomanganate-
(III) was found in the liquid ammonia extract. The
X-ray powder pattern of the product was practically
identical with that of KMn(CN);, and the gram-mag-
netic susceptibilities are almost the same. The in-
frared spectrum showed only one absorption peak in
the cyanide region with a maximum at 2058 cm.~L
The peak characteristic of free potassium cyanide at
2080 cm.~! was absent. The product thus is predomi-
nantly KMn(CN);, probably mixed with a small
amount of K4[Mn(CN)g].
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TABLE 1
ANALYSIS OF PRODUCTS FROM REACTIONS INVOLVING M ANGANESE
Gram-
magnetic
suscepti-
Molar ratios bility
K, % Mn, % K/Mn CN/Mn® xz X 108

(a) Ks[Mn(CN)el + KCN

28.09 £0.21 26.00 =0.01 1.53 3.74
27.86 =0.30 26.15 £ 0.05 1.53 3.75 42.06
28.25 £0.08 26.63 =0.13 1.50 3.70 40.78
28.06 =0.16 26.35 =0.01 1.50 3.69 41.76

Mean empirical formula K;.;oMn(CN )z.12

(b) Hg(CN); + Mn + KCN

24.83 £0.18 29.75 £ 0.06 1.16 3.22 44 .47
24.98 £ 0.08 29.79 £0.11 1.16 3.21 46.90
24.91 £ 0.09 29.86 = 0.08 1.17 3.20 43 .44
24.31 £0.13 30.70 £0.01 1.11 3.09

Mean empirical formula K;.;;Mn{CN )s.us
(c) KMn{CN); + KCN

24.29 =£0.27 30.43 =0.11 1.14 3.15
23.81 %= 0.09 30.07 =0.03 1.15 3.23
23.63 =0.07 31.13 =0.08 1.08 3.10
24.59 =0.10 30.08 =0.04 1.17 3.18

Mean empirical formula K;.1Mn(CN)s.i6
(d) KiMn(CN)] + KCN
25.27 £0.10 29.73 == 0.15 1.19 3.19

25.33 £0.09 29.563 +0.22. 1.19 3.22
Mean empirical formula K;.;eMn(CN )s.z0

e Cyanide by difference. Calculation in this manner is justi-
filed. A variety of experiments showed that the only source of
nitrogen in the compounds was cyanide.

Essentially the same product was obtained, after
liquid ammonia extraction of the cooled melt, when
KMn(CN); was heated with an excess of KCN and also
when K,4[Mn(CN)s] was heated with excess of KCN.
This is indicated by the analytical results given in
Table I, parts (¢) and (d), and was confirmed by the
infrared absorption spectrum and color.

When an unheated 1:10 mixture of K,[Mn(CN)]
and KCN was repeatedly extracted with liquid am-
monia, the residue was found to be unchanged K,-
[Mn(CN)¢]. On the other hand, a similar mixture of
KMn(CN); and KCN yielded, after liquid ammonia
extraction, a residue of average empirical formula
K1.22Mn(CN)s.5, indicating probable formation of some
K4[Mn(CN)e] during the extraction. It is quite pos-
sible that each of the three elevated-temperature
processes just described yields KMn(CN); as the only
manganese-containing product. Whether a small pro-
portion of Ki[Mn(CN)s] is then formed during the ex-
traction or was present in the original melt cannot be
decided from this evidence. In any case, the only
oxidation state of manganese exhibited in the products
from any of these three reactions is 42.

Molybdenum Systems.—A mixture of potassium
octacyanomolybdate(IV), K,[Mo(CN)s], with potas-
sium cyanide, when heated as described, yielded a red
crystalline molybdenum-containing product. Two
somewhat different procedures were employed in iso-
lating the red material from the original melt. In one,
an aqueous solution of the melt was treated, after filtra-
tion, with ethanol, and the resulting precipitate was
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extracted with methanol. In the other, the melt was
extracted directly with methanol, no water being used
at all.

Analyses of three separate preparations by each
procedure gave the following results. Anal. Caled.
for KyMo(CN)s;: K, 25.71; Mo, 31.54. Found:
(a) Water-extracted products: K, 26.16 = 0.05; Mo,
31.80 £ 0.19; oxidation no. of Mo, 3.05 = 0.03.
(b) Methanol-extracted product: K, 27.09 = 0.37;
Mo, 30.40 % 0.71; oxidation no. of Mo, 3.04 = 0.05.
Although they may be of slightly different purity, the
two products are undoubtedly the same, indicating
that the material does not react readily with water.

The analytical results and the oxidation number de-
terminations clearly point to the formulation of this
red crystalline substance as potassium pentacyano-
molybdate(I1I), K,Mo(CN);. This compound has
not been previously reported. The molar conductance,
based on this formula, of three different preparations in
0.001 M aqueous solutions was found to be 253, 239,
and 270 ohm—!. These values are reasonable for a
unibivalent salt. The infrared spectrum of the com-
pound in Nujol mulls exhibited a number of bands in
the cyanide region. Frequencies of the maxima and
relative intensities of these bands for both this com-
pound and potassium octacyanomolybdate(IV) were as
follows: KoMo(CN)s: 2157 (w), 2143 (w), 2131 (s), 2120
(vs), and 2111 (s); K4[Mo(CN);]: 2139 (w), 2131 (w),
2126 (s), and 2108 (vs). It has been pointed out®
that the cyanide stretching frequencies in cyano com-
plexes show a dependency on the ratio of oxidation
number of the metal to coordination number, becoming
higher as this ratio increases. The somewhat higher
frequencies observed for the new compound over those
of the octacyanomolybdate(IV) are qualitatively con-
sistent, at least, with its formulation as pentacyano-
molybdate(III). Magnetic susceptibility measure-
ments gave effective moments of 0.57 and 0.59 Bohr
magneton in the solid compound and 0.87 in aqueous
solution. These values are much lower than the
moments 3.70~3.80 reported!® for a number of six-
coordinated complexes of molybdenum(III) and lower
than the 1.75 reported for seven-coordinated KiMo-
(CN)7+2H;0. They suggest the possibility of metal-
metal bonding in the compound. A definite conclusion
on this point, however, must await more detailed
structural and magnetic studies.

Palladium Systems.—The yellow-orange solid pro-
duced in all three of the reactions (see Experimental
section) involving a cyanide of palladium or palladium
metal exhibited essentially the same appearance and
the same solubility behavior throughout. It dissolved
in water without the evolution of gas to give a colorless
solution. The absence of gas evolution indicates the
absence of any strongly reducing species, such as
potassium tetracyanopalladate(0), Ks[Pd(CN),],Y" in

(15) M. F. A. El-Sayed and R. K. Sheline, J. Inorg. Nuel. Chem., 6, 187
u%l)(sig J. Lewis, R. 8. Nyholm, and P. W. Smith, J. Chem. Soc., 4590 (1961).

(17) J. J. Burbage and W. C. Fernelius, J. Am. Chem. Soc., 65, 1484
(1943).
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the product. Thus, the reactions of nickel metal,
mercury(II) cyanide, and potassium cyanide and of
potassium tetracyanonicketate(II) with potassium
cyanide to give K4[Ni(CN)4] at elevated temperatures?
do not have their counterparts in the corresponding
palladium systems.

The infrared spectra of these products all showed the
same four peaks in the cyanide region, but with varia-
tions in relative intensity, as would be expected for
mixtures of differing composition. The maxima oc-
curred at 2080, 2135, 2141, and 2180 cm.~'. The 2080
cm. ! band is characteristic of free potassium cyanide
and is attributed to its presence. The 2135-2141
cm. ! doublet is exhibited by pure K:[Pd(CN),], and,
presumably, is characteristic of terminal cyanides co-
ordinated to palladium(II). The 2180 cm.~! band has
not been hitherto reported for cyanide compounds of
palladium. The ratio of the intensity of this band to
that of the 2135 cm.™! band varied from one product
to another and showed a significant relation to the
length of time the mixture had been heated. For
example, palladium(Il) cyanide and potassium cyanide
were heated at 550° for about 15 min. In that time the
peak at 2207 em. ™!, displayed (together with the KCN
band at 2080 cm.~!) by the unheated mixture and at-
tributed to the extensively bridged Pd(CN)., had dis-
appeared, and the 21352141 cm. ! doublet had beconie
quite intense. The 2180 ¢cm.~! band was also present,
but the ratio of its intensity to that of the 2135 cm. ™!
band was low—about 1:10. On the other hand, the
mixture of palladium, mercury(II) cyanide, and potas-
sitm cyanide was heated at 550° for about 6 hr.,
after which the corresponding ratio was found to be ap-
proximately 1:4. When the heating period was ex-
tended to 12 hr., the ratio increased to 1:3, which was
the highest attained.

It seems probable that the 2180 cm.=! band appear-
ing in these products can best be assigned to a cyanide
which is serving as a bridge group between two pal-
ladium atoms, since bridging cyano groups appear to
have higher stretching frequencies than do terminal
groups.’® One may postulate that Ko[Pd(CN).] (pres-
ent as a starting material or formed from the other re-
actants used) undergoes a condensation reaction at
elevated temperatures to form a colored compound con-
taining both cyano bridge groups and terminal groups.
Since attempts to isolate the compound from the
product mixtures have thus far been unsuccessful,
no formulation for it can be given. It is conceivable
that it may be simply the dipalladate, Ks[Pdo(CN)s),
analogous to the hexachlorodipalladate(IT), [(CeHs)s-
N1:[Pd.Cls], which has been reported.’® The disap-
pearance of color when the yellow-orange solid is dis-
solved in water probably results from a reversal of the
condensation reaction, the colored compound reacting
with excess cyanide present in the mixture to form the

colorless tetracyanopalladate(II) jon.

(18) M. F. A. El-Sayed and R. K. Sheline, J. Am. Chem. Soc., 718, 702
(1956).

(19) C. M. Harris, S. E. Livingstone, and N. C. Stephenson, J. Chem.
Soc., 3697 (1956).
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Role of Potassium Cyanide.—The role of potassium
cyanide in the reactions described above is a matter of
considerable interest. The reduction of K;{Mn(CN)s]
and of K,[Mo{(CN)s], with attendant evolution of
cyanogen, may be represented by the following equa-
tions (making a slight modification in the empirical
formula of the manganese product).

4K [Mu(CNJs] = 4K1.0Mn(CN)sis + 1.5(CN)y - 6KCN

K [Mo(CNJ)] = K:Mo(CN)s + 0.5(CN); + 2KCN

Obviously, the stoichiometry of these reactions does not
require potassium cyanide as a reactant, but as a prod-
uct, instead. Cyanogen, too, is indicated to be a
direct product of the reduction decomposition of the
original cyano compound.

In an attempt to gain some insight into the mech-
anism of the reductions, runs were conducted in which
Cl4labeled potassium cyanide was used. Examina-
tion of the products showed the C1¢ activity to be about
uniformly distributed among the three products in
each case. Therefore, whether the cyanogen originates,
in part at least, from the potassium cyanide in the
course of reduction of the metal compound, or from
decomposition of the cyano complex subsequent to
exchange of Cl%labeled cyanide between potassium
cyanide and the complex, cannot be determined from
this evidence. A sample of unlabeled K; pMn(CN)s.72
was found to exchange readily at the experimental
temperature; presumably, K;Mn(CN)s] would be-
have similarly.

Since potassium cyanide appears as a product in the
above equations, it seemed worthwhile to see whether
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or not these starting compounds would behave in the
same manner as before if they were heated under the
same conditions but in the absence of added potassium
cyanide. When K;[Mn(CN)s] was heated without
potassium cyanide in this way, extensive carbonization
occurred, and none of the green compound denoted
by KisuMn(CN);z could be isolated. Similar treat-
ment of K4[Mo(CN);] also resulted in much decom-
position, with formation of carbon and a metallic
mirror. When the heating period was limited to 10
min., a small amount of K;Mo(CN); could be isolated;
after 1 hr., none could be obtained. If K,[Pd(CN),]
reacts to give condensed products containing cyano
bridge groups, as postulated, potassium cyanide
should be a product of this reaction, also. When
K,[Pd(CN)4] was heated without potassium cyanide,
however, extensive decomposition occurred here, too,
and the 2180 cm. ! band could not be detected in the
infrared spectrum of the products.

It is clear that potassium cyanide plays a most im-
portant role in stabilizing the various cyano complex
products described here and, therefore, in determining
the course of reaction when cyanometallate compounds
or their precursors are subjected to elevated tempera-
tures,
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The acid dissociation constants and stepwise metal chelate formation constants of 4-hydroxyquinaldinic acid and 4,8-

dihydroxyquinaldinic acid have been determined in 50% v./v. aqueous dioxane at 25°.

Metal chelation was found to

have an acid-strengthening effect on the 4-hydroxy group far in excess of that which could be attributed to a shift in the

keto—enol equilibrium involving this group.

Factors that contribute to this effect include the nature of the chelate ring,

its position relative to the dissociating group, and the nature of the metal jon.

One of the useful techniques of evaluating the in-
fluence of metal ion chelation on the physical and
chemical properties of a ligand is the measurement of
the change in pK, of an appropriate acidic or basic
substituent suitably located on the ligand.%? The
phenolic group, whose pK, is significantly higher than
the pH range in which most metal chelation occurs,
has been shown to be of value in this type of investi-
gation.23 Of course, the phenolic group can itself in

(1) T. R. Harkins and . Freiser, J. Am. Chem. Scc., 78, 1143 (19586).
(2) A. Corsini, Q. Fernando, and H. Freiser, Inorg. Chem., 2, 224 (1963).

certain types of compounds influence the properties of
the ligand. In compounds such as 4-hydroxypyridine,
the phenolic group interacting through keto—enol
tautomerism exerts a profound influence on the co-
ordinating properties of the nitrogen atom. In the
case of 2,6-dicarboxy-4-hydroxypyridine, for example,
the presence of the hydroxy group results in a tauto-
meric change to the pyridone. Instead of being a
disadvantage, however, such a tautomeric transforma-

(3) 8. P. Bag, Q. Fernando, and H. Freiser, zbd., 1, 887 (1962),



