Notes

system with an aromatic amine.’® In 50% ethanol, pyrrole
hydrogen ionization in the mixed 1+ complex occurs with
pK, = 8.2, slightly lower than the statistically adjusted
value (see Discussion) from Table I for a nontetragonal
complex. The visible absorption spectrum of the mixed
complex is that of a tetragonal Cu(IT) complex with the
wavelength of maximum absorption shifting from 625 nm
before pyrrole hydrogen ionization to 608 nm afterward.
Spectra in the ultraviolet region are comparable to the 2:1
complexes presented above.

As for many mixed complexes of L-alaninate and Cu(II),'*
the visible circular dichroism (CD) of Cu(PH)(L-Ala)" ex-
hibits a net negative sign. In water the CD extrema show
Ae=—0.03 and +0.01 at 568 and 695 nm, respectively.
Transfer to 50% ethanol and pyrrole hydrogen ionization
result in increases in CD magnitudes within the same sign
pattern. The mixed complexes of Cu(Il), L-alaninate, and
either bis(imdazolyl)methane'® or bipyridyl in 50% ethanol
yield a similar sign pattern. However, the mixed complex
of Cu(Il), L-alaninate, and bipyridyl in water yields a visible
CD spectrum with two positive maxima® in contrast to
the net negative CD for the mixed PH complex. These
solvent effects which alter the sign of the CD deserve further
investigation.

The magnetic susceptibility of the Fe(PH)3>* complex in
D,0 at pH ~7 is 3.4 BM at 34°. This value is within the
range observed for solid complexes at Fe(PH)3** and a
variety of anions which show a temperature-dependent
susceptibility with-a predominance of the low-spin form
at room temperature.!”

Discussion

Marked promotion of pyrrole hydrogen ionization in
2-(2'-pyridyl)imidazole, PH, upon chelation to transition
metal ions is revealed by inspection of Table I. Saturation
of metal ion coordination sites in tris complexes of the
bidentate ligand indicates that pyrrole ionization is promoted
by coordination of the metal ion across the imidazole ring
and not by substitution of the pyrrole hydrogen by the
metal ion. Pyrrole ionization in complexes of glycylhistidine
is promoted by metal ion substitution and the system ex-
hibits behavior different from that described in this paper.!®
Since there are three ligand molecules in the tris complexes
of Table I, the successive intrinsic acidity constants are
indicated by pK; + log 3=pK, + 0.5, pK,, and pK;~0.5.
Chelation of the ligand PH in a dipositively charged transition
metal ion complex results in promotion of the first pyrrole
ionization by §5.1,5.2,4.7,5.8, and 4.9 log units for the
five tris complexes of first-row transition metal ions of
Table I, respectively, and 7.9 log units for the Pd(II) com-
plex. This last value is markedly greater than the promotion
of 3.6 log units found for the pyrrole hydrogen ionization in
Pd(en)(L-His)*.” Though the pK, of the unbound ligand
is unknown, promotion of the pyrrole ionization in 2-
(2'"-pyridyl)benzimidazole by first-row transition metal

(14) R. Griesser, B. Prijs, H. Sigel, W. Fory, L. D. Wright, and
D. B. McCormick, Biochemistry, 9, 3285 (1970).

(15) R. B. Martin and R. Prados, J. Inorg. Nucl. Chem., in press.

(16) C. N. C. Drey and J. S. Fruton, Biochemistry, 4, 1 (1965).
We thank Professor Fruton for the gift of this ligand. Unfortunately
precipitation compromised study of pyrrole ionization.

(17) R. J. Dosser, W. J. Eiibeck, A, E. Underhill, P. R. Edwards,
and C. E. Johnson, J. Chem. Soc. A, 810 (1969); D. M. L. Goodgame
and A. A. S. C. Machado, Inorg. Chem., 8, 2031 (1959); Y. Sasaki
and T. Shigematsu, Buil. Chem. Soc. Jap., 46, 3438 (1973).

(18) P. J. Morris and R. B. Martin, J, Inorg. Nucl. Chem,, 33,
2913 (1971).

(19) T. P. Pitner, E. W. Wilson, Jr., and R. B. Martin, Inorg. Chem.,
11, 738 (1972).
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ionsmi)n 50% dioxane follows the same order as above for
PH.

The ability of the metal ions to promote ionization of
the pyrrole hydrogen shows marked differences from the
stability constant order. Though its stability constant
has not been determined, the PAd(II) complex of Table I
is almost certainly the most stable, and it is also the one
with the lowest pK,. For the first-row divalent transition
metal ions the stability order as given by the first stability
constant or as the product of the first two stability constants
isCu>Ni>Co>2Zn>FeS Ifall three stability constants
are considered, the positions of Cu and Ni are reversed. On
the other hand the acidity of the complexes (Table I} as
measured by pK; or pK; + pK, is given by Cu > Co > Fe >
Zn > Ni. If all three ionizations are considered, the order
becomes Fe > Cu =Co > Zn > Ni. Considering its high
position in the stability series and its bottom position in
the acidity series, Ni(II) appears relatively ineffective in
promoting pyrrole hydrogen ionization compared to the
other metal ions. Co(II) and especially Fe(II) are markedly
more effective in promoting pyrrole ionization than the
stability series predicts. The Fe(II) complexes are at the
bottom of the stability series, in the middle of the first
acidity series, and at the top of the final acidity series.

The near equality of the three successive stability constants®
suggests a tendency for a low-spin complex in solutions of
Fe(PH);2*. This conclusion is confirmed by the susceptibil-
ity determination with an intermediate result of 3.4 BM
corresponding to about 57% low-spin Fe(II).!” The marked
promotion of Fe(Il) from the bottom of the stability series
to the top of the final acidity series suggests a mutal promo-
tion of pyrrole hydrogen ionization and further stabilization
of a low-spin form.

The results reported here for the complexes of 2-(2'-
pyridyl)imidazole indicate that metal ion induced pyrrole
hydrogen ionization may be a feature of many systems
containing imidazole and derivatives as ligands.

Registry No. Fe(PH),**, 18745-06-7; Co(PH),**, 18973-12-1;
Ni(PH),**, 18745-07-8; Cu(PH),**, 20219-48-1; Zn(PH),**, 18745-
08-9; Pd(en)PH™*, 51052-18-7; PH, 18653-75-3; Cu(PH)(L-Ala)*,
51108-14-6.

(20) T. R. Harkins and H. Freiser, J. Amer. Chem. Soc., 78, 1143
(1956).
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Application of Magnetic Measurements to Complex
Formation in Fused Salts

R. A. Bailey,* E. N. Balko, and T, Lesniak
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Magnetic susceptibility measurements on transition metal
complexes are routine for the investigation of structure and
are complementary to ligand field spectral studies. Inin-
vestigating transition metal ions in fused-salt solutions, spec-
troscopy has been widely used, but only a handful of re-
ports of magnetic work have appeared in this area.!”> The

(1) J. Farquharson and E. Heymann, Trans. Faraday Soc., 31,
1004 (1935).
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Table I. Magnetic Data for Co(Il) and Ni(II) in Salt Melts and Glasses

Notes

Magnetic Probable coord geometry
System moment, BM (from spectroscopic results)
KSCN melt at 180°: Co(II) 4.64 Tetrahedral®
Ni(ID) 3.05 Octahedral®
KNO, melt at 140°; Co(II) 4,74 Eight-coordinate '
KNO,-Ca(NO;), glass (3:2): Co(ID) 4,72 Eight-coordinate'?:'?
Ni(I) 3.29 Octahedral'?
NaCH,CO,~LiCH,CO, glass (3:4): Co(II) 4.74 Eight-coordinate!?:!¢
Ni(II) 3.30 Octahedral**
K,80,-ZnS0, glass (2:3): Co(ID) 5.18 Octahedral!*: !
Ni(I) 3.40 Octahedral*®
ZnCl, glass: Co(II) 4,50 Tetrahedral'®
method is particularly adapted to following processes in
which the spin state of the ion in question changes, and in
certain cases the magnetic moment can provide information 20F
on coordination geometries. 2
One example of behavior of interest in fused salts is com- 3
plex formation. Ni(II) in fused KCNS forms a complex with Dol
added CN™ ions which has been studied spectroscopically < 10
by Henion, ef al,® who reported a pX value of 19.5 (with- -
out, however, specifying the units). =< of
The analogous reaction in aqueous solution produces the ‘ X
square-planar, diamagnetic [Ni(CN),]?” ion which is ap- o 2

parently the same species formed in the melt. Investigation
of the magnetic changes in this system forms the major por-
tion of this report.

Results and Discussion

The magnetic moment of Ni(II) in molten KSCN at 180°
(Table I) was 3.05 BM, within the range normally encoun-
tered for octahedral coordination geometry for this ion
(2.9-3.3BM).” Spectroscopic results have earlier estab-
lished octahedral coordination here.® Addition of KCN re-
sulted in partial decomposition as Harrington and Sundheim
reported® to produce a black precipitate shown by X-ray
diffraction to be a NiS phase. The filtered melt was yellow-
green, golden yellow with excess CN™. The electronic spec-
trum showed no shifts in the nickel bands as the KCN con-
tent was increased-only a decrease in intensity. This is in
agreement with earlier results® and suggests negligible forma-
tion of mixed thiocyanate-cyanide complexes.

The magnetic behavior of this system is shown in Figure 1.
The susceptibility changes from the octahedral paramagnetic
values to diamagnetism at a small excess of CN™ over Ni(Il),
confirming the formation of the square-planar cyanide com-
plex in the melt. The moment decreases linearly with in-
creasing CN":Ni ratio, although decomposition problems
produce some scatter. At ratios above 5,a constant dia-
magnetic susceptibility was found. If the reaction is written
Ni(II) + 4CN~ = [Ni(CN),]*", a formation constant can be
evaluated from

K= [a—ca)/[cal[ba — 4ac]?

were g = total Ni(IT) concentration, b = CN7:Ni(II) ratio, and
¢ =x4(0bsd)/x(no CN7). The value obtained is about 2 X
105 M4,

(2) N. H. Nachtrieb, J. Phys. Chem., 66, 1163 (1962).

(3) L. E. Topol and F. Y. Lieu, J. Phys. Chem., 68, 851 (1964).

(4) W. Trzebiatowski and J. Mulak, Bull. Acad. Polon. Sci., Ser.
Sci. Chim., 13,759 (1965).

(5) A. Berlin and Nguyen-Nghi, C. R, Acad. Sci., Ser. C, 262,
1421 (1966).

(6) J. Henion, J. Nicole, and G. Tridot, C. R. Acad. Sci., Ser.
C, 262,831 (1968).

(7) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemis-
try,”” 3rd ed, Interscience, New York, N. Y., 1972, Chapter 25.

(8) H. C. Egghart, J. Phys. Chem., 73,4014 (1969).

(9) S. Harrington and B. R. Sundheim, Ann. N. Y, Acad. Sci., 79,
950 (1960).

MOLES CN-/MOLES Ni‘t

Figure I. Magnetic susceptibility of the Ni*SCN"-CN™ melt asa
function of the CN~ to Ni(II) ratio at 180°.

Table I shows some magnetic moments determined for
Ni(IT) and Co(II) in several salt melts and glasses. Although
single-temperature magnetic data are of limited structural
value, it is seen that the values are consistent with the ranges
anticipated for magnetically dilute systems from spectro-
scopic results®™*5 (octahedral Ni(II), 2.9-3 .4 BM; octa-
hedral Co(I1), 4.7-5.2 BM; tetrahedral Co(Il), 4.4-4.8 BM).
In particular, for the three oxy anion systems where Co(II)
gives an intermediate value, the best interpretation of the
spectrum requires an effectively eight-coordinate structure
where each Co(IT) is surrounded tetrahedrally by four bi-
dentate nitrate jons. This is the structure for [Co(NO3),)*"
in its solid compounds, where it exhibits a magnetic moment
of 4.67 BM.*¢ This is very close to the melt value.

Experimental Section

All magnetic susceptibility measurements were made by the Gouy
technique, using closed Pyrex sample tubes. Melt samples were
placed in a noninductively wound tubular furnace between the poles
of the electromagnet (Varian 4 in.). Glasses were measured at room
temperature. Diamagnetic corrections for the solvent salts were
measured directly. Magnetic measurements at room temperature
are believed to be accurate to within £0.05 BM and at melt tem-
peratures to +0.1 BM, although in the latter decomposition can in-
troduce larger errors.

All salts were reagent grade, recrystallized when necessary and
vacuum-dried. In nitrate and thiocyanate media, the appropriate
anhydrous salt or the anhydrous chlorides were used, giving indis-
tinguishable results. Anhydrous nitrates and acetates were prepared
by reported methods;'™'® the chlorides and sulfates were obtained
commercially.

(10) J. A. Duffy, F. P. Glasser, and M. D. Ingram, J. Chem, Soc.
A4, 551 (1968).

(11) M. D. Ingram and J. A. Duffy, J. Chem. Soc. 4, 2575 (1968).

(12) M. D. Ingram and J. A. Duffy, J. Amer. Ceram, Soc., 53,
317 (1970).

(13) J. A. Duffy and M. D. Ingram, J. Amer. Ceram. Soc., 51,
544 (1968).

(14) J. A. Duffy and M. D. Ingram, J. Chem. Soc. A, 2398 (1969}

(15) K. W. Fung and K. E. Johnson, Can. J. Chem., 47, 4699
1969).

(16) D. K. Straub, R. S. Drago, and J. T. Donahue, Inorg. Chem.,
1,848 (1962).

(17) W. Addison, Prep. Inorg. React., 1,141 (1964).



Notes

Solutions were prepared by melting the salt mixture under a
stream of dry N, and adding the appropriate metal salt. After dis-
solution, the solution was filtered through a glass frit, cooled, and
handled in a drybox; the sulfate and zinc chloride systems were not
filtered, however. Formation of the various glasses has been de-
scribed by Duffy and Ingram.'®'® Concentrations used were varied
for each system and were limited by solubility. Generally, they
were of the order 1% metal ion by weight.

In the mixed SCN™-CN" system, separate melts of Ni(II) in
KSCN and KCN in KSCN were made up, mixed in various pro-
portions and then filtered. - This procedure minimized decomposi-
tion reactions which have previously been noted.’

Metal concentrations were determined by EDTA titration or
by atomic absorption spectroscopy. CN content of the SCN™-CN~ "
mixture was obtained by adding a known excess of NaCN to prevent
formation of insoluble [Ni(H,0),}{Ni(CN),] and titrating with Ni-
SO, using a diphenylcarbazone indicator.
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Reductive Fluoride Elimination Syntheses of Transition
Metal Fluorides. Synthesis of Molybdenum Pentafluoride
and Molybdenum Tetrafluoride’
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Previous methods for preparing second- and third-row
transition metal pentafluorides MF; and tetrafluorides MF,
include the direct fluorination of the metal, halogen exchange
with a corresponding chloride, and decomposition or chemical
reduction of a higher oxidation state metal fluoride.? 'In
particular, molybdenum pentafluoride has been reported to
be a product of reactions between Mo(CO)s and F,,?
Mo(CO)¢ and MoFs,* W(CO)s and MoFs,* Mo and F,,* Mo
and MoFg,* and MoFg and PF;.° More simply, MoF, has
only been reported as a product from the reaction of MoS,
and SF4° and from the thermal decomposition of MoF.3**

In our hands, most of these syntheses have been found to
give poor yields and impure products and to be generally un-
reliable. In addition, no one reaction has beeP reported to

(1) This work was performed under the auspices of the U. S.
Atomic Energy Commission.

(2) This chemistry has been extensively reviewed: J. H.
Canterford and R. Colton, “Halides of the Transition Elements,
Halides of the Second and Third Row Transition Metals,” Wiley,
?Iew York, N. Y., 1968; N, Bartlett, Prep. Inorg. React., 2, 301

1968).

(3) R. D. Peacock, Proc. Chem. Soc., London, 59 (1957).

(4) A.J. Edwards, R. D. Peacock, and R. W. H. Small, J. Chem.
Soc., 4486 (1962).

(5) T. A. O’Donnell and D. F. Stewart, J. Inorg. Nuci. Chem., 24,
309 (1962).

(6) A. L. Oppegard, W. C. Smith, E. L. Muetterties, and V. A.
Engelhardt, J. Amer. Chem. Soc., 82, 2835 (1960).

Inorganic Chemistry, Vol. 13, No. 6, 1974 1529

be generally applicable to the synthesis of both metal penta-
fluorides and tetrafluorides. Since a comprehensive appli-
cation of these interesting compounds to new synthetic sys-
tems has been impeded by preparative problems we have
attempted to develop a simple, convenient, and general
synthetic method for the preparation of second- and third-
row transition metal pentafluorides and tetrafluorides. We
report here two simple, novel reductive-fluoride elimination
routes to MoFs and MoF,.

Experimental Section

The manipulation of the volatile compounds was accomplished
in a Monel vacuum line’ fitted with auxiliary Kel-F reaction tubes.®
The molybdenum hexafluoride was purchased from Ozark-Mahoning
Co., Tulsa, Okla., and was purified by trap to trap vacuum distillation.
Hydrogen fluoride was purchased from Matheson Co. The crude HF
was purified by trap to trap distillation. The resulting liquid was
stored over K,NiF,. The mass spectra were recorded with a modified
Bendix Model 12 time-of-flight spectrometer using a solids-probe
attachment. Thin-film infrared spectra were recorded with a Perkin-
Elmer 521 spectrophotometer (4000-400 cm™'). The Raman spectra
were recorded with a Cary 82 spectrometer using 6471-A Kr* laser
excitation, The Raman samples were contained in sealed thin-wall
5-mm glass nmr tubes.

Syntheses of MoF,. In a typical one-electron reduction reaction
1.0 g (4.76 mmol) of MoF, and 10 ml of anhydrous HF were con-
densed into a Kel-F reaction tube containing 30.8 mg (1.1 mmol) of
pure silicon powder frozen in § ml of HF., Caution! Metal hexa-
fluorides should not be condensed directly into silicon powder with-
out solvent present. Explosions may result. After 1 hr at 23° the
reaction is complete as evidenced by the disappearance of the silicon
powder and the cessation of gas (SiF,) evolution. Vacuum evapora-
tion of the volatile products (HF, SiF,, excess MoF,) afforded 0.84 g
(100%, based on Si) of bright yellow MoF,. By a second method,
1.0 g (4.76 mmol) of MoF, and 10 ml of anhydrous HF were con-
densed into a Kel-F reaction tube. The tube was warmed to room
temperature and hydrogen gas (2.3 mmol, P, = 2000 Torr) was added
to the stirred solution. After 3 days the volatile products (HF, un-
reacted MoF,) were vacuum evaporated leaving about 0.60 g (68%,
based on H,) of MoF,.

Synthesis of MoF,. In a typical two-electron reduction reaction,
1.0 g (4.76 mmol) of MoF, and 10 ml of anhydrous HF were com-
bined with 64.4 mg (2.3 mmol) of silicon powder and 5 ml of HF in
a Kel-F reactor. Three days of stirring at 23° resulted in a green oil
from which MoF, could be sublimed at 90~100°. A pale yellow-green,
nonvolatile powder, MoF, (0.19 g, 22% based on Si), remained. Ina
second, more satisfactory reaction, 1.0 g (5.23 mmol) of MoF,
isolated above, 34.0 mg (1.2 mmol) of silicon powder and 10 ml of
HF were combined in a Kel-F reactor. The silicon powder disappeared
from the stirred solution in 6-12 hr. Vacuum evaporation of the
volatile products afforded 0.9 g (97%, based on Si) of yellow-green
MoF,.

Characterization of Products. MoF,. Theyellow, moisture-sen-
sitive, crystalline MoF, was found to sublime at cz. 50° and melt at
63°. The mass spectrum of the vapors above the solid (25°) was re-
corded at 70 eV, and the principal ions are as follows [m/e (assign-
ment) relative intensity]: 193 (**MoF,") 20, 174 (°**MoF,") 100, 155
(°*MoF,") 47, 136 (°*MoF,") 24, 117 (**MoF*) 10. Ion envelopes
corresponding to Mo,F,* and Mo, F,* were easily detected, but
individual ion resolution at #/e >300 was not possible. The ions
listed above are for **Mo only; ions due to **Mo, **Mo, and **Mo also
could be easily discerned. The infrared absorptions (cm™') from a
cold (77°K) sublimed thin-film sample (Figure 1) are 765 (w), 739
(m), 691 (s), 654 (vs, sh), and 521 (m). The Raman data (cm™'), re-
corded at 30° from a premelted, rapidly cooled sample are 747 (s,
pol), 701 (w, pol), 228 (w), and 200 (w). The vellow solid is
soluble without decomposition in anhydrous HF.

MoF,. The pale yellow-green, moisture-sensitive MoF, obtained
from the one-electron reduction of MoF, and from the thermal de-
composition of the green oil was found to be insoluble in anhydrous
HF. Anal. Calcd for MoF,: F,44.2. Found: F,44.0. Powder
X-ray diffraction data are dopgg = 8.1 (vW), 6.9 (vw), 5.5 (w), 4.7
(m, br), 4.4 (m), 4.0 (m), 3.8 (s), 3.55 (br, 5), 3.17 (W), 3.13 (w),

(7) D. F. Shriver, “The Manipulation of Air Sensitive Compounds,”’
McGraw-Hill, New York, N. Y., 1969.
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