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- “TaBLE II

SELECTED INFRARED FREQUENCIES (cM~!) oF PRODUCTS FROM REACTIONS OF HYDROGEN HaLIDES (HX) AND
trans-LyIr(CO)Y 1N VARIOUS SOLVENTS (Y Is HALOGEN OR PSEUDOHALOGEN; L Is PHOSPHINE OR ARSINE)

L Y HX Solvent
(CsHs)aP Ci HBr CaHe—CH«OH
(CBHs)aP C1 HBr CaHa—CHaCN
(CeH;)sP Cl HBr HC(O)N(CHs)
(CeH;)sP al HBr CHC
( CsHs )2CH3P C1 HBr CeHe—CHaOH
(CsHs)sAS Cl HBI‘ CeHe—CHaOH
(CeH;)sP Br HC1 - CeHe-CH;;OH
(CeHs)aP Br HCI CsHa—CHaCN
(CeHs)sP Br HC1 HC(O)N(CHas).
(CsHs)aP Br HCI CHCls
(CeHs)zCHaP Br HCl CeHe—CHaOH
(CeH:;)sP I HCl CsH—CH,;0H
(CeH;)sP Cl HI CsHe~CH;OH
(CeH;)sP C1 HI CeHe~CH;CN
(CoH; )P al HI HC(O)N(CHj),
(CeHa)aP Cl HBr CHzCIz
(CsHs)aP Br HCl CHzCIg
(CeHs)chsp C1 HBr CaHe—( Csz)zO

(wet)
(C6H5)2CH3P Br HCl CsHe—( Csz)zO
(wet)

o In CH,Cl; solution; all other frequencies in Nujol.

mixtures of c¢is and trans isomers in ionizing solvents,
contrasted to the stereospecifically cis products ob-
tained in benzene. Among the numerous routes by
which mixtures of isomers can originate, the following
most obvious pathways were briefly considered.

(1) Isomerization during Work-up.—Far-infrared
spectra (v1,—c1 frequencies) of products in the benzene
reaction solution were virtually identical with the solid-
state spectra of products obtained by either stripping
the solvent or precipitation with methanol, hexane, or
diethyl ether, This indicates that isomerization during
work-up is not significant under mild conditions. An
nmr spectrum of the solution of reactants HBr and
trans-[P(CH;) (CeH;):.IrCOCl in benzene showed a
triplet at 7 8.05 denoting the trams orientation of
phosphine ligands. This spectrum is identical with
that of the products obtained after precipitation with
methanol. Rearrangements of phosphine ligands with
variation of solvent such as was observed in the addi-
tion of allylic halides to iridium(I) complexes can thus
be excluded.”

(2) Substitution of Halogen in a Six-Coordinate
Product.—Treatment of a solution of 50 mg of [CHs-
(CeHj):PJIr(CO)Br-HBr with 100 mg of tetramethyl-
ammonium chloride in 5 ml of methanol gave a product
which had an infrared spectrum indicating Clincorpora-
tion in both cis and frans positions relative to the hy-
dride. Similar treatment of [CH;(CeH;)3PJoIr(CO)Br-
HBr with anhydrous hydrogen chloride in dry benzene
solution resulted in no detectable substitution of Br by
Cl atoms. Treatment of trans-{(C¢Hs)sP].Ir(CO)Cl
with excess HBr in benzene-methanol results in a
product with no v1,—ci.

(3) Substitution of Halogen before Addition.—
Exchange reactions of square-planar d® rhodium com-
plexes are extremely rapid.!! When a solution of 100

(11) H. B. Gray and A. Wojcicki, Proc. Chem. Soc., 358 (1960).

Ir-H IrC-0 Ir-Cl
2235 2074 w, 2020 vs. 307, 264
2239 2021 305, 264
2227, 2235 sh 2021 306, 258
2238 2019 264
2216, 2204 2044 304, 265
2200 2020 306 vw, 263 vw
2236 2021 308, 260
2235 2020 306, 259
2236, 2225 2020 308, 259
2226 2022 306
2216, 2204 2044 310, 264
2235, 2203 2018 300, 256
2210¢ 20474 306, 260
2218 2045 306, 258
2208« 20474 305
2228 2021 305, 256
2228 2050, 2020 306, 260 vvw
2214, 2205 2044 308, 262
2245, 2220 2030, 2020 308, 261

mg of {trans-bromobis(triphenylphosphine)carbonyl-

iridium(I) in 10 ml of benzene was treated with a
solution of 100 mg of tetramethylammonium chloride in
5 ml of methanol, a yellow product with v1,_ci at 314
cm ™! was obtained within 2 min.

These results indicate that the addition of anhydrous
hydrogen halide (HX) to frans-halobis(arylphosphine)-
carbonyliridium(I) complexes gives czs HX adducts in
benzene or chloroform. In the presence of solvents
such as methanol, acetonitrile, water, or dimethyl-
formamide, which have the capacity of solvating ions,
mixtures of ¢is and frans isomers are formed. Whether
these isomers result from rapid exchange of halide ions
before the addition reaction or exchange of halide ions
in the products remains to be explored.
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Reactions of Eight-Coordinate Metal
Cyanide Complexes. II.! Interaction of
Octacyanomolybdate(IV) with Uranyl Salts

By MARK ALLEN AND STEPHEN J. LIPPARD?
Recetved November 10, 1969

The addition of amine molecules to octacyanomolyb-
date(IV) results in the formation of red compounds for

(1) PartI: §S.J.Lippard and B. J. Russ, I'norg. Chem., 6, 1943 (1967).
(2) Alfred P. Sloan Foundation Fellow.
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Figure 1.—Representative continuous variation plots for the
reaction between uranyl and octacyanomolybdate(IV) ions in
solution: curve A, A 418 nm, total concentration of ions 1.0 X
1073 M; curve B, A 550 nm, total concentration of ions 5.0 X
1073 M. X is the mole fraction of uranyl ion.

which decacoordinate, bicapped square-antiprismatic
structures have been postulated.? A two-dimensional
X-ray diffraction study? of one of these compounds,
Cd:[Mo(CN)s]-2N.H,- 4H,0, appears to support such
a structural speculation.® Another reaction in which
the molybdenum atom of [Mo(CN)s]¢"might expand
its coordination sphere occurs when aqueous solutions
of uranyl (UO.?*) salts are mixed with potassium
octacyanomolybdate(IV). The reaction is character-
ized by a striking yellow to red-brown color change,®
which could result from the interaction of oxygen
atoms of the linear uranyl groups with the molybdenum
atoms of [Mo(CN)s]*~ ions. Alternatively, the nitro-
gen atoms of the coordinated cyanide ligands could
bind to the uranyl groups, an attractive possibility
since uranyl ions are known to form brown complexes
with ferrocyanide’™® and since aquated Fe®t and Cr¥+
ions produce color changes when mixed with octacy-
anomolybdate(IV).11  In order to distinguish between
these two structural alternatives and to provide
further information about the uranyl-octacyanomolyb-
date(IV) reaction, the experiments described in the
present note were carried out.

Experimental Section
Reagents and Physical Measurements.—Potassitum octacyano-

(3) W. Jakéb, A. Sambtus, and Z. Stasicka, Roczniki Chem., 40, 1383
(1966), and references contained therein.

(4) J. Chojnacki, J. Grochowski, L. Lebioda, B. Oleksyn, and K. Stad-
nicka, 7bid., 48, 273 (1969).

(5) For further references to and discussion of this topic, ¢f. (@) J. R.
Perumareddi, Z. Naturforsch., 21b, 22 (1966); (b) S. J. Lippard, Progr.
Inorg. Chem., 8, 109 (1967).

(6) This observation was first reported nearly 40 years ago,” but the re-
action was not studied in detail at that time.

(7) G. A. Barbieri, Atti Reale Acced, Naszl. Lincei, Rend,, Cl. Sci. Fis,,
Mat. Natur., 12 148 (1930); cf. Chem. Abstr., 26, 2384 (1831).

(8) I.V. Tananaev and M. I. Levina, Zh, Neorgan. Khim., 8, 2045 (1958),
and references contained therein. .

®) J. N. Gaur, H. C. Gaur, and A. K. Bhattacharya, J. Indian Chem.
Soc., 80, 157, 163, 859 (1953).

(10) W. U. Malik and 8. I. Ali, J. Inorg. Nucl. Chem., 20, 155 (1961).

(11) W. U. Malik and 8. I. Ali, Talanta, 8, 737 (1961).

Inorganic Chemistry

molybdate(IV) was prepared by the method of Furman and
Miller'? from reagent grade materials., Uranyl salts were of
highest purity available commercially. Chemical microanalyses
were performed by Galbraith Laboratories, Knoxville, Tenn.
Infrared spectra of solid samples pressed into KBr pellets were
recorded with a Perkin-Elmer Model 621 spectrophotometer.
Visible and ultraviolet spectra of aqueous solutions were taken
on a Cary Model 14 or Model 15 recording spectrometer using
matched quartz cells of 1-cm path length.

Hydrated Uranyl Octacyanomolybdate(IV), (UO;):Mo(CN)s-
nH;O.—When an aqueous solution of Ky[Mo(CN)s -2H:0
(bright yellow) was mixed with a solution of UQOz(INOs).+6H,0
(pale yellow) or any other uranyl salt such as UO;Cly or UO,-
(CeH;0,):-2H,0, there was an immediate color change to red-
brown. Addition of acetone to 50 ml of an aqueous solution,
0.01 M in octacyanomolybdate(IV) and 0.02 M in uranyl ion,
produced a red-brown solid. As judged by infrared spectros-
copy (vide infra), the nature of the solid was unaffected by the
particular choice of uranyl anion. The solid was filtered, washed
with acetone, and dried in air; yield, 0.459 g (~959%,); mp
>345°. Anal. Caled for (UO:)Mo(CN)-nH0: n = 6:
C,10.09; H,1.27; N,11.77; » = 8: C,9.57; H,1.61; N,11.16;
K, 0.0. Found (two separate preparations): C, 10.21, 9.75;
H, 0.96, 1.25; N, 10.74, 10.71; K, 0.22.

It was also possible to prepare the compound, in very small
quantities, by mixing saturated but very dilute methanol solutions
of K4[Mo(CN)s] -:2H,0 with uranyl salts and collecting the solid
that formed. A4nal. Found (two separate preparations):
C, 10.73, 9.74; H, 2.03,1.17; N, 10.68, 11.07. The red-brown
solids were soluble only in aqueous media. Attempts to pre-
pare well-developed crystals from water solutions for X-ray dif-
fraction studies were unsuccessful. Slow evaporation of a water
droplet of solution produced long, thin, polymer-like ribbons of
red-brown material.

Results and Discussion

The stoichiometry of the reaction between uranyl
salts and octacyanomolybdate(IV) in solution was in-
vestigated by the method of continuous variations.1-18
This approach was possible because of the development
of an intense charge-transfer!® absorption band,
the tail of which extends across the entire visible region
of the spectrum. Such a band is absent in the elec-
tronic spectral”® of [Mo{CN)s]4~ and [UO.(H;0)s]2+.
Plots of the corrected change in absorbance!® at several
wavelengths against the mole fraction of added uranyl
ion exhibit maxima at 0.5 for 10—% A{ total concentra-
tion of ions (Figure 1, curve A). This behavior is in-
dicative of 1:1 complex formation,'®~1 a result also ob-
tained for the ferric and chromic octacyanomolyb-
date(IV) systems.!®!? The plots are not exactly sym-
metric about the midpoint, however, which usually
suggest the presence of more than one complex species
in solution.!* At 5 X 10—% M total ion concentration,
the maxima at various wavelengths actually shift
slightly to ~0.55 (Figure 1, curve B). In view of this
behavior, no attempt was made to obtain equilibrium
or other thermodynamic constants for this system.

Although the spectral studies establish that a 1:1
uranyl-octacyanomolybdate(IV) complex forms in

(12) N. H. Furman and C. O. Miller, Inorg. Sy=., 8, 160 (1950).

(13) P. Job, Ann. Chem., 9, 113 (1928).

(14) W. C. Vosburgh and G. R. Cooper, J. Am. Chem. Soc., 68, 437
(1941).

(15) L. I. Katzin and E. L. Gebert, ibid., 72, 5455 (1950).

(16) M. J.S. Dewar and C. C. Thompson, Jr., Tetrahedron Suppl., T, 97
(1966); C. K. Jdrgensen, Progr. Inorg. Chem., in press,

(17) R. M. Golding and A. Carrington, Mol. Phys., B, 377 (1962).

(18) J.T. Bell, J. Inorg. Nucl. Chem., 81, 703 (1969).
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Figure 2.—Infrared spectra of (A) Ki4[Mo(CN)g}-2H.0, (B)
UOz(NOa)g'ﬁHzO, and (C) (UOz)z[MO(CN)g] -nH20 in KBr disks.

solution, the solid materials analyze as (UQ2):Mo(CN)s-
nHy0, n ~ 6-8. The second uranyl group in the solid
is apparently required for electroneutrality. Potas-
sium ions, present in solution, were not detected in the
solids by chemical analysis. Omne possible structural
rationalization for the stoichiometry of the solids,
suggested by the solution spectral results, is represented
by the formula [UOz(HzO)e]n [UOQ(HzO)zMO(CN)B]n
Here the uranium atom of the cation achieves eight-
coordination by bonding to six water molecules in the
hexagonal plane, in the usual manner.®® In order to
complete the hexagonal coordination belt of the uranyl
group associated with the anion, the nitrogen atoms of
the [Mo(CN)s]*~ complex might bond to the uranium
atoms to form some kind of polymeric structure. Other
polymeric structures in which both uranyl groups are
bonded to the nitrogen atoms of the anion are also
possible.

Evidence for the participation of the cyanide
ligands in uranyl binding was obtained from infrared
spectral studies of the solids. In Figure 2 are displayed
the infrared spectra of UO,(NOy), - 6H,0, Ky [Mo(CN)s]:
2H,0, and (UO,):[Mo(CN)]-#H,0. From the figure
it is apparent that the sharp, distinct bands in the cya-
nide stretching frequency region (2050-2140 cm™!) of
[Mo(CN)s]4~ are replaced by a broad envolope centered
at 2140 em™! in the red-brown adduct. This result is
consistent with Mo—C==N—UO; binding, as proposed
above. It is, moreover, evident from the infrared
spectra that the oxygen atoms of the linear uranyl
group interact very weakly if at all with the molybde-
num atoms, since the asymmetric O-U-O stretching
frequency,!® ~940 em™, is unaltered upon adduct for-
mation.

Infrared spectra of the red-brown adducts formed
from uranyl chloride or uranyl acetate were identical
with that obtained for the uranyl nitrate (Figure 2),
confirming that simple anions present in solution do
not coprecipitate with octacyanomolybdate(IV).
When solutions of K[W(CN)z]-2H.O were added to

(19) J. I. Bullock, J. Chem. Soc., A, 781 (1969).

Notes 993

solutions of uranyl salts, a red-brown color developed.
The presumably analogous tungsten system was not
studied further. Attempts to examine the photochemi-
cal behavior! of aqueous solutions of (UQO;):[Mo(CN)s]-
nH:O were unsuccessful because of interference from
the known photoreduction® of the uranyl ion,

In summary, it may be concluded from the present
study that the red-brown color that appears when [Mo-
(CN)g]*—and UO,% 7 ions are allowed to react in aqueous
solution does not correspond to an increase in the coor-
dination number of the molybdenum atom. Instead,
it has been shown that the nitrogen atoms of the cyanide
ligands are bonded to the uranyl groups to form a com-
plex which is probably polymeric.
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(20) E. Rabinowitz and R. L. Belford, Ed., ‘“Spectroscopy and Photo-
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All of the group IV metals with the exception of
lead(IV) are known to form acetylacetonate complexes
of the type M(acac):Cl;. The constitution of Si(acac).-
Cl; in solution is uncertain,! but the Ti(IV),2~* Zr-
(IV),»¢ HfIV),5¢ Ge(IV),” and Sn(IV)"—? complexes
are monomeric and have been assigned cis configurations.
Neither these complexes nor their known derivatives
with other B-diketonato or halo ligands have been
shown to adopt a trans-dihalo structure.®

The nmr studies reported here establish the existence
of both cis and {rans structures for the dichlorobis(s-
diketonato)germanium(IV) complexes Ge(dpm),Cls
and Ge(pvac);Cly, where dpm = (-CHg)COCHCO-
(t-CiHy)~ and pvac = (¢-C:H)COCHCOCH;~. Also,
the nmr spectrum of Ge(acac);Cl; has been reinvesti-
gated, and theresults indicate that the molecule adoptsa

(1) D, W. Thompson, Inorg. Chem., 8, 2015 (1969).

(2) D. C. Bradley and C. E, Holloway, Chem. Commun., 284 (1965).

(8) R. C, Fay and R. N. Lowry, Inorg. Nucl. Chem. Letters, 8, 117 (1987).
(4) R.C.Fayand R. N. Lowry, Inorg, Chem., 8, 1512 (1967).

(5) T.]J.Pinnavajaand R, C. Fay, ibid., 7, 502 (1968),

(6) R. C, Fay and T. J. Pinnavaia, ¢bid., 7, 508 (1968).

(7) J. A. S. Smith and E. J. Wilkins, J. Chem, Soc., A, 1749 (1966).
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(9a) NoTE ADDED IN PRrOOF.—cis and frans octahedral configurations
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personal communication, Dec 1969,



