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and 0.1 M pmdien) has succeeded by use of ascorbate in CO-
saturated solution at pH 10. No reduction of the Cu'f complex
was possible in the absence of CO. This explains why we did not
see the two-step le redox reaction in the polarography of the Cul!
and Cu! complexes with pmdien in CH;CN (only)-containing
aqueous solution.

Comparison of [Cu(dien) (CO)]* (1) and [Cu(pmdien)(CO)]*
(8). Finally, 8 was isolated as the crystalline perchlorate salt from
aqueous solution (see Experimental Section). A molecular model
suggests a tetrahedral structure for 8 similar to that established
(by X-ray study) for 1.° The colorless solid 8(C10,) gradually
turned to blue in the air. However, such oxidation of 8 is ap-
parently slower than that of the previous 1. The infrared veqg
signals occur at 2082 cm™ (KBr pellet) and 2088 cm™! (in H,0)
for 8 and 2080 ¢cm™! (in THF or Nujol) for 1,° suggesting a
common end-on CO bonding to Cul."* CO dissolved in H,O failed
to show a definite v band due to perturbation with H,O. The
veo (gas) value is reported at 2170 cm™.2° If pmdien were a much
weaker g-donor (or stronger w-acceptor) than dien, we would
anticipate a stronger Cul-CO bonding for 8, which would be
reflected in a higher vog value.2 A characteristic UV absorption
in aqueous solution occurs at Ay,, 275 nm (e 3900) for 8, while
no such UV behaviors in solution were reported for previous

(22) The infrared vco band for the CO adduct of {Cu(cimetidine)]* (con-
taining an imidazole ligand)® was observed at 2097 em™ in CO-satu-
rated aqueous solution (Kimura, E.; Koike, T. Unpublished results).

Cul-CO complexes, including 2.

Concluding Remarks

The present study has disclosed that the tridentate tertiary
saturated amine pmdien is an appropriate ligand to sustain Cu!
with the aid of a monodentate a-ligand such as CH,CN or CO
in neutral agqueous solutions as monomeric, four-coordinate Cul
complexes. The good separation between the two 1e redox systems
by 8 may open up some applications such as a new CO-gas sensor.

The results clearly point out that a N-peralkylated tridentate
open-chain tertiary amine (pmdien) stabilizes Cul in aqueous
solutions more than the nonalkylated counterpart (dien). A direct
comparison of the [Cu(L)(CO)]* formation constants failed due
to the instability of the dien system 1 in aqueous solution.
However, a similar vo frequency of the Cul-bound CO indicates
similar donor (to Cu') effects for pmdien and dien. The stability
of the Cul/pmdien system 8 against water or other hostile ligands
seems due to the steric and/or hydrophobic effects of per-
methylation. This result suggests that the analogous effect ob-
served in tetraaza macrocyclic complexes®!>!3 is not due to an
increase of the cavity of the macrocyclic ligand but rather to the
steric hindrance and/or hydrophobicity of the methylated ligands.
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The triflato complex [Os(NH,;)s(OSO,CF;)](CF;S0;), is prepared in 95-100% yield by either the Br, or O, oxidation of
[Os(NH;3)s(N,)ICl, in neat CF;SO,H or the substitution reaction of [Os(INH,)sCi]Cl, in neat CF;SO;H. Solvation rates are
rather rapid in comparison to those of other Os(III) complexes, with kg, = 8.8 X 107 57! at 25 °C in 1 M aqueous CF,SO;H.
The solvation rate constants have been recorded for a number of solvents; however, basic solvents cause disproportionation reactions,
which limits the range of solvents in which this reaction can be studied. In the case of [Os(NH;)s(acetone)]**, a second first-order
reaction is observed, which is believed to involve the condensation of acetone with an ammine ligand. A large variety of
pentaammineosmium(III) complexes can be prepared either by the direct reaction of the triflato complex with the neat ligand
or by the use of relatively labile solvent complexes as intermediates. These reactions are not suitable for basic ligands because
of the disproportionation problems. Complexes with many anionic ligands are prepared readily by heating the triflato complex
in aqueous solutions of HX or acidified NaX solutions. The osmium(II) analogues are prepared readily from the reduction of
the osmium(III) complexes. The shifts in the Os(III/II) redox potentials of the complexes containing the w-acid ligands compared
to [Os(NH;)e]3*/2* are more positive than the corresponding shifts in the ruthenium analogues. This indicates the greater extent
of w-back-bonding for Os(II), as compared to Ru(II). The reactivity patterns of the Os(III) and Ru(III) complexes also indicate
that w-back-bonding is significant for Os(III), but not for Ru(III). The [Os(NH;)s(acetone)]**/2* and [Os(NH;)s(dmso)]*+/2*
complexes exhibit oxidation-state-dependent linkage isomerization reactions. The electronic absorption spectra of both the Os(IIT)
and Os(II) complexes with r-acid ligands are dominated by MLCT transitions, which occur at lower energies for the former. The
electronic transitions that occur within the t, subset of the 5d orbitals are observed in the near-IR region. They are due to the
effects of spin—orbit coupling on the t,° electronic configuration and are an order of magnitude more intense for the complexes
with w-acid or w-base ligands than those where the ligand shows little or no tendency to 7-bond.

Introduction

Although the known chemistry of [Ru(NH;)sL]™ in both the
Ru(II) and Ru(III) oxidation states is quite extensive, the cor-
responding osmium chemistry is not as well-known.! This dis-
parity has arisen partially from the historical difficulty in preparing
osmium(III) pentaammine complexes'™ and partially from the
instability of many Os(II) complexes to oxidation by water or to
ligand reduction.®*  In particular, the instability of [Os-

* University of Sydney.
tStanford University.

(NH;)s(OH,)1%* to oxidation by water®S has limited its use as
an effective synthetic intermediate, unlike the Ru(II) analogue.

Since it was first shown that the triflato (trifluoromethane-
sulfonato) ligand of {Cr(OH,)s(OSO,CF;)]%* is comparable in

(1) Taube, H. Pure Appl. Chem. 1979, 51, 901-912; Comments Inorg.
Chem. 1981, 1, 127-131.

(2) Allen, A. D.; Stevens, J. R. Can. J. Chem. 1972, 50, 3093-3099.

(3) Bottomley, F.; Tong, S. B. Inorg. Synth. 1976, 16, 9-13.

(4) Sen, J.; Taube, H. Acta Chem. Scand., Ser. A 1979, A33, 125-135.

(5) Gulens, J.; Page, J. A. J. Electroanal. Chem. Interfacial Electrochem.
1974, 55, 239-253.

(6) Gulens, J.; Page, J. A. J. Electroanal. Chem. Interfacial Electrochem.
1976, 67, 215-230.
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reactivity to the perchlorato ligand as a leaving group,’ the lability
of the triflato ligand has found use in the syntheses of cobalt amine
complexes.®13  More recently, triflato complexes of many of the
other substitution-inert oxidation states of transition-metal ions
have been prepared and have been found to be equally useful
synthetic intermediates.!*?6 The properties and use of [Os-
(NH;)s(OSO,CF;)}?*, as a synthetic intermediate, have been
reported on briefly.2>26 1In this paper, details of its synthesis,
reactivity, and general synthetic utility are discussed; its use in
the synthesis of N-heterocyclic complexes is detailed elsewhere.?

Experimental Section

Materials and Reagents. CF;SO;H (3M Co.), sulfolane, N,N-di-
methylformamide, and triethyl phosphate were vacuum-distilled prior to
their use.®® Acetone and dmso, both of AR grade, were dried over 4-A
molecular sieves for at least 48 h before use. Acetonitrile (Aldrich,
spectroscopic grade) and benzonitrile (AR) were passed through a col-
umn of neutral alumina and stored over the same. The aqueous hydro-
halic acids used were all of AR grade. Analytical grade diethyl ether
and OsO, (Alfa) were used as received. High-purity argon was used for
all manipulations involving the Os(IT) complexes and was deoxygenated
(Cr?*) and dried (H,SO,) prior to its use.

Instrumentation. Cyclic voltammograms were performed by using a
PAR Model 173 potentiostat with a PAR Model 175 universal pro-
grammer as a function generator. The responses were recorded on a
PAR Omnigraphic X-Y recorder or a Tektronix single-beam storage
oscilloscope and camera for fast scan rates (>500 mV s71). A three-
electrode system was used, which incorporated a glassy-carbon or car-
bon-paste working electrode, a platinum wire as the auxiliary electrode,
and the SCE as a reference electrode. In nonaqueous solvents, the ref-
erence electrode was separated from the working compartment by a salt
bridge containing the same solvent and electrolyte as those in the bulk
solution. The ferrocenium/ferrocene couple was used as an internal
standard in nonaqueous solvents.”’ For bulk electrolysis, the PAR 173
potentiostat was used in conjunction with a PAR 179 digital coulometer,
either a Hg pool or a Pt basket being used as the working electrode. A
BAS 100 electrochemical analyzer was also used in some experiments.

Infrared spectra were recorded as KBr disks on either a Perkin-Elmer
Model 621 IR spectrometer or a Nicolet 7199 FTIR spectrometer. The
latter was also used for the recording of the near-IR spectra in KBr disks.
Absorption spectra (UV, visible, and near-IR) were recorded by using
a Beckman Model 5270 spectrophotometer. The spectra in the near-IR
region were recorded for samples pelletized in KBr or CsI and/or dis-
solved in 0.1 M DCI1/D,0 solutions. Spectra of air-sensitive complexes
were obtained by reducing the complexes with Zn(Hg) or [Ru(NH;)¢]**
in a Zwickel flask under an argon atmosphere and then transferring the

(7) Scott, A.; Taube, H. Inorg. Chem. 1971, 10, 62-66.
(8) Dixon, N. E.; Jackson, W. G.; Lancaster, M. J.; Lawrance, G. A.;
Sargeson, A. M. Inorg. Chem. 1981, 20, 470-476.
(9) Dixon, N. E.; Jackson, W. G.; Lawrance, G. A.; Sargeson, A. M. Inorg.
Synth. 1983, 22, 103-107.
(10) Curtis, N. J.; Hagen, K. S.; Sargeson, A. M. J. Chem. Soc., Chem.
Commun. 1984, 1571-1573.
(11) Lay, P. A;; Sargeson, A. M. To be submitted for publication. Lay, P.
A. Ph.D. Thesis, Australian National University, 1981.
(12) Lawrance, G. A.; Sargeson, A. M. Inorg. Synth. 1986, 24, 279-282.
(13) Dixon, N, E.; Lawrance, G. A,; Lay, P. A.; Sargeson, A. M. Inorg.
Chem. 1983, 22, 846847, 1984, 23, 2940~-2947.
(14) Lawrance, G. A.; Sargeson, A. M. Inorg. Synth. 1986, 24, 250-252.
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H. Inorg. Synth. 1986, 24, 243-250.
(16) Dixon, N. E.; Sargeson, A. M. I'norg. Synth. 1986, 24, 253-256.
(17) Lawrance, G. A,; Lay, P. A.; Sargeson, A. M.; Taube, H. Inorg. Synth.
1986, 24, 257-263. :
(18) Lay, P. A,; Sargeson, A. M. Inorg. Synth. 1986, 24, 263269, 283-287.
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14, 277-279.
(20) Lay, P. A,; Sargeson, A. M.; Taube, H. Inorg. Synth. 1986, 24,
287-291, 291-299.
(21) Ware, D. C.; Lay, P. A; Taube, H. Inorg. Synth. 1986, 24, 299-306.
(22) Sullivan, B. P.; Meyer, T. 1. J. Chem. Soc., Chem. Commun. 1984,
403-405, 1244-1245.
(23) Lay, P. A.; Magnuson, R. H.; Taube, H. Inorg. Synth. 1986, 24,
269-279.
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solutions directly to a Beckman spectrophotometer cell. 282

Reaction Kinetics, Rates of substitution reactions were measured on
the Beckman spectrophotometer by dissolving solid [Os(NH;)s(OSO,;C-
F3)](CF3S0y), in the appropriate solvent, which had been preequilibrated
at 25 °C. The solution was filtered prior to the measurement of the
reaction kinetics, and the temperature was maintained constant (£0.1
°C) by the use of a thermostated water bath. The consecutive first-order
reactions that were observed in the case of the complex in acetone were
treated by the published graphical method.*

Synthesis. (NH,),[OsClg]*! is prepared from QsO, and is used for the
synthesis of [Os(NH,)s(N,)]Cl, by a modification®**? of the previously
published methods.2>*  [Qs(NH,)sCI]Cl, is prepared from [Os(N-
H;)s(zl:lz)]Clz by the oxidation of the dinitrogen complex in aqueous
HCI.

Caution! The precipitation of the Os complexes as their perchlorate
salts should be strictly avoided, as they are unpredictably explosive and
present an extreme safety hazard.

[0s(NH,)5(0SO,CF;)](CF:S0;),, Method 1. To [Os(NH,)s(Ny)]Cl,
(2.0 g, 5.3 mmol), contained in a 50-mL two-necked round-bottomed
flask fitted with an Ar or N, gas bubbler, is added distilled®® anhydrous
CF,;SO;H (10 mL). Liquid Br, (0.5 mL, 10 mmol, 4-fold excess) is
added to the yellow or pale green solution, and N, immediately begins
to evolve from the interface of the Br, and CF,SO,H layers. The pale
green color that is sometimes observed results from an impurity of the
mixed-valence species [(NH;)sOsN,Os(NH,)s]%*, but under the reaction
conditions this compound is also converted to the [Os(NH,)s-
(OSO,CFy)]? ion. A constant flow of N or Ar is commenced in order
to stir the solution while the temperature is maintained around the boiling
point of Br,, ~50-60 °C. The gas flow is stopped periodically to de-
termine if the evolution of N, gas has ceased from the interface of the
two layers. When the evolution has ceased (~0.5-1 h), the solution is
heated to 110 °C in an oil bath, and a constant gas flow is maintained
in order to drive off excess Br, and the HBr that has been produced in
the reaction. After the brown fumes have ceased and no Br; remains in
the bottom of the flask, the solution is cooled to room temperature. It
is then cooled in an ice bath to ~5 °C. Anhydrous diethyl either (~30
mL) is added dropwise to the rapidly stirred solution. (Caution! This
a very exothermic addition, and due care must be exercised to avoid too
rapid addition of the diethy! ether). A white to cream-colored precipitate
begins to form immediately. The precipitate is collected on a medium-
porosity frit and is air-dried. For larger scale reactions, it is best to let
the precipitate settle and decant off most of the solvent through the frit.
The filtrate may be kept for recovery of CF;SO,H as the Na* salt.3® The
solid is washed with copious quantities of anhydrous diethyl ether until
the washings are colorless and then dried (yield 3.7 g, 96%). At this
point, the compound is quite suitable as a synthetic intermediate, but it
may be purified by boiling a suspension in chloroform, as follows. Any
lumps in the solid are broken up by grinding with a mortar and pestle.
A suspension of the powder is stirred in boiling chloroform (AR, 50 mL)
for ~0.5 h, in order to remove any coprecipitated Et,0-CF,SO;H. The
fine powder is collected on a medium-porosity frit, washed once with
chloroform (10 mL), and dried in air. Anal. Caled for
C;H,sFgNOgS,0s: C, 4.98; H, 2.09; N, 9.69; S, 13.31; F, 23.66. Found:
C,53;H, 2.1; N, 9.7; S, 13.1; F, 23.0. The compound is stored in a
desiccator over P4Oy, or silica gel in order to prevent absorption of
atmospheric moisture, which will form [Os(NH3)s(OH,)](CF;S80,); in
the solid state. However, this process is very slow, and the compound
may be manipulated readily without the precautions necessary for
working in a moisture-free atmosphere.

Method 2. To [Os(NH;)sClICl; (1.0 g, 2.6 mmol) in a 50-mL two-
necked round-bottomed flask is added carefully distilled trifluoro-
methanesulfonic acid (5 mL, 57 mmol). The stirred reaction mixture is
heated to 120 °C while a flow of N, is maintained through the solution.
After 1 h, the gas bubbler is removed, the flask is stoppered to prevent
too much evaporation of CF;SO3;H, and the heating is continued for
10-15 h at 120 °C. The nitrogen bubbler is replaced in order to allow
the solution to cool to room temperature under a stream of nitrogen. It
is cooled further in an ice bath until the temperature reaches ~5 °C.
Anhydrous diethyl ether (40 mL) is added cautiously in a dropwise
fashion to the rapidly stirred solution. The complex is filtered on a
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Pentaammineosmium Complexes

medium-porosity sintered-glass funnel, initially by gravity, and the fil-
tration is completed by using a water aspirator. The white powder is
washed and purified, as before (the yield is quantitative). Its nature was
confirmed by a comparison of its properties with those obtained in the
previous experiment.

A similar procedure is used to convert other halo, aqua, and acido
complexes to the triflato complex. This is useful for the regeneration of
the osmium starting material.

[0s(NH;)CI})(CF5C0,),-2CF,C0O,H. [Os(NH,)sCIICl, (1.0 g) is
dissolved in 0.001 M CF;CO,H (50 mL) and absorbed onto a column
of SP-Sephadex C-25 (2-cm diameter X 20 cm). The column is washed
with distilled water (1 L), and the complex is eluted with 0.2 M CF,C-
O,H. The eluant is evaporated to dryness on a rotary evaporator (40-50
°C) to yield a white powder. The solid is washed with diethyl ether onto
a sintered-glass frit and dried in vacuo over P4O,o. Anal. Calcd for
CsH7NsO4F),Cl0s:  C, 12.56; Cl, 4.63; F, 29.8; H, 2.24; N, 9.16.
Found: C, 12.92; Cl, 4.78; F, 27.37; H, 2.41; N, 9.21. This salt is much
more soluble than other salts of the chloro complex and is used for
crystallization of other salts such as [Os(NH,)sC1](S;0q). (Anal. Caled
for CIH;{N4O¢S,0s: C, 0.00; Cl, 7.53; H, 3.21; N, 14.87; S, 13.62.
Found: C, 0.00; Cl, 7.22; H, 3.17; N, 14.30; S, 13.62) and for N-deu-
teration of the ammines.

[0s(ND,) CICL,. [Os(NH;)sCl](CF,CO,),-2CF,CO,H (100 mg) is
dissolved in D,O (5 mL), and after 4 min, 4 drops of concentrated DCl
is added. The solution is heated to near boiling and is allowed first to
cool slowly to room temperature and then to cool in ice to yield yellow
crystals. Full deuteration (290%) was established from the absence of
N-H stretches in its IR spectrum and the microanalytical data. Anal:
Caled for [Os(ND,)4Cl]Cl: D, 7.61; N, 17.65; Cl, 26.80, C, 0.00.
Found: C, 7.49; N, 17.42; Cl, 26.67; C, 0.00.

[Os(ND,)5(0SO,CF;))(CF,80;), is prepared from [Os(ND;);Cl]Cl,,
as described in method 2. This may be used to prepare the perdeuterated
pentaammine complexes.

[0s(NH;)¢)(CF;S0;); and [0s(NH;)¢ICl;. [Os(NH;)5(OSO,CF})]-
(CF;S0;), (0.10 g, 0.14 mmol), is placed in a 100-mL two-necked
round-bottomed flask, and the flask and solid are heated in a vacuum
ovenat 110 °C. A second 100-mL two-necked round-bottomed flask is
connected to a KOH drying tower and placed in a dish containing dry
ice. Liquid ammonia (~40 mL) is transferred to this flask, and the flask
is stoppered. The flask containing the osmium complex is removed from
the vacuum oven with heat-resistant gloves while it is still hot. It is then
connected to the outlet of the KOH drying tower, and the outlet from
the flask is connected to a KOH drying tube. The dry ice dish is removed
from the flask containing the liquid ammonia. By placement of this flask
in a water bath for short periods of time (~15-20 °C), ~10 mL of the
liquid is evaporated and allowed to pass through the flask containing the
osmium complex. This procedure should be extended for 15-30 min in
order to prevent loss of compound by the gas flow. The outlet of the flask
is connected to a mercury bubbler that is arranged to maintain a small
positive pressure (~80 Torr), and ammonia (~20 mL) is condensed into
the flask containing the osmium complex by cooling the flask in a dry
ice bath. The bath is removed, and the solution is left at room temper-
ature for 5-6 h. After the mercury bubbler has been removed, the solvent
is evaporated by warming in a water bath at ~20 °C. The off-white
solid remaining is collected by washing the interior of the flask with
diethyl ether (2 X 10 mL) and is collected on a medium-porosity sin-
tered-glass frit. After air-drying, the yield is 0.10 g (98%). Anal. Calcd
for C3HgFyNg0,S;0s: C, 4.87; H, 2.45; N, 12.36. Found: C, 4.7; H,
2.6; N, 11.3. Depending on the purity of the triflato complex used in this
procedure, the product may be highly colored. The impurities giving rise
to this coloration are not easily removed by recrystallization, and the
complex is purified by cation-exchange chromatography, as follows. The
crude triflate salt (0.10 g, 0.14 mmol) is dissolved in 0.01 M CF,CO,H
(100 mL) and is absorbed onto a column of Dowex S0W-X2, 200-400
mesh, H* form (Fluka) (2-cm diameter X 10 cm). The column is washed
with 0.01 M CF,CO;H (100 mL) and then 0.1 M HCI (1 L), and the
colorless complex is eluted with 3 M HCI (~500 mL). The movement
of the band down the column may be monitored visually by the move-
ment of the white band against the colored background of the resin.
Alternatively, it may be monitored by using UV detection at 220 nm.
The eluate containing the complex is evaporated to dryness on a rotary
evaporator (water bath 50-60 °C). The crude chloride residue is dis-
solved in 0.001 M CF,CO,H (1 mL), and this solution is heated to 70-80
°C. Concentrated HC! (12 M, 0.5 mL) is added, and the solution is
allowed to cool to room temperature and is then cooled further in an ice
bath for 2 h. The white precipitate is collected on a sintered-glass mi-
crofilter, washed with ethanol (2 X 5 mL) and diethyl ether (2 X 5 mL),
and air-dried. The yield is 0.046 g (85%). Anal. Calcd for H;jNCl,Os:
C, 0.00; H, 4.55; N, 21.09; C], 26.67. Found: C,0.00; H, 4.47; N, 20.89;
Cl, 26.63.
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[0s(NH,)5(OH,)](CF;80;);.  [Os(NH,)5(0SO,CF3)](CF;S03),
(0.30 g, 0.42 mmol) is added to a 0.1 M aqueous solution of CF,SO,;H
(1 mL) contained in a 15-mL beaker. The solution is boiled for 5 min.
After being cooled to room temperature, the solution is cooled further
to ~5 °C in an ice bath. Neat CF,SO,;H (1 mL) is added slowly in
dropwise fashion while the solution is stirred rapidly. A white precipitate
of [Os(NH,)s(OH,)](CF3S05); begins to form immediately. The solu-
tion is cooled in an ice bath for 1 h, and the precipitate is collected on
a medium-porosity sintered-glass funnel. After air-drying, the solid is
washed thoroughly with anhydrous diethyl ether (4 X 10 mL) and air-
dried. The yield is 0.2 g (65%). Anal. Calcd for C3H7FgN40,,S;0s:
C,4.87; H, 2.31; N, 9.46. Found: C, 5.0; H, 2.4; N, 8.95. IR (cm™):
vo-p 3580. The remaining [Os(NH,)s(OH,)](CF;S0s), is precipitated
by the addition of diethyl ether (6 mL). The precipitate is treated as
above to give an essentially quantitative overall yield (0.30 g, 98%) of
the complex.

[0s(NH;)s(CH,CN)J(CF;80,);. [Os(NH,)5(OSO,CF3)1(CF,80;),
(0.5 g, 0.69 mmol) is added to spectrophotometric grade acetonitrile
(Aldrich) (2 mL) containing several drops of trifluoromethanesulfonic
anhydride (triflic anhydride), all contained in a 10-mL test tube. (The
use of triflic anhydride can be avoided by rigorously drying the aceto-
nitrile over freshly regenerated 4-A molecular sieves overnight or by
passing the solvent through an alumina column prior to the reaction with
the triflato complex.) The suspension of the triflato complex is rapidly
stirred by using a magnetic stirring bar, and the solvent is protected from
the atmospheric moisture by sealing with an appropriate serum cap. The
mixture is kept stirred overnight, and the white precipitate is removed
with diethyl ether (4 X 5 mL) and is filtered on a medium-porosity frit.
The precipitate is washed two more times with anhydrous diethyl ether
and air-dried. The yield is 0.5 g (90%). Anal. Calcd for
CsHsFyN4OsS,0s: C, 7.86; H, 2.38; N, 11.00. Found: C, 7.8; H, 2.5;
N, 10.7. IR (em™): ve_g 2960, vomy 2295.

[0s(NH;)s(PhRCN)J(CF;S0,), is prepared in a manner similar to that
for the acetonitrile complex, except distilled benzonitrile is used. IR
(em™): vomy 2243.

[Os(NH,)5{OP(OEt) }(CF;80;);. [Os(NH;)s(OSO,CF3)1(CF;80;),
(100 mg) is added to dry distilled triethyl phosphate (5 mL). The so-
lution is protected from the atmosphere and stirred at 25 °C for 3 h (6
half-lives). Alternatively, the solution is heated at 60 °C for 30 min. Dry
distilled chloroform (230 mL) is added dropwise with stirring while dry
Ar is passed through the solution. The solid is collected, washed with
dry chloroform, and dried in vacuo over P,O;o. (Chloroform is used
instead of diethyl ether in the isolation because the complex is moderately
soluble in triethyl phosphate/diethyl ether solutions.) The yield is 90%.
Anal. Calcd for C4H,¢N$O,3FS;0s: C, 11.9; H, 3.3; N, 7.7. Found:
C,11.6; H, 3.2; N, 8.0. IR (em™): vy 2930, 2995; vp_op; 986.

[0s(NH;)s(dmf)](CF;S0;); and [Os(NH;)s(dmso)](CF;S0,); are
prepared in a manner similar to that for the triethyl phosphate complex,
except the triflato complex is dissolved in the appropriate solvent and
anhydrous diethyl ether and is used to precipitate the complex. The yield
is ~95%, in each instance.

Preliminary attempts at preparing [Os(NH3)s(acetone)]** and [Os-
(NH;)s(sulfolane)]** have been only partially successful. Isolations of
the complexes by the above methods have, as yet, only led to impure
products.

[0s(NH;)CIICl,, [Os(NH;);BrlBr,, and [Os(NH,)I]I,, Method 1,
[Os(NH;)5s(OSO,CF;)1(CF;S0;), (100 mg) is dissolved in 2-3 mL of
a hot (90 °C) solution that is ~0.1 M in the appropriate hydrohalic acid.
The solutions is maintained at this temperature for 15 min and then is
allowed to cool slowly to room temperature. It is then cooled in an ice
bath at 5 °C for ~1 h. The crystals are collected, washed with acetone,
and dried at the pump. Anal. Caled for [Os(NH,)Cl]Cl,
(HsNsCl;0s): C, 0.00; H, 3.96; N, 18.35; Cl, 27.86. Found: C, 0.00;
H, 3.82; N, 17.89; Cl, 27.80. Larger crystals suitable for X-ray dif-
fraction and single-crystal spectroscopy are grown by dissolving [Os(N-
H;)s(0OSO,CF;)](CF;804), in 0.001 M CF,CO,H and after 2 h at 25
°C adding a few drops of concentrated hydrohalic acid. The appropriate
crystals grow slowly over 1-2 weeks as the aqua complex formed initially
is converted slowly to the halo complex.

Synthetic methods similar to those described in the preceding sections
are also suitable for the synthesis of a range of other acido complexes and
for the preparation of the N-deuterated complexes from [Os(ND;)s(O-
S0O,CF;)](CF;803)..

Microanalyses. These were performed by the Stanford University and
Australian National University Microanalytical Services.

Results
Syntheses and Characterization, The complex {Os(NH;)s(O-

SO,CF;)](CF380s), is prepared in essentially quantitative yield
by the bromine oxidation of [Os(NH,)sN,]Cl, in neat CF,SO,H.
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Table I. IR Data in KBr Disks for
[0s(NH;)s(0SO,CF;)J(CF,50;),

assgnt freq, cm™4
»(N-H) 3300 (s)
5, (N-H) 1620 (m)
3,(N-H) 1370 (s), 1355 (m)

1,,(OSO, ligand) 1338 (m), 1320 (s)
1,(OSO0, anion) 1280 (s), 1235 (s), 1220 (s)
»(C-F) 1185 (s), 1160 (sh)
1,(0SO) 1032 (s), 1018 (s)

p.(NH;) 873 (m), 850 sh, 838 (s)
638 (s), 630 (s), 582 (m)
523 (s), 500 (w)

370 (w), 360 (w)

324 (w)

»(M-N) + §(N-M-N)
M-0)

4 Abbreviations: m, medium; s, strong; sh, shoulder; w, weak.

Table II. Rate Constants for Solvation of [Os(NH;)s(OSO,CF,)]**
at 25 °C

solvent 10%, 57! solvent 10k, s
H,0 8.8 acetone 21
triethyl phosphate 49 5.0

4This rate constant refers to the following reaction in which the
solvent condenses with the complex.

It is also prepared quantitatively by the reaction of [Os(NH;)s-
(OH,)](CF;S0s);, [Os(NH;)sCl]Cl,, and other halo complexes
in neat triflic acid.

The presence of coordinated triflate is established from the IR
spectra given in Table I, which show peaks at 1338 and 1320 cm™,
characteristic of the triflato ligand.!> The [Os(NH,;)s-
(OSO,CF3)]** complex is relatively labile for an Os(III) complex
and, in the O-donating solvents that we have studied, undergoes
solvation reactions that are first order with respect to Os(III) with
t1/2 ~ 10-30 min at 25 °C (see Table II). The relative lability
of the triflato complex makes it a valuable intermediate for the
syntheses of [Os(NH;)s(solvent)]** complexes. Thus, such re-
actions result in high yields of the desired products, provided the
solvent is dry. The syntheses of {Os(NH;)¢]**, [Os(NH,)s-
(OH,)}**, [Os(NH;)s(NCCH,;))**, [Os(NH;)s(NCPh)]**,
[Os(NH,)5(dmf)]**, [Os(NH;)5(dmso)]**, and [Os(NH;){OP-
(OEt)4}]3* are achieved by this method. The acetone and sulfolane
complexes were not obtained pure because of the susceptibility
of these complexes to aquation by water as an impurity in the
preparation and isolation of the complexes and because of the
reactivity of the former complex. The triethyl phosphate complex
is also very susceptible to aquation, and the solvents and atmo-
sphere used in the synthesis have to be very dry in order to obtain
the pure product.

In the case of [Os(NH;)4]** and [Os(NH,)s(OH,)]%*, the
identities of the products were established by comparison of their
electrochemical and spectral properties with authentic samples. 5634
The presence of the nitrile group in [Os(NH;)s(NCCH,)]** and
[Os(NH,;)s(NCPh)]** is established by the presence of the yC=N
stretch in the IR spectra (KBr disks) at 2295 and 2243 cm™,
respectively. Similarly, the presence of coordinated OH, and
OP(OEt), is established by the presence of characteristic ligand
bands in the IR spectra (Experimental Section) and the absence
of bands due to coordinated CF;SO;~. The osmium(III) nitrile
complexes show less than 2% hydration of the nitrile ligand in
0.02 M HCl at 25 °C over 2 h (electrochemistry and UV spec-
troscopy). Therefore, the rate constant for the acid hydrolysis
of the nitrile ligand is €107 57! at 25 °C.

Various acidopentaammineosmium(III) complexes are prepared
conveniently, and in essentially quantitative yields, by heating
[Os(NH;)s(OSO,CF3)]?* in a hot aqueous solution of the ap-
propriate hydrohalic acid. The syntheses of [Os(INH;)sX]X, (X
= CI", Br-, I') are reported as examples of this reaction. Again,
the complexes were characterized by a comparison of their
properties with those of authentic samples,**** and, in the case
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Table III. Vis/UV Data for Os(III) Complexes

complex Amax (€max)?

[Os(NH,)]** 221 (760)*
[Os(NH,)s(OH,)]** 220 sh (1100)*
[Os(NH,)sCl1j** 267 (2.00 % 10%)*

267 (2.01 X 10%), 244 (200)%
[Os(NH,);Br]?* 314 (1.87 x 10%)*

262 (67), 314 (1.87 % 10%)%
[Os(NH,)4I1** 407 (1.97 x 10%)%

271, 300, 407 (1.97 X 10%)%
[Os(NH,)5(OSO,CF,)]?* 235.5 (843), 290 sh (108), 447 (55)

[Os(NH,)s(NCCH,)]**  ~225 sh (1700), 250 sh (790),
320 sh (44), 450 (4)°
[Os(NH;)s(NCPh)]** 223 (13000), 275 sh (9100), 281 (9400),

290 sh (9300), 338 sh (1100),
361 sh (500), 330 sh (1900)4

@ Amax N NM; €. in M7 em™ in parentheses. ?Neat CF,SO;H.
€0.1 M HCI. “Reference 37; 0.1 M CF,SO,H/MeOH.

Table IV. Near-IR Data for Os(I1I) Complexes

complex Amax (€max)?
[Os(NH,)¢)** 1745%, 2008*, 2200**
[Os(NH,)s(OH,)]** 1225, 1740, 1850, 1930*, 2030*, 2090,
2180, 2480*
[Os(NH;),1]2* 1878 (170)°

[Os(NH,)(OSO,CF;)]** 1190 (~2.5)4

1190 (2.5), 1680 (2), 1760 (3.6), 1820
(5.3), 1880 (6.6), 1960 (11.2), 2060
(6.6), 2140 (6.0), 2420 (2.6)be

1390, 1750, 1840, 1900, 1960, 2050,
2150, 2430°

~1240 (4), 1408 (9), ~1560 (6), 1760
(13), 1825 sh (11), 1875 (12), 1901
(13), 1992 sh (24), 2077 (390), 2140
sh (17.5), 2215 sh (8), 2455 (6Y

[Os(NH,)s(NCPh)]**  2096¢

[Os(NH,)5(CH,CN))**

®Xmax 0 NM; €qg, in M1 cm™ in parentheses; in KBr, the major
peaks are denoted by an asterisk. ®KBr disk. ¢Reference 34; this is
the major peak of a complex vibronic band structure, 4Neat CF,SO;-
H. *®Arbitrary values based on the value of ¢ in neat CF,SO;H. /0.1
M DC1/D,0. £Reference 37; KBr; this is the major peak of a complex
vibronic band structure.

Table V. Vis/UV Data for Os(II}) Complexes

complex Amex (€max)®
[Os(NH,)s(CH;CN)1** 228 (1.2 x 10%), 280 sh (3.2 X 10%),
320 sh (1.2 X 10%)
390 sh (2.0 x 10%)*
[Os(NH;)s(PhCN)]?* 401 (1.03 % 10%), 507 (3.0 X 10°)*

239 (1.8 X 10%), 258 sh, 290 sh, 403
(1.0 X 10%), 509 (3.4 X 10%°
[Os(NH;)s(n%-acetone)]* 457, 3274

T Amax il NM; €y, in M~! cm™ in parentheses. This work; 0.1 M
HCl. “Reference 37; CH;OH. “Reference 40.

of the chloro complex, by X-ray crystallography.¢

Table III contains UV /visible data on the Os(III) complexes.
The spectra of the complexes are typified by a high-energy
transition around 220~240 nm with weaker shoulders at longer
wavelengths. The halo complexes also exhibit LMCT bands
involving the halo ligands.3433

Table IV contains the near-IR spectral data for the Os(III)
complexes. All show a large number of transitions, but the in-
tensity varies greatly. For the complexes without x-bonding
ligands, the intensity of the transitions are typically 10 M~ cm™,
However, the major transitions at 2000-2100 nm in the 7-acid
complexes have intensities typically between 10? and 10° M~ ¢cm™,
Similarly, the near-IR transitions of the complexes with #-base
ligands (CI-, Br~, I") are much more intense than those due to
[Os(NH;)6]%*, [Os(NH;)s(0SO,CFy)])?*, and [Os(NH;)s-
(OH,))**.

(35) Allen, A. D.; Stevens, J. R. Can. J. Chem. 1973, 5], 92-98.

(36) Hambley, T. W,; Lay, P. A. Inorg. Chem. 1986, 25, 45534558,
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Table VI. Redox Potentials of Osmium and Ruthenium
Pentaammine Complexes in Aqueous Media at 25 °C

E,j, V vs NHE®
complex Ru Os

[M(NH,), "/ +0.051 (0.00)*®  —0.78 (0.00)**
IM(NH,){(OH))**/2*  +0.066 (0.02)®  —0.73 (0.05)5
[M(NH,)Clj*/* ~0.042 (—0.09)®  ~0.86 (~0.08)¢
[M(NH,);Br]2*/* -0.034 (=0.085)%

[M(NH,)Ij?*/* —0.79 (-0.01)%
[M(NH,),(NCCH,)]**/2* +0.426 (0.38)®  —0.25 (0.53)¢
[M(NH,)(NCPh)]™*/2*  +0.485 (0.43)®  —0.20 (0.58)¢
[M(NH,)s(dmso)]**/2* +1.0 (0.95)b42

4 Potential vs the appropriate [M(NH;)¢]**/2* couple in parentheses.
5S-bound isomer. ¢O-bound isomer. 0.1 M HCI; this work.

Table VII. Redox Potentials of Solvent Complexes vs Fc*/Fc in the
Appropriate Solvent

E, V vs Fc*/Fc
complex Ru Os

[Mn(NH,)s(acetone)]**/2* —0.3372b¢ >—0.365¢
-0.477%bd ~1.24%¢

[M(NH,;)s(dmf)]**/2* -0.66" -1.49/

[M(NH,)5(dmso)]**/2* +0.10480  —0.428h
-0.768m —1.774

?Refernce 41. 20.1 M Bu,NBF, in acetone. ¢C,0-bound acetone.
40-bound acetone. ¢Reference 58; acetone; corrected for the potential
of the Fc*/Fc redox couple. /0.1 M Bu,NBF, in dmf. #Putative S-
bound isomer. #0.1 M Bu,NBF, in dmso. ‘O-bound isomer. /Lay, P.
A.; Powell, D. A. Unpublished results.

The Os(II) complexes, with nitrile ligands, are prepared by the
reduction of the Os(IIT) complexes with Zn(Hg). The spectra,
Table V, exhibit several intense charge-transfer transitions.’’

Kinetics of the Substitution Reactions of [Os(NH,)s-
(OSO,CF,)]**. The solvation reactions of [Os(NH;)s-
(OSO,CF;)]** were monitored for at least 4 half-lives at 25 °C.
The reactions could not be followed in basic solvents, such as
pyridine, because of the rapid base-catalyzed disproportionation
reactions, even in the presence of added CF,SO;H. In the case
of the acetone complex, a second first-order reaction followed the
initial solvation reaction and the solution turned yellow. This
yellow complex is very susceptible to aquation, the yellow color
disappearing rapidly on the addition of water.

Electrochemistry. The electrochemistry of the water-soluble
Os(III) complexes, and their Ru(III) analogues, are summarized
in Table VI. As is the case with the N-heterocyclic complexes,2
there is a positive shift in the redox potential of the M(III/II)
couple of the complexes with r-acid ligands in comparison to the
[M(NH;)6]**/2* couples. However, the shift is not as large for
complexes with nitrile ligands as compared to N-heterocyclic
ligands (where the shift for Os is approximately twice as large
as the shift for Ru®+9), This contrasts with the results for the
w-base ligands (CI-, Br~, I"), where the negative shifts relative
to [M(NH,)]>*/?* are comparable for the two metal ions.

The electrochemistry of some of the solvent complexes in the
appropriate solvent are summarized in Table VII. The redox
potentials are quoted vs the Fc*/Fc couple as an internal standard.
Some of the solvent complexes exhibit rearrangement reactions,
as is evidenced by the irreversibility of the responses in the cyclic
voltammograms. The linkage isomerizations of the acetone
complexes from an n'-(O-bound) to an n?-(C,0-bound) acetone
ligand on reduction of M(III) to M(II) have been discussed
elsewhere.*%*!  An isomerization also occurs following the re-

(37) Sekine, M.; Harman, W. D.; Taube, H. Inorg. Chem. 1988, 27,
3604-3608.

(38) Lim, H. S.; Barclay, D. J.; Anson, F. C. Inorg. Chem. 1972, 11,
1460~-1466.

(39) Matsubara, T.; Ford, P. C. Inorg. Chem. 1976, 15, 1107-1110.

(40) Harman, W. D.; Fairlie, D. P,; Taube, H. J. Am. Chem. Soc. 1986, 108,
8223-8227.
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duction of [Os(NH;)s(dmso)]** to the Os(II) complex. The
putative S-bound isomer has an E, , value (-0.42 V vs Fc*/Fc
in dmso) that is 230 mV more negative of E,, for the [Os-
(NH,)s(N,)1**/2* couple in the same solvent. Similar differences
in redox potentials have been observed for the ruthenium analogues
([Ru(NH3)5(Ny)1**/%* and [Ru(NH,)s(dmso-S)]**/2*) in aqueous
media.*? The couple for [Os(NH;)s(dmso-0)]**/2* is more than
a volt negative of that observed for the “S-bound” isomer and is
less reversible. This is similar to the behavior observed for the
analogous ruthenium dmso complexes, except that the separations
of the two redox couples are about 50% larger in the case of Os
as compared to Ru (Table VII). The kinetics and thermodynamics
of these reactions will be discussed in a future paper. No evidence
is observed for a similar linkage isomerization reaction for the
dmf complexes. The [Os(NH;)s(dmf)]3* reduction is reversible
in dmf when Bu,NBF, is used as the background electrolyte but
is irreversible when Buy,NCIO, is used as the background elec-
trolyte.

Discussion

Syntheses and Reactivity. The lability of triflato complexes has
been well documented, and they have proven to be valuable
synthetic intermediates in the syntheses of Co(III), Cr(III),
Rh(III), Ir(III), Ru(III/II), and Os(III/II) complexes.” ¢ The
use of [Os(NH;)s(OSO,CF;)]** has enabled the syntheses in
moderate-to-high yields of many complexes of the osmium pen-
taammine series that have not been characterized previously. The
preferred synthetic route to the triflato complex differs from that
of the other pentaammine(triflato)metal(III) complexes, which
have been prepared from the corresponding pentaammine chloro
complexes in neat CF;SO,H.”?6 Since [Os(NH,)sCI]Cl, is ob-
tained from [Os(NH,;)s(N,)]Cl,, it is best to use the dinitrogen
complex directly in the synthesis of the triflato complex. [Os-
(NH;)5(N,)1Cl, is obtained from OsQ, in ~80-90% yield (based
on 0s0,),233233 and its conversion to [Os(NH,)s(OSO,C-
F3)](CF;803), is quantitative, giving an 80-90% overall yield of
[Os(NH;)5(0OSO,CF;)](CF3803),, starting from OsO,.

The synthesis itself relies on the lability of the dinitrogen ligand
bound to Os(II1).** Thus, as the [Os(NH3)s(N,)]** complex is
oxidized to [Os(NH,)s(N;)]3*, the dinitrogen group leaves and
is replaced by a triflato ligand. Triflic acid is a much stronger
acid and is less volatile than HBr or HCI, which evaporate.
Therefore, no other ligands can compete for coordination in the
sixth position in the early stages of the reaction, with the exception
of [Os(NH,)sN,]** itself. Thus, the green color of the mixed-
valence ion, [(NH;)sOsN,0s(NH;);]%*, is observed in the initial
stages of the reaction, but this is also oxidized by Br, to
[(NH;)s0sN,0s(NH;);]¢*. The 6+ ion then decomposes to the
triflato complex and dinitrogen in a 2:1 molar ratio.* By control
of the oxidation reaction, a convenient method for preparing
[(NH;)s0sN,0s(NH,)s]Cl; is obtained.#> The dinitrogen com-
plexes can also be oxidized to the triflato complex by dioxygen,
although this reaction is somewhat slower than that with Br,.

The oxidation of cis-[Os(NH,),(N,),]** is performed in a
similar manner to form cis-[Os(NH;),(OSO,CF;),]*. This is also
prepared from cis-[Os(INH;),Cl,]Cl, while trans-[Os(NH,),-
(OSO,CF;)Cl]* is prepared from trans-[Os(NH;),Cl,]*. The
syntheses and properties of the tetrammine complexes and their
Ru(III) analogues will be reported elsewhere.*

The triftato complex is regenerated from [Os(NH,)sCI]Cl, by
reactions similar to those reported for other chloro complexes, and
this is convenient for the recovery of side products in synthetic

(41) Lay, P. A.; Powell, D. W. in Proceedings of the Seventh Australian
Electrochemistry Conference (Current and Potential Applications);
Tran, T., Skyllas-Kazacos, M., Eds.; Royal Australian Chemical In-
stitute: Sydney, 1988; pp 237-240.

(42) Yeh, A.; Scott, N.; Taube, H. Inorg. Chem. 1982, 21, 2542-2545.

(43) Buhr, J. D.; Taube, H. Inorg. Chem. 1980, 19, 2425-2434,

(44) Lay, P. A.; Magnuson, R. H.; Taube, H.; Ferguson, J.; Krausz, E. R.
J. Am. Chem. Soc. 1985, 107, 2551-2352.

(45) Lay, P. A.; Magnuson, R. H.; Taube, H. Manuscript in preparation.

(46) Lay, P. A.; Taube, H. To be submitted for publication.
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reactions. It is also a useful method for preparing the deuterated
triflato complex (see Experimental Section), which is used for the
syntheses of deuterated pentammine complexes.

While the osmium(III) triflato complex is useful for the syn-
thesis of a large number of pentaammineosmium(III) complexes,
base-catalyzed disproportionation reactions are more trouble-
some?#748 for ligands that are stronger Bransted bases than those
reported here (e.g. pyrazine and pyridine). More elaborate
synthetic procedures are appropriate in these instances.” However,
this is not a problem in the synthesis of [Os(NH;)4]**, even though
the ligand is quite basic. There are probably three reasons for
this: (i) [Os(NH,)¢]** is likely to be less acidic than are the
[Os(NH;)s(N-heterocycle)]3* complexes by analogy to Ru
chemistry,*” and thus, the deprotonation preequilibrium is less
favored. (ii) [Os(NH;)e)** is much more difficult to reduce to
the osmium(II) complex than are the [Os(NH;)s(N-heterocy-
cle)]** complexes.#24% (iii) The Os(1V) complexes formed in
the disproportionation equilibrium will tend to be stabilized by
donation of electron density from the deprotonated amine to the
w*-orbitals of the N-heterocyclic ligand.2* Such stabilization is
not available in the hexaammine complex. Thus, factor i tends
to minimize the extent of the deprotonation preequilibrium for
[Os(NH,)g]**, while points ii and iii will tend to reduce the
disproportionation equilibrium constant for [Os(NH;)e)%*, in
comparison to [Os(NH;)s(N-heterocycle)]3*. The preparation
of [Os(NHj;)s(OH,)]** requires acidic conditions because [Os-
(NH;)5(OH,)]** is much more acidic than [Os(NH,)¢]** * and,
therefore, is more susceptible to disproportionation.

The synthesis of the acetone complex is difficult, as the complex
is suceptible to subsequent chemical reactions. Although the
nature of the product is uncertain at present, it likely is formed
by condensation of an acetone molecule with a coordinated am-
mine. Such a reaction has been observed with [Os(NH;)¢]** in
acetone and results in the formation of an imine complex.’® The
imine complex, in the Os(III) oxidation state, would be expected
to undergo rapid hydrolysis in the presence of water, which is
consistent with its rapid decomposition upon the addition of water
to its acetone solution. The condensation reaction is also consistent
with the development of redox couples more positive than that
for the reduction of [Os(NH;)s(acetone)]?*, in aged solutions.
However, the reaction may also involve a condensation reaction
between the acetone ligand and uncoordinated acetone. One or
both of these reactions may be in operation, and the exact nature(s)
of the reaction(s) cannot be determined without further evidence.
The chemistry that follows the formation of the acetone complex,
combined with its high relative lability, makes it difficult to obtain
the complex in the pure form, but the lability of this complex is
highly desirable for its use as a synthetic intermediate. As a
consequence of its relative lability compared to those of other
pentaammineosmium(III) complexes, the acetone complex is used
in the synthesis of a large variety of mononuclear and binuclear
Os(III) and Os(II) complexes.23-264045,51-53  For substitution
reactions that are slow, it is best to use alternative synthetic
methods, both because of the condensation reaction and because
the increase in the amount of water in the solvent with time (from
these and other condensation reactions). The latter results in the
substitution of the acetone ligand to form an inert aqua complex,
which is also susceptible to other side reactions, especially in the
presence of basic ligands.

The sulfolane and triethyl phosphate complexes are also useful
synthetic intermediates, but reactions in the corresponding solvents

(47) Rudd, DeF. P.; Taube, H. Inorg. Chem. 1971, 10, 1543-1544.

(48) Lay, P. A,; Sargeson, A. M,; Skelton, B. W.; White, A. H. J. Am.
Chem. Soc. 1982, 104, 6161-6164.

(49) Aqua complexes in general are much more acidic than [M(NH;)¢]**
complexes: Palmer, J. W ; Basolo, F. J. Inorg. Nucl. Chem. 1960, 15,
279-286. Broomhead, J. A.; Basolo, F.; Pearson, R. /norg. Chem. 1964,
3, 826-832.

(50) Harman, W. D.; Taube, H. Inorg. Chem. 1988, 27, 3261-3262.

(51) Lay, P. A; Magnuson, R. H.; Taube, H. Inorg. Chem. 1988, 27,
2364-2371.

(52) Lay, P. A; Magnuson, R. H.; Taube, H. Manuscripts in preparation.

(53) Lay, P. A,; Taube, H. Manuscripts in preparation.
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tend to be slower than those in acetone. Triethyl phosphate, and
its complex with pentaammineosmium(I1I), can act as ethylating
reagents,’! which lowers the yield in the synthesis of complexes
with diazines. It is likely that the complex is more active as the
ethylating agent than as the solvent, since the coordination of
trimethyl phosphate to M(III) complexes is known to catalyze
strongly the nucleophilic cleavage of the organophosphate O-C
bonds.>»% This aspect is being investigated further.

While the syntheses of the nitrile complexes are performed
conveniently in the neat solvent, they can also be prepared by
adding the triflato complex to acetone solutions of the nitrile
ligand. This is a convenient method for the preparation of bi-
nuclear complexes containing the dicyanobenzene? and 1,4-di-
cyanobicyclo[2.2.2]octane complexes.*¢

The dmso and dmf complexes have several possible coordination
modes. The former can bind through the O- or S-donors*? or,
possibly, by an %S,0-binding mode. Similarly, the dmf complex
can bind through O or N or an #?-N,O mode, although binding
through N is unlikely due to steric factors. Generally, oxygen
binding is preferred by the M(III) oxidation state.*>>” and this
appears to be the case in this instance. The irreversibility of the
reduction of [Os(NH,)s(dmf)]3* that is observed at slow scan rates
in 0.1 M tetrabutylammonium perchlorate solutions of dmf may
be due to oxygen-transfer reactions between the osmium(II)
complex and the perchlorate anion to form [Os(NH;)s0)?". This
is supported by the lack of the growth of another couple at more
positive potentials that could be attributed to a linkage isomer
for scan rates where irreversible behavior is observed. The dmf
ligand itself has been shown to undergo such oxygen-transfer
reactions, but on a much slower time scale.® Therefore, the
evidence suggests that only the O-bound isomer of the dmf com-
plex exists for both Os(II) and Os(1II). By contrast, the O-bound
dmso complex undergoes a linkage isomerization reaction on
reduction to the Os(II) complex. The thermodynamically stable
form of the Os(II) complex has the ligand in either an S- or
S,0-binding mode. Both isomers are distinct possibilities as
n*-bonding is common in Os(IT)¥"4%5%-! and as S-bonding is also
common for M(IT) complexes.*? The exact nature of this isom-
erization is under investigation, and the products will be examined
by X-ray crystallography.

The synthesis of acido complexes is also achieved readily from
the reaction of aqueous solutions of the appropriate acid with
[Os(NH;)s(OSO,CF;)]**. This route relies on the generation
of [Os(NH;)s(OH,)]**, which subsequently undergoes a slower
anation reaction. Previous methods for the syntheses of [Os-
(NH;)sX]X, have involved the prolonged reaction of NH, on
(NH,),[OsBr] or (NH,),[OsCl,] at elevated temperatures and
pressures.5%63  More recently, the oxidation of [Os(NHj)s-
(N3)]Cl,,%33 or the anation of the potentially explosive [Os(N-
H,)s(OH,)](Cl0,);* complex in the appropriate hydrohalic acid,
has been employed. The method described here is more con-
venient, higher yielding, and more rapid than those published
previously. While the specific examples given here are for the
halo complexes, such reactions also work with other acido ligands.
However, for acids that can be obtained in their neat form, e.g.
carboxylic acids, sulfonic acids, etc., the reaction is best performed
in the neat acids. The chemistry of the carboxylato complexes,

(54) Jackson, W. G.; McGregor, B. C. Inorg. Chim. Acta 1984, 83, 115-124.

(55) Hendry, P,; Sargeson, A. M. J. Chem. Soc., Chem. Commun, 1984,
164-165.
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2439-2445.
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(60) Cordone, R.; Taube, H. J. Am. Chem. Soc. 1987, 109, 8101-8102.
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(62) Dwyer, F. P.; Hogarth, J. H. J. Proc. R. Soc. N. S. W. 1951, &4,
117-122; 1952, 85, 113-115.
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including the dehydration of the formato complexes to carbonyl
complexes, will be reported in a subsequent paper.®

Reaction Kinetics. The solvation reactions of [Os(NHj)s-
(OSO,CF,)]?* are slow, for a triflato complex,”313¢4 and only
the Ir(III) complex undergoes slower reactions of the [M-
(NH3;)s(0OSO,CF;)]1?* complexes.!* This appears to be one of the
few examples of the substitution kinetics of Os(III) complexes
being investigated. The complex [Os(NH,)sCI]?* is very slow
to undergo aquation with k ~ 1078 57! (at 25 °C).3* This is also
evidenced by the recrystallization of [Os(NH;)sCl1](S,0¢) by the
dissolution of [Os(NH,)sCl](CF;CO,), in aqueous S,04% solutions
at 90 °C. The difference in the aquation rates between [Os-
(NH,)(0SO,CF;)]?* and {Os(NH;)sCI]?*34 is similar to the
observed differences for their Ir(III) counterparts.!’54

Electrochemistry. The stabilization by 7-acid ligands of Ru(II)
and Os(II), relative to the higher oxidation states, has been noted
already.? The stabilization of Os(II) is even greater than is
evidenced by these shifts in the redox potentials, because Os(III),
but not Ru(III), complexes are also stabilized by w-back-bonding.
This has been established by the stability of the osmium(III) nitrile
complexes to acid hydrolysis, as compared to that of Ru(III)
complexes,’ and also other evidence.**%° The nitrile vc=y res-
onance, in the Os(III) complexes, is at a frequency similar to that
of the Ru(III) complexes, but IR data alone are not good indi-
cators of the extent of w-back-bonding.%6 However, evidence for
strong w-back-bonding in Os(II) is seen in the large shift to lower
frequency of ve=y in the Os(II) complex as compared to the
Ru(II) complex.’” While the IR evidence for w-back-bonding in
Os(III) is not evident, the electrochemistry and chemical re-
activities show the importance of w-back-bonding in both Os(III)
and Os(II). By contrast, 7-bonding with r-base ligands has been
found to be comparable for Ru(III) and Os(III),* at least for
CI". The clear implication is that the shifts in the M(IIT)/M(II)
redox potentials of [M(NH,)sX]**/*, relative to [M(NH;)s]3*/2*,

(64) Curtis, N. J; Lawrance, G. A.; Lay, P. A,; Sargeson, A. M. Inorg.
Chem. 1986, 25, 484-488.

(65) Bino, A,; Lay, P. A.; Taube, H.; Wishart, J. F. Inorg. Chem. 1985, 24,
3969-3971.

(66) The nitrile vomn Stretch occurs at 2286 cm™ for [Ru(NH,)s-
(NCCH,)]** and at 2239 cm™ for [Ru(NH;)s(NCCH,)]?* (as their
perchlorate salts): Clarke, R. E.; Ford, P. C. Inorg. Chem. 1970, 9,
227-235.
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should be comparable for a given halo ligand. Indeed, Table VI
shows this to be the case.

Spectroscopy. The UV /vis spectra of the Os(III) complexes
do not show many well-defined features. With the exception of
the spectrum of the [Os(NH;)s(NCPh)]** complex,” they are
mostly dominated by transitions at 220-240 nm, the nature of
which is uncertain at present. Their intensities (~10% M cm™)
tend to eliminate the possibility that they are pure d—d transitions.
The lack of significant absorption of the [Os(NH,)s(NCCH;)]**
complex above ~300 nm, combined with the high chemical
stabilities and rapid redox chemistry of the [Os(NHj)s-
(NCCHj,)]**/?* couple, makes [Os(NH;)s(NCCH,)]?* a very
useful reductant for spectroscopic studies.

The electronic transitions that arise from the effects of spin—
orbit coupling on the ground state of the t,’ electronic configuration
occur in the near-IR region. For [Os(NH;)]3*, there should be
a single transition (assuming O, symmetry), whereas the lower
symmetry (C,,, or less) of the pentaammine complexes requires
that the degeneracy of the E spin—orbit state is lifted.** Thus,
there should be two near-IR transitions for these complexes. An
analysis of the near-IR spectra presented here by the use of MCD,
deuteration, and single-crystal experiments confirms these general
expectations,’” with the complex band structure observed in the
near-IR being due to vibronic coupling within these transitions.
However, there are some complications due to different site
symmetries within the same crystal for [Os(NH;)¢]>*%" An
interesting feature is that the transitions between spin—orbit states
in the complexes with either r-acid or w-base ligands are much
more intense than those in complexes with ligands that have little
or no tendency to w-bond. This is consistent with a significant
contribution of =-bonding to the tetragonal splitting of the de-
generate spin—orbit states, which mixes charge-transfer character
into the spin—orbit transitions.
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