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The organometallic osmium(VI1) hydroxo compoundsriiBu),][Os(N)(CH:SiMes)3(OH)], cis and trans
isomers of [NO-Bu)4][Os(N)(CH:SiMes),(OH),], result from the substitution of chloride for hydroxide
ligands in precursor compounds. Depending on the molecular structure, these compounds behave as
nucleophiles, Brgnsted bases, or Lewis bases in their reactions. One of thes8u)N[cis-Os(N)-
(CH.SiMes),(OH);,], reacts readily with C@to produce the carbonate compoundriMu),][Os(N)(CH,-
SiMe3)2(C0O;5)]. The other isomer, [N{-Bu),][transOs(N)(CHSiMes)2(OH),], reacts with CQto slowly
form the same carbonate compound. It is protonated by other acids to give the neutral hydroxo dimer
{Os(N)(CHSiMes),(u-OH)}o. The anti isomer of Os(N)(CHSIMes),(u-OH)}» reacts with Pd(bpy)-
(OSiMe;), to produce the coordinatively unsaturated, heterometallic conffeXN)(CHSiMes)2} o(us-
O),Pd(bpy). The molecular structure of this complex shows two square-pyramidal osmium groups with
an anti arrangement of the apical nitrido ligand and a square-planar palladium(ll) center, all connected

by the triply bridging oxo groups.

Introduction

Hydroxo complexes of the later transition metase often

proposed as intermediates in catalytic oxidations of organic

molecules; Wacker oxidatior?, and amide hydrolysi$.With
the growing use of water as a nonpolluting solvent for metal-

catalyzed reactions, the chemistry of organometallic hydroxo

complexes will become more importaniSimple aquo and
hydroxo complexes of the group VIII metals are basic to
coordination chemistry, but very few organometallic complexes
containing the hydroxo ligand have been prepéred.

Osmium and ruthenium hydroxo compounds include high-
oxidation-state inorganic compounds such af0sOy(OH);]
and KjJOsOx(OH)4” and a few M(ll) organometallic com-

pounds. Meyer and co-workers have explored the proton-

coupled reduction of a ruthenium(VI) oxo complex to ruthenium-
(1) hydroxo specie$. Organometallic hydroxo compounds
include only (PMg);Ru(Me)(OH)? OsH(OH)(CO)(PitPr)s),10
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and the dimeric specie$(P(-Pr))(172-CoHs)208 2(u-OH)x(u-
O,CCH,)|[BF4]** and [(;5-arene)Mf-OH)sM(z5-arene)} .12
Inorganic compounds containimgbonded alkyl or aryl ligands
along with the hydroxo group include Ir(Il and complexes
of the nickel triad metal$?

Osmium compounds with bridging hydroxo ligands are not
common. Gould and Stephenson in 1984 isolated an Os complex
with four hydroxo ligands bridging two Os atoms each, as well
as aus-oxo ligand connecting all four osmium centéps.
Esteruelas prepare@(P(-Pr)s)2(7?-CoH4)208} 2(u-OH)a(u-O5-
CCHg)][BF 4], which has two hydroxo ligands bridging two Os
centers'® In both cases, the hydroxo ligands are very reactive
with either acids or bases.

Hydroxo ligands may exhibit multiple types of reactivity. Like
water, a hydroxo complex could be amphoteric. Transfer of the
hydroxy proton could produce an oxo complex, and protonation
of the OH ligand could give an aquo complEXThe hydroxo
group can also act as a nucleophfleAs a Lewis base, the
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Table 1. Selected Bond Angles (deg) and Distances (A) of 4
|N” m and 12
2 NaOH, - NaCl
3 _THF, reflux. . /eos;a R /605,.,/\014 4 12
N Y ou Os—N 1.583(9) 1.640(5), 1627(5)
5 [4 0s-0 1.983(6), 1.969(6)  2.086(3), 2.095(4), 2.079(3), 2.085(4)
0s-C 2.146(9), 2.111(9)  2.092(6), 2.083(6), 2.094(6), 2.086(6)

N—Os—C 108.0(4), 107.3(4) 103.5(2), 102.2(3), 103.3(2), 103.4(2)

M—OH unit could interact with other metals to produce N-Os-O 108.3(3) 107.3(3) 119.3(2), 118.4(2) 1163(2) 118.6(2)

heterometallic compounds. Pd-O 2.009(3), 2.008(3)
Mechanistic studies on the oxidation of alcohols by iN( Pd—N 2.000(4), 2.011(4)
Bu)4][Os(N)(CH;SiMej3)(u-0).CrO;] with isotopically labeled Pd-Os 2.8388(5), 2.8628(4)

0—-Pd-O 73.80(14)

O, provided evidence for a reactive, hydroxo intermediate in
the catalytic cycle, but this intermediate could not be isolated
and characterizetf.Here we report our work on the synthesis,
properties, and reaction chemistry of organometallic hydroxo  The trans isomer of [NtBu)4][Os(N)(CH,SiMe;3),Cl;] is the
compounds related to this oxidation catalyst. We have preparedkinetic product of alkylation of [N§-Bu)4[Os(N)Cls], but the
both terminal and bridging hydroxo compounds of osmium- cis isomer is more stable due to the greater trans influence of
(V1) and have demonstrated that these can be useful precursorshe alkyl ligand over chloride. Heating a solution 8fin

N—Pd-N 80.09(17)

to the rational synthesis of heterometallic compounds. tetrahydrofuran causes reversible dissociation of chloride and
results in conversion @ to 5. Under similar conditiond does
Results not isomerize td.
Complex4 is thermally stable, air stable, and soluble in water
The osmium(VI) alkyl compound [N(Bu)4[Os(N)(CH,- as well as in moderately polar organic solvents such as diethyl
SiMe3)4] is stable to water but reacts with 1 or 2 equiv of ether, toluene, dichloromethane, and chloroform. It is insoluble
stronger acids. The reaction between iNgu)4][Os(N)(CH,- in hexane. The hydroxy! proton df a sharp singlet at 3.7 ppm

SiMes)4] and 1 equiv of pyridinium tetrafluoroborate in dichlo- in the H NMR spectrum, exchanges with,0 at room
romethane cleanly produces the neutral pyridine complex temperature. The IR spectrum dfdisplays a strong ©H
Os(N)(CHSiMe3)s(py) (1) (Scheme 1). The hydroxo compound  stretching vibration at 3417 cmh and an OsN stretching
[N(n-Bu)s][0Os(N)(CH;SiMe3)3(OH)] (2) results from the addi-  vibration at 1112 cm®.
tion of [N(n-Bu)4J[OH] to 1. Compound6 is moderately stable in dilute THF solution
The NMR spectra ofl. and 2 show that there two sets of —under an N atmosphere but, under air, it reacts rapidly with
alkyl groups in each compound: equivalent alkyl groups cis to atmospheric carbon dioxide and water to form a complex
the pyridine or hydroxo ligand and a unique alkyl trans to it. mixture of products. The IR spectrum includes two broadhD
Compound? is soluble in most organic solvents. It is stable to ~ Stretching vibrations at 3567 and 3505 ¢inand the'H NMR
air and water but is hygroscopic. Althoug@hs quite stable at includes a resonance for the hydroxyl proton at 2.25 ppm. Unlike
room temperature, it reacts slowly above Pin wet toluene  the stable trans isome8, oligomerizes in solution.
to form a carbonate compound (see below). A molecular structure determination dfby single-crystal
The trans and cis isomers of [BU)4][OS(N)(CH:SiMes) - X-ray diffraction shows that the molecule has a square-
(OH);] can be prepared by substitution reactions between Pyramidal geometry with trans hydroxo ligands and an apical
osmium chloro compounds and sodium hydroxide. The reaction Nitrido group. Figure 1 shows the aniorans{Os(N)(CH;SI-
between [NG-Bu)a[transOs(N)(CHSiMes),Cl,] (3) and an  (CHz)s(OH)2l ™. The [N(-Buy)]™ cation and hydrogen atoms
excess quantity of dry NaOH in diethyl ether produces a yellow (calculated) are omitted for clarity. The ©8l bond length is
solution of [N(-Bu)4[transOs(N)(CHSiMes)2(OH)] (4) in relatively short at 1.583(9) A. The O@s and O(2)-Os bond
2—4 h at room temperature (Scheme 2)IANMR spectrum  lengths are 1.983(6) A and 1.969(6) A, respectively (Table 1).
of an aliquot of the reaction mixture shows a nearly quantitative The O(1)-Os-0O(2) bond angle is 144.4(3)

conversion of3 to 4. Compound4 is recrystallized from ether/ Both 4 and6 react with CQ to form the carbonate complex
hexane to yield the analytically pure dihydroxo compound in [N(n-Bu)dJ[Os(N)(CH;SiMes);(*CO3)] (7), but under different

good yield. A similar reaction between [W8u)4][cis-Os(N)- condltlon.s and at different rates. The trang-hydroxo comglex
(CH,SiMes)-Cl5] (5) and dry NaOH produces [N{Bu)][cis- reacts with wet C@to form a complex mixture of products
Os(N)(CHSIMes),(OH)] (6). including 7, but that reaction is slow. Under a dry €O

atmosphere, there is a 45% conversiondaio 7 after 24 h
(19) Shapley, P. A.; Zhang, N.: Allen, J. L.; Pool. D. H.; Liang, H. C. (Scheme 3) at 38C. The more reactive complex forms 7
J. Am. Chem. So00Q 122 1079-1091. when stirred under 20 psi of GOWe can isolate from 6 in
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90% vyield under dry C@after 2 h. ComplexX? also forms in
the reaction between [R{Bu)4][Os(N)(CH:SiMe;),Cl,] and
Ag2C05.20

Aqueous solutions of COcontain carbonic acid, and this
weak acid facilitates substitution reactions £{Scheme 4).
Complex4 does not react with ¥CrO, in CH,Cl,/H20, even
after 48 h at room temperature. However, when,@2added
to the biphasic reaction mixturd, and K;CrO, immediately
react and form the purple heterometallic compoundfR(),]-
[Os(N)(CH:SiMe3),(u-0),Cr0O,] (8) and the blue protonation
product Os(N)(CHSiMes),(«-O)(u-OH)CrG,.1° After chroma-
tography on silica gel, we obtaiB as a purple crystalline
material in up to 40% vyield, although the yield is variable. The
same product is formed in 65% yield when HOSA@)CesH4-
CHa) is added to a mixture of and K;CrOy4 in CH,Cla.

Osmium(VI) compounds form strong bonds to chloride, and
the reaction betweebhand MegSiCl produces [Nf-Bu)4][trans-
Os(N)(CHSiMe3)sCl] and MgSIOH. The early-transition-metal
chloro complex VO reacts with [N(-Bu)s][trans-Os(N)(CH-
SiMe;3)»(OH),] to produce isomers of [MEBuU)4J[OS(N)(CH,-
SiMes),Cl;] in quantitative yield by'H NMR spectroscopy.

Treatment oB with 1 equiv of AgBR(MeCN), produces the
neutral dimer{ Os(N)(CHSiMe3)2} 2(u-Cl)2 (9). The reaction
of { Os(N)(CHSIiMes)2} 2(u-Cl)2 and AgO produces the com-
plex{ Os(N)(CHSiMe;),} 2(u-OH), (10) in inconsistent yields.
An alternative method uses strong acids to protoAatehich
produce water and the neutral, bridging hydroxo complex. The
reaction betweed and 1 equiv of eithep-toluenesulfonic acid

(20) Shapley, P. A.; Zhang, Nnorg. Chem.1988 27, 976-977.
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Figure 2. ORTEP diagram ofl2. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are shown at the 35% probability
level.

at —78 °C or trifluoromethanesulfonic acid in diethyl ether at
—30 °C produceslO in a good and consistent yield (Scheme
4). Both the syn isomer and anti isomers are formed in the
reaction, but the anti isomer{70% byH NMR) predominates.
The mixture of the two isomers displays two strong-1®
stretches at 3593 and 3579 chand two Os-N stretches at
1132 and 1124 crmi. TheH NMR spectrum shows 2 singlets
at 0.064 and 0.047 ppm, for the protons of the trimethylsilyl
moiety. Similarly, there are two distinct sets of resonances for
the diastereotopic methylene protons of each isomer.

Complex10is very soluble in nonpolar organic solvents, such
as hexane, and is insoluble in water. We usually isal@tas
a pure yellow oil, but it will crystallize from a concentrated
solution of 10 in hexane at-20 °C. The complex is air stable
and forms a complex mixture of products in the presence of
NaH, NaN(SiMg),, and other strong Brgnsted bases.

The neutral hydroxo dimer is a precursor to a new hetero-
metallic complex. The reaction betweel® and Pd(bpy)-
(OSiM&)2 (11) in diethyl ether at—30 °C produceq Os(N)-
(CHzSiMes)2} 2(us-O){ Pd(bpy} (12) (Scheme 5). The red
trimetallic product crystallizes in analytically pure form from
ether solution in 53% vyield.

The air-stable heterometallic complex is soluble in THF and
MeCN, sparingly soluble in C}Cl, and diethyl ether, and
insoluble in hexane. ThiH NMR spectrum indg-THF shows
that the alkyl ligands on osmium are inequivalent, with two
singlets at 0.073 and 0.097 ppm for the Sgvroups and
doublets at 1.602, 1.676, 2.735, and 3.016 ppm for the methylene
protons. The IR spectrum shows a strong, sharp band at 1103
cm™! for the Os-N stretching vibration, along with bands
associated with the bipyridine ligand.

Single-crystal X-ray diffraction shows the molecular structure
of 12 with two distorted-square-pyramidal osmium units and a
square-planar palladium unit bridged by two oxo ligands as a
monoclinic cell in theP2;/c space group with four molecules
per unit cell. The sample used for structure determination
included one molecule of THF in the crystal lattice per molecule
of 122 { Os(N)(CH:SIiMe3)2} 2(us-O){ Pd(bpy} -C4HsO. Figure
2 shows the crystal structure 42 with the THF molecule
omitted for clarity. The osmiumnitrogen and osmiumoxygen
bond distances ifi2 are longer than the analogous distances in
4, while the osmium-carbon distances are shorter (Table 1).
Although the osmiumpalladium distances are less than 3 A
(Os(1)y-Pd, 2.8388(5) A; Os()Pd, 2.8628(4) A), there is no
distortion in the geometries around either of the osmium atoms
or the palladium atom that would indicate metaietal bonding.
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The diosmium moiety irL2 has an anti configuration of the
nitrido groups and must be derived from the isoraati-10.
The reaction mixture that producé2 contains no unreacted
syn10. Instead, théH NMR spectrum includes resonances for
other (N)ROs/Pd(bpy) products. We have not yet successfully
isolated the minor products.

Discussion

Hydroxo complexes of the later transition metals are key
intermediates in the oxidation of organic moleciiéBecause
there are so few examples of stable, organometallic hydroxy
complexes of the later transition metals it is important that we

Hydroxymetal compounds could act as acids (forming oxo-
metal products), as bases (upon reaction with Brgnsted or Lewis
acids), or as nucleophiles. Other Lewis bases may substitute
for the hydroxide ligand. In alkylmetal hydroxo compounds,
concerted formation of alkane may also occur. We see examples
of several of these reaction types with fNBu)4[Os(N)(CH,-
SiMes)3(OH)], [N(n-Bu)s][trans-Os(N)(CHSi(CHs)s)2(OH)],
[N(n-Bu)s][ cis-Os(N)(CHSi(CHg)3)2(OH)2], and{ Os(N)(CH-
SiMes)2} 2(u-OH)e.

The reactivity of osmium(VI) and ruthenium(VI) nitrido alkyl
complexes toward strong mineral acids is [M(N)R >
[M(N)R3X]~ > [M(N)R2X2] .22 For example, the compounds
[N(n-Bu)g][M(N)Me 4], with four electron-donating alkyl groups,

understand the structure, properties, and reactivity of these neweact with excess aqueous Hi& room temperature to give

osmium(VI) hydroxo compounds.

The structures oft and12 include similar distorted-square-
pyramidal osmium units with a trans orientation of the oxygen
ligands in 4 and a cis orientation in2. Complex 12 is
comparable to the:-sulfido complex{ Os(N)(CHSiMes),} -
(u3-S){Pt(dppe) .2* The overall geometries and bond distances
and angles of the Os(N)(GBiMes), moieties are very similar.
The O(1)-Pd(1)-O(2) angle ir2 is 73.80(14), significantly
less than the SPt—S angle of 80.45(5) due to the shorter
Pd-0 the bond length. The N(3)Pd(1)-N(4) angle of 80.09-
(17y compares very well to those of other (bpyyPdom-
pounds*? Because there is no metahetal bonding inl2, the

IN(n-Bu)4[M(N)Me 2(ONOy)], with two electron-donating and
two electron-withdrawing ligands in the basal plane. A coor-
dinated hydroxyl group is more weakly acidic than HNO
Complex2 loses 1 equiv of alkane through an internal proton
transfer to the alkyl ligand but, because a coordinated hydroxyl
group is a weak acid, the reaction is slow.

We propose that the isomerization ®to 5 occurs through
reversible loss of chloride anion to yield the more thermody-
namically favorable cis isomer. The isomerization occurs only
in the presence of a coordinating solvent, such as THF.
Pseudorotation is unlikely to occur, as the nitrido group is
strongly trans-labilizing. The requisite trigonal-bipyramidal

electron count around each metal center is 16. Each metal iscomplex would be much less stable, in comparison to the square-

coordinatively unsaturated and is potentially reactive with Lewis
bases.

While compound9 reacts with AgO to form 10 in good
yield, the reaction yield varies drastically on the basis of the
concentration of water in the solvent and the purity of the@g
Direct protonation o# gives10in good yield and eliminates
the need to prepar@

Although 10 consists of isomers with both syn and anti
arrangements of the nitrido ligands in the dimer, only the anti
isomer can form a stable g&d heterometallic complex. Steric
interactions with the alkyl ligands isyn10 likely prevent
interaction of the complex with Pd(bpy)(OSiN)e Because the
hydroxyl groups inLO are not acidic, the hydroxyl oxygen atoms
probably coordinate to the palladium center prior to the
elimination of HOSiMe.

(21) Shapley, P. A;; Liang, H.-C.; Dopke, N. Organometallic2001
20, 4700-4704.

(22) (a) Canty, A. J.; Skleton, B. W.; Tralll, P. R.; White, A. Blust. J.
Chem. 1992 45, 417-422. (b) Yamada, Y.; Uchida, M.; Fujita, M.;
Miyashita, Y.; Okamoto, K.-l.Polyhedron2003 22, 1507-1513. (c)
Stoccoro, S.; Alesso, G.; Cinellu, M. A.; Minghetti, G.; Zucca, A.; Bastero,
A.; Claver, C.; Manassero, M. Organometal. Chen2002 664, 77—84.

pyramidal complex.

Because its structure facilitates proton transfer and the
opening up of a coordination site, this-dihydroxo comple)é
is unstable in air and readily reacts with atmospheric carbon
dioxide to form a complex mixture which includes The
hydroxo ligand of6 is nucleophilic. Attack by the hydroxo group
on the carbon of C®would form 7, as shown in Scheme 6.
The trans-dihydroxo complex similarly reacts with GObut
the steric bulk of the (trimethylsilyl)methyl ligands prevents
intermolecular proton transfer. The formation @ffrom 4
probably requires bimolecular proton transfer.

The osmium(VI) hydroxo compounds are protonated by
Brgnsted acids. This dominates the reactivityhof he hydroxo
groups are not strongly nucleophilic, nor do they readily
dissociate. Substitution reactions proceed when there is acid
present to protonate one of the hydroxyl groups and form the
reactive, four-coordinate species Os(N)@SkMes)o(OH). This
can dimerize or react with Lewis bases such as [HC@nd
[CrOs(OH)] .

(23) Shapley, P. A,; Kim, H. S.; Wilson, S. Rirganometallics1988
7, 928-933.
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Conclusion

The osmium(VI) hydroxo compounds 4, 6, and10 are not
strong acids. Only2 eliminates alkane from proton transfer to
an adjacent alkyl group, and this occurs only under forcing
conditions. The chemistry & is dominated by its ability to

Organometallics, Vol. 26, No. 8, 20885

9.2 Hz, 2 H, OsEiaHP cis to pyridine), 0.48 (dJ = 9.2 Hz, 2 H,
OsCHHP cis to pyridine), 0.00 (s, 18 H, Si¢dx)s cis to pyridine),
—0.02 (s, 9 H, Si(El3); trans to pyridine)*3C{'H} NMR (100.6
Hz, CDCE, 21.7°C): ¢ 149.9 (py), 137.6 (py), 125.8 (py), 21.9
(OCH;, cis to pyridine), 2.94 (S{tH3); trans to pyridine), 1.58
(O<CH; trans to pyridine), 1.16 (SHs)s cis to pyridine). MS (FD,

lose water and form a very reactive four-coordinate complex mvz): 546 (M%), 467 (M* — NCsHs); 934 (Mt — (NCsHs)). Anal.

with a nucleophilic oxo group. The trans isontedoes not act

Calcd: C, 37.47; H, 7.03; N, 5.14. Found: C, 37.71; H, 7.04; N,

as a nucleophile. Instead, it reacts with acids to form a neutral, 5.27.

four-coordinate hydroxo complex that can dimerize or react with
oxy anions. The anti isomer @D has a conformation that allows

Preparation of [N(n-Bu)4[Os(N)(CH,SiMe3)3(OH)] (2). The
yellow crystals ofl (0.027 g, 0.050 mmol) were dissolved in 20

the two bridging hydroxo groups to coordinate to another metal mL of CH,Cl,, and 1 equiv of [N§-Bu),][OH] (33 u«L, 0.050 mmol)

complex. The heterometallic compl&g results from this initial
interaction betweefilOs(N)(CHSiMes)2} 2(«-OH), and Pd(bpy)-
(OSiMey), followed by loss of HOSIMg We are currently

was added via syringe to the bright yellow-gold solution. The
solution turned light yellow and was stirred for 2 h. The solvent
was removed under vacuum. The oil was dissolved in toluene, and

investigating the reactions betwe&0 and other metal com-  the solvent was distilled under reduced pressure to remove residual
pounds. This may provide a new, rational method for the water. The yellow oil was then dissolved in diethyl ether, and the
synthesis of coordinatively unsaturated mixed-metal compounds,Selution was filtered. The diethyl ether was removed to give a

Experimental Section

Toluene, diethyl ether, THF, and hexane were distilled from Na/
Ph,CO under N. Dichloromethane was distilled from Caldnder
N». Sodium trimethylsilanolate and pyridinium hydrochloride were
sublimed under vacuum at 22C in a temperature-controlled oil
bath. Sodium hydroxide was dried under vacuum at X1dor 4
days and stored under,Np-Toluenesulfonic acid hydrate was

yellow oil of 2. ITH NMR (CDCl;, 300 MHz, 18°C): ¢ 3.18 (t,J
= 8 Hz, 8 H, N(H,CH,CH,CHj3), 1.98 (s, 2 H, Os8, trans to
OH ligand), 1.57 (m, 8 H, NCKCH,CH,CHz), 1.43 (sextet,) =
7.2 Hz, 8 H, NCHCH,CH,CHz), 1.42 (d,J = 10.3 Hz, 2 H,
OsCHaHP cis to OH ligand), 0.98 (t) = 7.2 Hz, 12 H, NCHCH,-
CH,CHy), 0.75 (d,J = 10.3 Hz, 2 H, OsCRHP cis to OH ligand),
0.010 (s, 18 H, Si(B3); cis to OH ligand),—0.083 (s, 9 H, Si-
(CHg)s trans to OH ligand)**C{H} NMR (CDCl;, 21.7°C, 100.6
HZ): o 58.80 (’\CH2CH20H2CH3), 24.08 (NCHCH2CH2CH3),

recrystallized from acetone/toluene. Carbon dioxide (“bone dry 19-75 (NCHCH,CH;CHj), 15.77 (O€H, cis to OH ligand), 13.70
grade”,>99.8%) was purchased from MG Industries. All reactions (NCH:CH:CH,CHz), 2.24 (SiCHg)s cis to OH ligand), 2.01

were conducted under arp tmosphere using standard air-sensitive

(SiCH3); trans to OH ligand), 1.21 (@#H, trans to OH ligand).

techniques in a Vacuum Atmospheres drybox unless otherwise Synthesis of [NQ-Bu)J][trans-Os(N)(CH,SiMe3),(OH)2] (4).

stated. The compoundsns[N(n-Bu),[Os(N)(CH,SiMes).Cl,], 24
cis{N(n-Bu)4][Os(N)(CH,SiMe;3),Cl;],?> and PdC)(bpyf® were

Under a dry Nl atmosphere, powdered NaOH (0.068 g, 1.69 mmol)
was added to a stirred orange solutiortrahs{N(n-Bu)4][Os(N)-

prepared according to literature methods. Authentic samples of (CH;SiMe;),Cl;] (0.117 g, 0.169 mmol, 19:1 trans:cis) in 10 mL

[N(n-Bu)4J[OS(N)(CH,SiMe;)2(u-0),COF° and [N{-Bu)[Os(N)-
(CH,SiMe3),(4-0),Cr0;])*° were prepared and compared witand
8, respectively.

NMR spectra were recorded on Varian Unity-500 and Varian
Unity-400 FT NMR spectrometers at ambient temperature. IR
spectra were recorded on a Perkin-Elmer 1600 series FTIR: UV

of (C,Hs)20 in a 15 mL vial. The reaction mixture was stirred
vigorously for 4 h, at which time the solution was bright yellow.
The solution was filtered to remove unreacted NaOH and NacCl.
The yellow solution was concentrated under vacuum. Yellow
crystals (0.096 g, 1.46 mmol, 87%) were collected, washed with
hexane, and dried under vacuum. IR (KBr, pellet,&mn 3587

visible spectra were recorded on a Hewlett-Packard 8452A spec-(M, vor), 3579 (M,von), 3568 (M,von), 2955 (Vs,vew), 1112 (vs,
trometer. Elemental analyses were performed by the University of vosn). *H NMR (400 MHz, CDC}, 20°C): 6 3.22-3.18 (t, 8 H,

lllinois Microanalytical service, and X-ray data were collected at
the School of Chemical Sciences X-ray Diffraction Laboratory.
Preparation of Os(N)(CH,SiMe3)(NCsHs) (1). The yellow
crystals of [N-Bu),][Os(N)(CH,SiMe;)4] (0.100 g, 0.127 mmol)
were dissolved in 10 mL of Ci€l,, and 1 equiv of pyridinium

NCH,CH,CH,CHs), 1.64-1.57 (m, 8 H, NCHCH,CH,CH),
1.48-1.39 (m, 8 H, NCHCH,CH,CHz), 1.03 (s, 2 H, Os&l),
1.03-0.99 (t, 12 H, NCHCH,CH,CH3), 0.10 (s, 18 H, Si(Bl3)s).
13C{1H} NMR (101 MHz, CDC}, 20°C): & 58.8 (NCH,CH,CH,-
CHy), 24.0 (NCHCH;CH,CHy), 19.8 (NCHCH,CH,CHy), 18.5

tetrafluoroborate (0.021 g, 0.127 mmol) was added all at once to (OSCHy), 13.7 (NCHCH,CH,CHs), 1.47 (SiCHj)3). Anal. Calcd

the yellow stirring solution. After 15 min, the solution became
yellow-gold and the [Hpy][BE was consumed. The reaction
mixture was stirred for 1 h, after which the @El, was removed
under vacuum. The yellow crystals which lined the flask were

for Co4HegN2O,0sSh: C, 44.0; H, 9.23; N, 4.28. Found: C, 44.43;
H, 9.61; N, 4.40.

Thermolysis of 2. Complex2 (0.046 g, 0.064 mmol) in 10 mL
of toluene was heated to 10€ under N for 12 h, during which

extracted with hexane, and the yellow extracts were filtered. The time the solution changed from yellow to red-orange. The solution

white insoluble solid [Ni§-Bu),][BF 4] was discarded. The solvent
was removed from the filtrate, during which time yellow microc-
rystals of1 formed and were dried under vacuum. The product
was recrystallized from hexane. Yield: 0.060 g (87%). IR (KBr
pellet, cnt?): 3133-3022 (w, pyridinevcy), 2944-2856 (S,vch),
1606 (w, pyridinednc), 1450 (m,dcp), 1250 (s,0sic), 1239 (s,
Osic), 1116 (S,vosn). *H NMR (300 MHz, CDC}, 18°C): ¢ 8.01
(d,J=5.2Hz, 2H, py), 7.77 ) = 7.5 Hz, py), 743 t) = 7.2

Hz, 2 H, py), 2.45 (s, 2 H, Od€; trans to pyridine), 1.79 (d] =

(24) Belmonte, P. A.; Own, Z.-YJ. Am. Chem. So0d.984 106, 7493~
7496.

(25) Zhang, N. Ph.D. Thesis, University of lllinoi$991

(26) McCormick, B. J.; Jaynes, E. N., Jr.; Kaplan, Rlnorg. Synth.
1971, 12, 216-218.

was cooled to room temperature, after which the solution was
filtered and the solvent was removed under vacuum. The orange
oil was extracted with diethyl ether, and the solution was filtered.
The solvent was removed under vacuum, giving 0.020 g (0.031
mmol, 48% crude yield) o7 as an orange-red oil. The product
was characterized by IR antH NMR spectroscopy and was
identified as [Nf-Bu),J[Os(N)(CH,SiMes)2(u-0),CO].

Reaction of 4 with CISiMe;. Complex4 (0.006 g, 0.009 mmol)
was dissolved in CECl, in an NMR tube. Two equivalents of
CISiMe; (2 uL, 0.016 mmol) was added to the yellow solution,
and 'H NMR spectra were obtained. Within 10 mid, was
completely consumed and a mixture of cis and trans isomers of
[N(n-Bu)4][Os(N)(CH:SiMe;),Cl,)] was formed along with Mg
SiOH (0 0.12, s) and MgSiOSiMe; (60 0.062, s).
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Conversion of 3 to 5.A solution of [N(n-Bu)4][transOs(N)-
(CH,SiMe3),Cl,)] (0.500 g, 0.0723 mmol) in 25 mL of THF was
heated to 6465 °C for 32 h. Solvent was removed under vacuum.
The residue was crystallized from @El/hexane at—20 °C to
give red crystals (0.456 g, 91% yield) of [(MBu)4][OS(N)(CH,-
SiMe;),Cly)]. By 'H NMR spectroscopy? this consisted of 97%
trans and 3% cis.

Synthesis of [NQ-Bu)4][ cis-Os(N)(CH,SiMes),(OH),] (6). To
a solution of5 (0.012 g, 0.017 mmol) in 1 mL ofls-THF was
added NaOH (0.004 g, 0.2 mmol), and the reaction mixture was
stirred vigorously for 4 h. A'H NMR spectrum of the mixture
showed conversion to one product. IR (THF solution, &m 3567
(m, von), 3505 (M,von), 2964 (VS,vcy), 2876 (VS,ven), 1238 (m,
von). *H NMR (400 MHz, dg-THF, 20°C): 6 3.49-3.45 (t, 8 H,
NCH,CH,CH,CHz), 2.25 (s, 2 H, ®l), 2.08-2.06 (d, 2 H, OsEl,);
1.77-1.72 (m, 8 H, NCHCH,CH,CHg), 1.48-1.42 (m, 8 H, NCH-
CH,CH,CHg3), 1.02-0.98 (t, 12 H, NCHCH,CH,CH3), 0.012 (s,
18 H, Si(MHs)3).

Reaction of 6 with CO,. To a solution of5 (0.072 g, 0.104
mmol, 97:3 cis:trans byH NMR) in 6 mL of THF was added

Kiefer et al.

was identical by'H NMR with previously prepared samples of this
complex.'H NMR (CDCl,, 500 MHz, 20°C): ¢ 3.18 (m, 8 H,
NCH,CH,CH,CHj), 2.08 (s, 4 H, Osf), 1.63 (m, 8 H, NCHCH-
CH,CHz), 1.43 (m, 8 H, NCHCH,CH,CHj), 1.02 (t, 12 H, NCH-
CH,CH,CHg), 0.09 (s, 18 H, Si(El3)3).

Synthesis of{ Os(N)(CH,SiMe3),} 2(u-Cl)2 (9). The crystals of
3(0.100 mg, 0.144 mmol) were dissolved in 25 mL of {H. To
the stirred orange-red solution 8fwas added 1 equiv of AgBF
(MeCN), (0.052 mg, 0.144 mmol). Immediately a white solid
precipitated from solution and the reaction mixture turned from
orange-red to yellow-green and then yellow-orange. The solution
was stirred fo 1 h and then filtered through Celite. The filtrate
was concentrated to approximately 1 mL, and hexan@0(mL)
was added to precipitate the salts from solution. The cloudy solution
was concentrated to remove most of the,CH and then filtered
through Celite. The orange-yellow hexane solution was concen-
trated, and the solution was again filtered. The hexane was removed
from the filtrate, and the yellow-orange oil was dried under vacuum,
during which time microcrystals o formed. The product was
recrystallized from concentrated @El,, giving red-orange crystals.

solid NaOH (0.021 g, 0.525 mmol), and the reaction mixture was Yield: 0.049 mg (82% based @). IR (KBr pellet, cn?, majon):
stirred for 5 h. Additional NaOH (0.020 g, 0.500 mmol) was then 2956 (m,vcn), 2900 (M,vey), 2856 (W,ver), 1411 (w,0ch), 1367
added, and this mixture was stirred for another 1.5 h. It was filtered (W, dcn), 1244 (S,0sic), 1128(m, vosn), 1122 (M,vosy), 1017 m,
through Celite, and THF was added to increase the volume of the 968 w, 850 (sysic), 834 (S.vsic), 774 w, 750 w, 717 w, 683 wH

filtrate to 10 mL. The solution was stirred under 20 psi of Gar
4 h. The solvent was slowly removed under vacuum to gias
a microcrystalline yellow solid (0.064 g, 0.094 mmdiH NMR
(CDCl, 500 MHz, 20°C): 6 3.28-3.24 (m, 8 H, NG1,CH,CH,-
CHj), 3.03-3.00 (d, 2 H, Os€l,, J = 10.19 Hz), 1.79-1.76 (d, 2
H, Os,, J = 10.12 Hz), 1.681.60 (m, 8 H, NCHCH,CH,-
CHj3), 1.48-1.39 (m, 8 H, NCHCH,CH,CHg), 1.02-.98 (t, 12 H,
NCH,CH,CH,CHg), 0.024 (s, 18 H, Si(H3)3). IR (KBr, pellet,
cm1): 1703 (s,vco), 1120 (S,vosn).

Reaction of 4 with CO,. A solution of4 (0.082 g, 0.25 mmol)
in 10 mL of CHCI, in a thick-walled glass reaction vessel was
stirred under 20 psi of CQat 35°C for 24 h. The solvent was

NMR (300 MHz, CDQ,Cl,, 18 °C, major): 0 3.99(d, J = 9.8 Hz,
2 H, OsGH3HPSiMes), 3.87 (d,J = 9.5 Hz, 2 H, OsEi?HSiMes),
2.70(d, J = 9.8 Hz, 2 H, OsCPH’SiMe3), 2.35 (d,J = 9.5 Hz, 2
H, OsCHHPSIMe;3), 0.09 (s, 18 H, Si(¢13)s), 0.06 (s, 18 H, Si-
(CH3)3). BC{*H} NMR (100.6 MHz, CDQCl,, 18 °C, major): ¢
14.58(0OsCH,;SiMe3), 13.96 (O€H,SiMe;), 0.12(Si(CHs)s), 0.00
(Si(CHs)3). Anal. Calcd for GH2,CIOOsNS): C, 23.20; H, 5.36;
N, 3.38. Found: C, 23.17; H, 5.44; N, 3.25.

Synthesis of [Os(N)(CHSiMes),(OH)]» using AgO. A sample
of 9 (0.049 mg) was dissolved in 20 mL of £85),0. One
equivalent of AgO (0.027 g, 0.12 mmol) was added, and the vial
was wrapped in foil. The reaction mixture was stirred for 2 days.

removed under vacuum, and the resulting red oil was crystallized The solution was then filtered through Celite. The solvents were

from CH,Cl,/hexane to yield yellow crystals af (0.038 g, 0.056
mmol, 45%).

Synthesis of [NQ-Bu)4[Os(N)(CH,SiMes),(1-0).CrO;] (8)
using CO,. A solution of [N(n-Bu),][Os(N)(CH,SiMes),(OH),]
(0.096 g, 0.146 mmol) in 10 mL of Ci€l, was combined with a
solution of K;CrO, (0.285 g, 1.465 mmol) in 10 mL of 0. The

removed under vacuum, and the oil was dissolved in pentane. The
pentane solution was filtered and concentrated. The solution was
cooled to—30 °C. Yellow-orange crystals 010 were isolated.
Yield: 0.027 g, 92%. IR (KBr pellet, crm): 3593 (s,von), 3579

(s, von), 2951 (M,vcy), 2896 (W, vcy), 2829 (W,vcn), 1408 (w,
5CH), 1367 (W,(SCH), 1257 (S,ésic), 1243 (S,ésic), 1132 (S,VOSN),

mixture was magnetically stirred, and a small piece of solic, CO 1124 (W,vosn), 1017 w, 955 m, 850 (8;sic), 830 (s,vsic), 774 W,
was added. The Ci€l, layer turned purple and then deep blue 747 W, 715w, 683 w, 489 mtH NMR (300 MHz, CDCly, 21.8
within 30 s. After 2 min, the organic layer was separated and °C. majon: 6 3.42 (d,J = 10.9 Hz, 2 H, Os@*H"SiMey), 3.15
extracted three times with 10 mL portions of water. The solvent (d: J = 10.9 Hz, 2 H, Os@I°HSiMe;), 2.54 (s, 1 H, Os(@)),
was removed under vacuum from the organic solution. The product 2-51(s, 1 H, Os(®)), 1.61 (d.,J = 10.9 Hz, 2 H, OSCFH"SiMey),

was purified by chromatography on a short (1 in., eluted with-CH
CN) silica gel column. The product, a purple solid (0.043 g, 0.0583
mmol, 40%), was identical b{H NMR with previously prepared
samples of this complexH NMR (CD,Cl,, 500 MHz, 20°C): ¢
3.18 (m, 8 H, NG&1,CH,CH,CHz), 2.08 (s, 4 H, Os#), 1.63 (m,

8 H, NCH,CH,CH,CHg), 1.43 (m, 8 H, NCHCH,CH,CHz), 1.02

(t, 12 H, NCHCH,CH,CHg), 0.09 (s, 18 H, Si(Bl3)3).

Synthesis of [NQ-Bu)4[Os(N)(CH2SiMes),(1-O).CrO;] (8)
using HOSO,(p-CeH4Me)-H,0. A solution of [N(n-Bu)][Os(N)-
(CH,SiMes),(OH),] (0.097 g, 0.148 mmol) in 10 mL of Ci€l,
was combined with a solution of &rO, (0.165 g, 0.850 mmol) in
10 mL of H,O. The mixture was magnetically stirred. A solution
of HOSGy(p-CeHsMe)-H,0 (0.056 g, 0.294 mmol) in 2 mL of 4©
was added dropwise. The GEl, layer turned purple within 30 s.
The reaction mixture was stirred for 10 min. The organic layer

1.23(d, J = 10.9 Hz, 2 H, OsCFHYSiMes), 0.064 (s, 18 H, Si-
(CHa)3), 0.047 (s, 18 H, Si(®3)3). 13C{1H} NMR (CeDg, 125.6
MHz, 18°C, major): ¢ 3.70 (O£H,SiMes), 3.23(OCH,SiMe;),
0.41 (SiCHj3)3), 0.17(Si(CH3)3). MS (El, 70 eV,m/2): 792 (M").
Anal. Calcd for GH,30sONSjp: C, 24.23; H, 5.86; N, 3.54.
Found: C, 24.29; H, 5.75; N, 3.54.

Synthesis of [Os(N)(CHSiMes),(u-OH)], (10). A cold (—20
°C) solution of HOSQ(p-CsHsMe)-H,0 (0.030 g, 0.158 mmol) and
4(0.105 g, 0.167 mmol) in 25 mL of (i5),0 was warmed to 25
°C with stirring. After 75 min, the mixture was filtered, and solvent
was removed from the filtrate under vacuum. The orange residue
was purified by chromatography on silica gel (2 in. column, eluted
with diethyl ether). The product, [Os(N)(GBiMes),(u-OH)],, was
isolated as a bright yellow oil. Yield: 0.039 g, 0.053 mmol, 63%.

Synthesis of Pd(OSiMg),(bpy) (11). Two equivalents of

was separated and extracted three times with 10 mL portions of NaOSiMg (0.134 g, 1.20 mmol) was added to a suspension of
water. The solvent was removed under vacuum from the organic PdCh(bpy) (0.200 g, 0.600 mmol) in 35 mL of ¢8s),0, and the
solution. The deep purple residue was recrystallized froraGIH# mixture was stirred for 24 h at 28C. The mixture was filtered
hexane. The product, a purple solid (0.071 g, 0.096 mmol, 65%), through Celite. The bright yellow filtrate was concentrated to 20
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Table 2. Summary of Crystal Data for 4 and 12

4 12
empirical formula G4HeoN202- CaoHpoN4O3-
OsSp OsPdSi
formula wt 655.15 1123.98
temp, K 193(2) 297(2)
wavelength, A 0.71073 0.71073
cryst syst orthorhombic monoclinic
space group Pbca P23/c
a, 15.045(6) 12.3500(9)
b, A 19.289(8) 18.3598(13)
c, A 22.687(9) 19.9189(13)
o, deg 90.00 90.00
p, deg 90.00 101.883(3)
y, deg 90.00 90.00
vV, A3 6584(5) 4419.7(5)
z 8 4
calcd density, Mg/ 1.322 1.689
abs coeff, mm? 3.966 6.277
F(000) 2704 2184
cryst size, mm 0.04 0.22x 0.25 0.27x 0.23x 0.05
0 range for data collecn, deg 1.8@5.37 2.02-27.74
no. of rfins collected 48 249 46 288
no. of indep rflns R(int) = 6030 10317
0.0314)
no. of data/restraints/params 6030/0/290 10 317/166/455
largest diff peak and hole, e?A 1.785 and-0.764  1.365 and-1.344
final Rindices ( > 20(1)) R1=0.0686 R1=0.0327
wR2=0.0955 wR2= 0.0641
Rindices (all data) R* 0.1703 R1=0.0624
wR2=0.1165 wR2=0.0769
goodness of fit of-2 0.971 1.020

mL, 3 mL of hexane was added, and the solution was cooled to
—20°C. Yellow crystals were collected by filtration and dried under
vacuum (0.181 g, 0.370 mmol, 68.3%) NMR (400 MHz, GDs,
21.7°C): ¢ 9.11 (d, 2 H, bpy), 6.79 (t, 2 H, bpy), 6.53 (d, 2 H,
bpy), 6.48 (t, 2 H, bpy), 0.77 (s, 18 H, Sif)3). °C{*H} NMR
(101 MHz, GDs, 21.7°C): 6 155.1, 149.4, 137.7, 125.1, 120.8
(C bpy), 5.4 (SiCH3)3). IR (KBr pellet, cnm?): 3056 (w, bpyvcy),
3033 (w, bpyvcy), 3003 (m, bpycy), 2944-2889 (S,vch), 1606
1449 (m,’Vcc), 1249 (S,éSic), 1237 (S,(SSiC)1 982 (VS,’VOSi), 954
(VS, VQSi), 823 (VS,VSic), 774. Anal. Calcd for @HzeNzOdeS'b:
C, 43.58; H, 5.94; N, 6.35. Found: C, 43.33; H, 5.71; N, 6.30.

Synthesis of (bpy)Pdis-O),{ Os(N)(CH,SiMe3),}» (12). Solu-
tions of [Os(N)(CHSiMe;),(u-OH)], (0.024 g, 0.030 mmol) in 2
mL of (C;Hs),0 and Pd(OSiMg,(bpy) (0.014 g, 0.032 mmol) in
2 mL of (C;Hs),0 were cooled te-30 °C. The solution ofLlO was
slowly added to the solution dfl. The color immediately changed
from yellow to red and then to dark purple. After approximately 2
min, a red solid precipitated. The product was collected by filtration
and dried under vacuum. It was recrystallized from THF/hexane at
—20 °C (0.017 g, 0.016 mmol, 53%fH NMR (500 MHz, dg-
THF, 21.7°C): 6 8.54 (d, 2 H, bpy), 8.36 (d, 2 H, bpy), 8.23 (t,
2 H, bpy), 7.75 (t, 2 H, bpy), 3.02 (d, 2 H, OséH", J = 10.85
Hz), 2.73 (d, 2 H, OsCPRH®, J = 9.99 Hz), 1.67 (d, 2 H, OsCHP,
J=9.98 Hz), 1.60 (d, 2 H, Os@*HP, J = 10.85 Hz), 0.096 (s, 18
H, SiCH3), 0.072 (s, 18 H, Sif3). 13C{H} NMR (126 MHz, ds-
THF, 21.7°C): 6 156.1, 151.2, 141.6, 127.7, 1240 lpy); 4.98
(OsC2H,), 0.96 (SiCHa3)3), 0.61 (SiCPHz)s), 0.015 (OLPH,). IR
(KBr pellet, cntt): 3108 (w, bpyvcy), 3047 (w, bpyvcy), 2947
(s,vch), 1606-1452 (w,vcc), 1240 (vsdsic), 1103 (VSposn), 856—
834 (vs,vsic). Anal. Calcd for GgHs,050,PdSkN,: C, 29.69; H,
4.98; N, 5.33. Found: C, 29.51; H, 4.76; N, 5.24.

Structure Determination of 4. General crystallographic data
are given in Table 2. Systematic absences fdr(K = 2n), h0l (I
= 2n), andhkO (h = 2n) were consistent with the space group
Pbca A face-indexed absorption correction was applied (absorption
coefficienty = 3.966 mnT1), and the maximum and minimum

Organometallics, Vol. 26, No. 8, 20887

were 3 systematic absence violations and 13 bad equivalents.
Systematically absent reflections were deleted, and symmetry-
equivalent reflections were averaged to yield the set of unique data.
The remaining 6030 data were used in the least-squares refinement.

The structure was solved using direct methods by using the
SHELXTL software package. The correct position for the osmium
and silicon atoms were deduced fromEmap. Subsequent least-
squares refinement and difference Fourier calculations revealed the
positions of the remaining non-hydrogen atoms. Non-hydrogen
atoms were refined with independent anisotropic displacement
parameters. Hydrogen atoms were placed in idealized positions and
tied to those of the attached non-hydrogen atom. An anisotropic
extinction parameter was not needed. Successful convergence was
indicated by the maximum shift/error of 0.001 for the last cycle of
least-squares refinement. The largest peak in the final Fourier
difference map (1.79 e &) was located 1.07 A from the osmium
atom. Final analyses of variance between calculated and observed
structure factors exhibited no perceptible errors.

Structure determination of 12. General crystallographic data
are given in Table 2. Systematic absences @ (k = 2n + 1)
andhOl (I = 2n + 1) were consistent with the space grde@/c.

A face-indexed absorption correction was applied (absorption
coefficienty = 6.277 mn1?), and the maximum and minimum
transmission factors were 0.744 and 0.282. After the correction there
were 6 systematic absence violations and 0 bad equivalents.
Systematically absent reflections were deleted, and symmetry-
equivalent reflections were averaged to yield the set of unique data.
The reflection 011 was found to be a statistical outli®F{/esd=
36.60). The remaining 10 317 data were used in the least-squares
refinement.

The structure was solved using Patterson methods by using the
SHELXTL software package. The correct positions for the osmium
and palladium atoms were deduced from a sharpened Patterson map.
Subsequent least-squares refinement and difference Fourier calcula-
tions revealed the positions of the remaining non-hydrogen atoms.
Non-hydrogen atoms were refined with independent anisotropic
displacement parameters. Hydrogen atoms were placed in idealized
positions and tied to those of the attached non-hydrogen atom. An
anisotropic extinction parameter was not needed. Successful
convergence was indicated by the maximum shift/error of 0.001
for the last cycle of least-squares refinement. The largest peak in
the final Fourier difference map (1.79 e A was located 1.07 A
from the Os(1) atom. Final analyses of variance between calculated
and observed structure factors exhibited no perceptible errors.
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