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I. Introduction

A. HisTory

Osmium was first discovered in 1803 by Tennant (1), who also iso-
lated the first coordination complex {OsO4]. Although the discovery of
Os preceded that of Ru by 41 years (2), the known chemistry of Ru is
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more extensive than that of Os. The reasons for this are that, compared
with Ru, Os chemistry is considerably more expensive, and second,
most Os complexes are prepared via more difficult routes starting from
the hazardous (3) [0sQ4]. In spite of this, there are now literally thou-
sands of Os coordination complexes, not to mention a quite extensive
organometallic chemistry (4). In recent years, the number of complexes
has expanded rapidly because of the development of more convenient
synthetic methods. This review is aimed at describing these recent
developments.

B. Scopk oF THis REVIEW
1. Reviews on Osmium Chemistry

A summary of the reviews published on Os chemistry up until 1986 is
given in Griffith’s 1987 article (2). More extensive reviews of the litera-
ture up until 1980 are found in Gmelin (5, 6), and brief annual surveys
of publications during 19861988 have appeared (7).

In the area of Os organometallic chemistry, a comprehensive review
of the literature up until 1982 has been produced (4). More recent
reviews include the annual surveys on the organometallic chemistry of
Ru and Os (8—10), organometallic arene chemistry of Ru and Os (11),
and terminal methylene complexes (12).

A 1987 review surveys the methods available for the determination
of Os and other platinum group metals (13), with a more recent review
examining the use of thiourea complexes in the determination of Os
(14). In the following text, reviews on more specific topics will be re-
ferred to where appropriate.

2. Scope

This review on the synthesis, properties, and chemistry of coordina-
tion complexes will concentrate on the literature since the end of 1985,
referring to earlier literature only where relevant. It includes a general
survey of recent publications, with more detailed discussions of inter-
esting developments in the latter sections. Analogous Ru chemistry
will also be included in particular sections, to show the similarities and
differences in the chemistry of these elements. Appropriate literature
dealing with organometallic chemistry will be referred to where rel-
evant to the discussion of the coordination chemistry, because Os
chemistry often transcends these traditional boundaries. However,
no attempt has been made to review recent developments in Os organo-
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metallic chemistry; therefore, this review is confined largely to the
chemistry of Os in oxidation states II or higher.

il. Survey of Coordination Complexes

A. OXIDATION STATES
1. General Comments

Osmium complexes exist in every oxidation state from II- to VIII,
but generally the coordination chemistry is restricted to oxidation
states 1I through VIII (2, 5, 6). The low-oxidation-state chemistry is
dominated by ligands that are good o donors (e.g., amine ligands) and 7
acceptors (e.g., N heterocycles). By contrast, higher oxidation states are
stabilized by the addition of ligands that are both strong o and 7 donors,
e.g., 02~ and N3. The strengths of 7 bonding and 7 backbonding are so
great with Os that changing one ligand in the coordination sphere can
have a dramatic effect on the stability of an oxidation state. This has an
important influence on both the physical properties and the reactivities
of Os complexes, and as such, will be discussed in detail where appro-
priate.

2. Osmium(0)

This oxidation state is rare for nonorganometallic complexes, being
found only in the trigonal-bipyramidal [Os(PR3)5) complexes and in
reactive intermediates such as [Os(PR3)4] and {Os(PR3)3] (15).

3. Osmium(I)

Os(]) is confined to complexes containing ligands that are very good
at stabilizing low oxidation states, such as those with the cyano ligand
2,5,6,16).

4. Osmium(Il)

An extensive pentaammine chemistry has emerged in recent years,
but most Os(II) complexes are stronger reductants than are their Ru(il)
analogs and are sensitive to aerial oxidation. Many air-stable Os(II)
complexes with N-heterocyclic, phosphine, cyano, and CO ligands are
known. In general, Os(II) is octahedral and low spin (2, 5, 6). However,
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[Os(PPh3)3Cly] (17) and [Os(PPr3)s (CO)(H)(CD) ] (18) are five coordi-
nate, and [Os(bpy)(PPh3)2(CO)(H)] is seven coordinate (19).

5. Osmium(Ill)

This oxidation state is dominated by amine complexes, and a large
variety of complexes with N, O, S, and P donors. Complexes with
N-heterocyclic ligands tend to be strong oxidants. Invariably, Os(III)
complexes are low spin and octahedral (2, 5, 6).

6. Osmium(IV)

In order to stabilize Os(IV), it is necessary to have either several
ligands that are good 7 bases (e.g., C1~ or Br™), or one ligand that is a
strong 7 base (e.g., 0%7) (2, 5, 6). Many Os(IV) complexes contain one or
more halo ligands. There is also a growing number of oxo- and nitrido-
bridged complexes.

Most Os(IV) complexes are low spin and octahedral. Although they
have two unpaired electrons, they often have anomalous magnetic
properties at room temperature. This is due to quenching of the electron
spin by the orbital spin, as a consequence of the large spin-orbit
coupling constant (20). Recently, low-spin, diamagnetic, tetrahedral
complexes have been characterized that contain four sterically
hindered alkyl or aryl groups (21), and the square-planar [Os-
(NAr)(PMe,Ph),] (Ar = 2,3-Pri,CgHs) is also known (22).

7. Osmium(V)

Os(V) complexes are relatively rare and generally unstable toward
disproportionation or other reactions. Authentic complexes that have
been isolated include [OsF5]4, [Os2Cl;pl, salts of [OsXgl™ (X =F~ or
C17), and mixed halo/aqua or halo/oxo complexes, all of which are
octahedral (2, 5, 6). Recently, the tetrahedral [Os(2-MeCgH4)41" and
five-coordinate [Os(O)(ehba)s ]~ complexes have been isolated and char-
acterized (23).

8. Osmium(VI)

Generally, two strong 7 bases are required to stabilize Os(VI), hence
its chemistry is dominated by octahedral complexes with the trans-
dioxo moiety. However, a complex containing three doubly depro-
tonated 2-aminobenzenethiol ligands, [Os(abt)s], has been character-
ized (24). In addition, a growing number of five-coordinate complexes
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that have either an oxo, nitrido, or imido ligand, together with four good
o and w-donor ligands, have been reported. Examples include [Os-
O(Ctmen-2H)(Ctmen-H) IC104 (25), similar complexes with four alkyl
groups (26) or two diolato(2—) ligands (27), and [Os(N)(R)4]~ and [Os-
(NMe)(R)4] (28). Five-coordinate complexes with two oxo ligands are
also known (29, 30) and the diamagnetic tetrahedral complexes (Os-
(0)2(R)2] (R = 2,6-xylyl or 2,4,6-mesityl), (Os(O)(NBu’)(mes);], and
[0s(0)2(SS03)2)%~ have been characterized recently (31-33). The isola-
tion and characterization of the air-stable trigonal-planar complex,
[Os(NAr)3] (Ar = 2,3-Pr';CgHs) (22), is even more remarkable given
that most complexes are octahedral (2, 5, 6).

9. Osmium(VII)

The few isolated complexes of Os(VII) contain at least four ligands
that are both strong 7 and ¢ donors, e.g., the tetrahedral [0OsO4]™ ion,
the octahedral {OsOF5] complex, and the pentagonal-bipyramidal
[OsF,](2, 5, 6).

10. Osmium(VIII)

Tetrahedral [0sQ,] is quite stable and forms five-coordinate adducts
with a number of ligands. It also adds two OH ™ ligands to form trans-
[0s(0)4(OH)z 127, or substitutes one or more oxo groups for other strong
ligands, such as N3~ or NR?" (2, 5, 6). The unusual six-coordinate
Os(VIII) complexes, trans-[0s(0)2(0OSiMe;)o(NP(Ph);CH;P(Ph).N) ]
(34) and trans-[0s(0)2(pda)z] (24), have been synthesized recently.

B. GENERAL SYNTHETIC METHODS
1. Overview

With the exception of the neutral halo complexes, which are prepared
by direct reaction of the halogen with the metal, and a number of
complexes generated by the direct reaction of the metal with a strong
acid, coordination complexes of Os are prepared directly or indirectly
from [0s0,] (2). The latter is a toxic, volatile solid, normally purchased
in 1-g ampuls and opened within the reaction mixture contained in a
fume hood to prevent escape of the toxic vapor (3) and loss of the
reactant. It is also available as an aqueous solution of “osmic acid,”
which is suitable for some reactions.

General routes for the syntheses of complexes with oxo and N-donor
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ligands are presented. More extensive compilations of synthetic
methods are given elsewhere (2, 5, 6).

2. Complexes with Oxo Ligands

Five-coordinate Os(VIII) complexes of the type {Os(O),L] contain a
weak Os—L bond and are prepared by the addition of the ligand to
[0s04] (2). The trans-dioxoOs(VI) complexes are prepared in a number
of ways, including the reduction of [0sO,4] by an alkene or alkyne to
form an osmyl diester with the oxidized ligand (2), the reduction of
[0sO4] in the presence of excess ligand (2, 35, 36), and the ligand
substitution reactions of trans-[0s¥'0:X4]2~ complexes (2, 5, 6). The
cis- and trans-dioxoOs(VI) complexes are also prepared from the oxida-
tions of Os(II) or Os(III) complexes or geometric isomerizations of cis
complexes (2, 37-40). This chemistry is summarized in Scheme 1.

[OS(O)NR)3) =———— [OS(0)x(NR);} =—"—— [Os(O)a(NR)}

.. \ N/ \ll/
¢is{0s(0)2(NR OC(R",C(R")0)] i fior ’ / ||\ /’ \

Xv

[0s(0)4(NRg")] - [Os(0)y] (OS(O}N > [Os(O}s(N}(NR3']

NAY
AN,

trans-{0Os(0)2(OC(R"),C(R")20)L2]

[Os(O)] A 1rans-{0s(0)4(OH)I™

trans-{0s"™(O)(L)g)"™ trans-{Os(O)a(X)s* i
X
xiv

Xl

trans-[Os(Oa(L}a] trans- [0s{0),(OH),]*

trans{0s(0),(X)a”

Xvil

rrans~[Os(0)2(L)4]3‘ trans-[OsLa(L")2] cis-{Os(0)ola] cis-[OSL4{L')2)

ScHEME 1. Preparation of oxo complexes. Reagents: (i) NHj, (i) RNH; (R = tertiary
alkyl group), (iii) RN=PPh;, (iv) RNH—SiMegs, (v) NR3, (vi) reductant, nonaqueous
solvent (vii) excess L, (viii) excess HX, (ix) OH™, (x) nonreducing acid, (xi) reductant,
(xii) excess HX or X, (xiii) L,, (xiv) Av plus reductant or electrochemical reduction,
(xv) R5C=CRy3, (xvi) L. = py, etc., (xvii) oxidation of Os(II), Os(III), or Os(IV) complexes,
and (xviii) A
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3. Nitrido and Nitrido-Bridged Complexes

a. Mononuclear Complexes. [0sV'(0)3(N) ]~ is best prepared from
the reaction of NH; with [0sO,] in strongly basic media (2, 5, 6). It is the
only known Os(VIII) complex with the N®~ ligand, and reacts with HX
to form the Os(VI) complexes [Os(N)X5]%", [0Os(N)X,]™, and trans-
[Os(N)X4(OHgy) |”. These, in turn, undergo ligand exchange reactions to
produce a large range of other Os(VI) nitrido complexes (2, 5, 6).

Alternative methods for the synthesis of mononuclear Os(VI) nitrido
complexes are the chemical or electrochemical oxidation of Os(Il) or
Os(III) ammine complexes (41-43) and the oxidation of Os(IV) com-
plexes by organic azides (44).

b. Dinuclear Complexes. The original syntheses of dinuclear Os-
(IV)2 w-nitrido complexes involved heating (NH4)3[OsXg]l in the
presence of HX or NHj to yield trans,trans-[ (HyO0)X40sNOsX,-
(OH2) >~ and [X(NHj3)40sNOs(NH3),X13*, respectively. Heating
trans,trans-[ (H20)X40sNOsX4(OH2) >~ in excess ammonia also pro-
duces trans,trans-[X(NHj3)40sNOs(NH;3)4X]®** complexes. The X~ li-
gands can be substituted to prepare a range of complexes (45), whereas
the octaammine complex (X = C17) and [Osa2N(NH3),Cl3]Cl; are also
obtained from heating Nay[OsClg] in aqueous NH; (46). Recently, the
reaction of NH,NHy-Ho0 with solid (NHy)3[OsClg] was found to yield
the decaammine complex, [ (NH;3)s OsNOs(NH3)51°* (47). This complex
undergoes trans substitution reactions, resulting in a high-yielding
and simple entry into the aforementioned series (47). The 4-N3~ chem-
istry is summarized in Scheme 2.

_ NHNHaHO

(NH O Xg]——————= [OsN(NHg);o]*"
Xz 400°C NH,OH,0°C Al x
HX NHOH
Os)NX, —————  [O5,NX5{OH,);)> ———=  [OsN(NH3)eXo}*
A OH; AY
NH.OH
Na[OsCle] [OSN(NH3)g(OHz)2"" [Os,N(NHa)e Yo"
A
NH,OH
OH;

[OSN{NHa)7Cla] "2 [OSN(NH4}o{OH)l™

SCHEME 2. Preparation of u-nitrido complexes.
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4. Osmium Ammine Complexes

a. Pentaammineosmium(I1l) and -osmium(ll) Complexes. Though
original methods for preparing these complexes involved heating
[0sXg]?™ (X = Cl or Br) with excess NHz (48-53), all modern synthe-
tic methods use [Os(NH3)5(N3) 12t as an intermediate. This complex
is generated from the reaction of [0sClg]2~ with excess NHoNH,-H,0,
and because of its synthetic importance, the reaction conditions have
been improved to give overall yields of =90% (47, 54~-59). The lability of
the N, ligand in the Os(III) oxidation state, following oxidation of the
Os(I) precursor, is utilized in preparative procedures that rely on this
intermediate (56, 58, 60, 61). However, such in situ reactions are lim-
ited in their applications, and prior to the early 1980s this prevented
the development of [Os(NH3)5L.1”* chemistry that paralleled the exten-
sive [Ru(NHj3);L1*" chemistry (62, 63). More recently, pentaammineos-
mium chemistry has been opened up by the synthesis of [Os(NHs)s
(OS0,CF3) J(CF3S03)s. Unlike triflato complexes of the other inert
metal ions, which are normally prepared from reactions of the neat
solvent with chloro complexes (64, 65), the Os(III) complex is prepared
in quantitative yield by the oxidation of [Os(NHj3)5(N3) ICl; in neat
CF3SOsH (59, 66, 67). The trifiato complex has the synthetic advan-
tages of being readily substituted by many ligands and being soluble in
most polar organic solvents. However, the use of this complex as a
synthetic intermediate is still limited to ligands that are better o do-
nors to Os(III) than CF3SO3~. Moreover, the ligands must not be suffi-
ciently basic so as to bring about competition between substitution and
base-catalyzed disproportionation of Os(IIl) amine complexes to Os(II)
and Os(IV). The latter leads to multiple substitution and is a particular
problem with the preparation of N-heterocyclic complexes (68). Unlike
pentaammineruthenium chemistry, wherein these problems are over-
come by the use of labile ([Ru(NHj3)5(OHs) 1" or other Ru(II) solvent
complexes (62, 63), the analogous complexes in Os chemistry are not of
general synthetic utility. This is because of the propensity of [Os-
(NHj3)5(OHy) ™ to reduce water (68, 69) and of the other solvent com-
plexes to be either substitutionally inert or to undergo chemical reac-
tions to produce inert complexes. Nevertheless, the [Os(NH3)5(OHy) 12*
ion has been used as a synthetic intermediate on a number of occasions
(70-72). The claim, however, that the Os(II) aqua complex is in equilib-
rium with n*-heterocyclic complexes (72) has been shown to be incorrect
(73).

In order to overcome the difficulties of coordinating weak o donors,
several methods have been developed by Harman and Taube for the
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preparations of labile Os(II) synthetic intermediates (74, 75). Together
with the triflato complex, such methods have resulted in an explosion of
our knowledge of pentaammineosmium chemistry. These synthetic
methods involve the in situ reduction of [Os(NHj3)5(0S0.CF3) I?* in
dma/dme (see the list of abbreviations at the end of this article) to form
a labile solvent complex (75), or the use of [Os"(NH;)5(1,2,3,4-
tetramethylbenzene) J** as an intermediate (74). An array of dinuclear
decaamminediosmium and heterodinuclear complexes have been pre-
pared using such intermediates (see Section II,D). Current synthetic
methods for pentaammine and decaammine complexes are summarized
in Scheme 3.

0s0,
NH,NH ,.H,0
0] v O N
[o.e‘"<NH3>5<0H2)13*<—,£—l-)-—[0s“(NH3>5(Nz)f*+> (0s"(NH ) X
2
H oM (ol CF,SO0,H
> A| GF SO H A HX/H 0
v
(R [0s"(NH,) ,(0SO, CF ))**
L
L
[R]
+ o LA 3
Os(NH._), L
[Os (NH,) L] 5 7( s(NH, )L}
[R]
tmb
L
dma

v

[Os(NH,)tn? Amb)]2*

ScHEME 3. Preparation of pentaammine and decaammine complexes.
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b. Tetraammineosmium(Il), -osmium(IIl), and -osmium(IV). The
conventional routes to the synthesis of cis-tetraammine complexes in-
volve diazotization of [Os(NH3)s5(N3) ¥ to form cis-[Os(NH3)4(Ng)2]%*
(76, 77). One of the N ligands is readily replaced with other ligands by
gentle warming (77-80). Heating in aqueous HX solutions result in the
loss of both N, ligands with concomitant oxidation to form cis-
[0s(NH3)4X2]" (61). cis-[0s(NH3)4(0OS03CF3)2](CF3S03) is prepared
most conveniently from oxidation of cis-[Os(NH3)4(N2)zIClz in neat
CF3S03H (81) and undergoes substitution chemistry similar to that of
the pentaammine analog. Mixed-ligand complexes are prepared by
treating cis-|Os(NH3)4(N3)2]" with an excess of the appropriate ligand
to give cis-{Os(NH;3)4(N2)LI?* (L = PR3, N heterocycle, etc.), which are
used to generate the corresponding Os(III) monetriflato complex. Al-
though such chemistry is in its infancy, it is likely to lead to the
synthesis of a large number of cis-tetraammine complexes. An alterna-
tive method is to use complexes such as cis-[0s™(NH3)4(pz)Cl]%", gen-
erated as previously described (77, 79), to synthesize triflato interme-
diates. cis-[Os(NHj3)4(heterocycle)s]2*/2* also result from reactions
of [Os(NH3)5(0S0,CF3) 2" with excess ligand (68). In addition, dinu-
clear nonaammine- and octaamminediosmium complexes are pre-
pared using triflato or dinitrogen intermediates in the manner just
described. The chemistry of the cis-tetraammine complexes is sum-
marized in Scheme 4.

Apart from the nitrosyl complexes, which are discussed in detail
elsewhere (2, 82), the trans-tetraammineOs(II]) complexes and related
complexes with chelating amine ligands are prepared by geometric
isomerization of the cis complexes. This requires refluxing for several
days in the presence of HX (61). An alternative route is the reduction of
the trans-[0sY!(NH;3)4(0)2]%* precursor in HX (83). The substitution
chemistry of the triflato group is used to synthesize a variety of com-
plexes starting from the halo complexes (81, 84) and requires further
exploration. As is the case for the trans-[MA4Cl2]1* complexes of Rh(III),
Ir(III), and Ru(III) (65, 81), only one of the chloro ligands is replaced to
produce trans-[Os(NH;3),CI(OSO,CF3)]*, even after prolonged heating
in neat CF3SO3H (81). This is synthetically useful because it enables
the sequential displacement of the chloro ligands. Other synthetic
routes into the trans-tetraammine series include the activation of the
trans-NHj3 group toward substitution by the formation of either the
Os(II)-ylide complex of 2,6-1utidine (and other N heterocycles in which
the ligand is bound to Os via the para carbon) (85), or the formation of
an Os(III)—S032~ bond (86). cis- and trans-{0s'Y(NH3)4X,]?* are pre-
pared from the Fe(IlI) oxidation of Os(III) complexes (83). The synthesis
of the trans-tetraammine complexes is summarized in Scheme 5.
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2+
[0s(NH,) L] {L=CO,N,)

HN

v

. _HX[O T
cis{Os(NH, ), (X), ] UL cis{0s" (NH, ), (LN, —Z—-» cis{0s" (NH, ), (LN, I*

CF,S0,H L=,
Hx 3SOHIL=N, x|
Fe(lll) ©l
cis{Os(NH, ), (x), I** cis{0s"(NH, ) (050 CF,), 1* ais 108" (NH ), (L)) 2
L [R] h .
L L L"NX = CF3 504
\ " A
i 08" (NH) (L), 1° cis 108" (NH ), (L)(L)]2* = cis 04" ), (WL *
L
IR) [Os(NH, ) L' T

P

cis{0s' (NH,), (1), 17

ScHEME 4. Preparation of cis-tetraammine complexes.

¢. Triammineosmium(Il), -osmium(Ill), and -osmium(IV). The
mer complexes are prepared by the diazotization of the appropriate
trans-tetraammine complex to form mer-[Os™(NH3)3(N2)X], which is
oxidized in HX to mer-[Os(NH3)3X3] (87). These complexes are readily
oxidized further to their Os(IV) analogs, mer-|Os(NH3)3X3]" (83).

The fac isomers are probably among the products formed from the
diazotization of the cis-tetraammine complexes, but have yet to be
obtained pure (87). When cis-[Os(NH3),(0S0>CF3)2]" is reduced in the
presence of an arene ligand, an ammine and two triflato ligands are
displaced to form [Os"(NHj)3(n®-arene)]*”. The benzene complex is
also a product of the prolonged heating of [(NHj3)50s(u-n%m%-
benzene)Os(NH;35]**  along with [(NH3)50s(u-n%n°%-benzene)Os
(NH3)31**, which has a triammine unit (88). The naphthalene ligand
is readily substituted for other ligands to form fac-[Os"(NHj3)3L3]?*
complexes (81, 89), which provides a convenient synthetic route for the
preparation of the fac isomers. Imidazole activates ligands to substi-
tution and the reaction of [Os(NH3)5(0OSO2CF3) ]** with excess ligand
results in fac-{Os(NH3)3(im)3]%* (90). The chemistry of the triammine



230 PETER A. LAY AND W. DEAN HARMAN
trans-10s"(NH, ), (O); 1"

HX
iRl

Fe(l
cis-[Os{NH,), (X), I’ —A—> trans- [Os (NH ) X1 _a_(_)’ trans- [Os {NH,), (x)z]

A |CF,S50.H

trans- [0s"(NH,,), X(0SO, CF, )i’

L
HSO, /S0, *
3+ HCI 1] 24
[Os(NH,,)(OH )] ——2——> trans- [Os (NH,), (L)(X)]
(L=SO7 X=Cl ")
A (R]
CF,50 H
trans- [Os" (NH ,(LI(OSO,CF,) trans- [Os" (NH,), L1
trans- [Os" (NH a)e (LIL] i trans- [Os" (NH,) (L)(L)]

NT:;;}M“)
L

[Os(NH,) (n? -heterocycle)]**

ScHEME 5. Preparation of trans-tetraammine complexes.

complexes, apart from the nitrosyl complexes that are discussed in
detail elsewhere (2, 82), is summarized in Scheme 6.

5. N-Macrocyclic Complexes

At the time of Griffith’s review (2), no macrocyclic complexes of Os
had been reported except for the porphyrin and phthalocyanine com-
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HNO.
trans-[Os(NH3)sXal" —_ 2 . mer-[Os{NH;)3(N2)Xo] + mer{Os(NH3z)aX3)
HNO, ol
cis{0S(NHg) Xo P — 22 T o 126(O5(NHa)s(NIXe] mer[Os(NHs)sXs]"

L
cfs-[Os(NHa)‘(oso,ca)Zf‘Tr[e'}l;—r tac-{Os(NH3)a(n"-arene)* ———w fac-[Os(NHg)aLal?*

A 01

[(NHa)sOs(n’:n’~benzeng)Os(NHa)s] 2= [{NHs)sOs{u-n’n’-benzene)Os(NHa)s]** fac{Os(NHa)aLol™

ScHEME 6. Preparation of triammine complexes.

plexes, which are reviewed in Section II,C,4,d and elsewhere (2, 91, 92).
In recent times, methods have been devised for the synthesis of the
macrocyclic complexes of Os. This chemistry has been reviewed (39, 93)
and is summarized in Scheme 7.

6. Complexes With bpy, trpy, phen, and Related Ligands

General methods for the preparation of N-heterocyclic complexes
have been well summarized previously (2). One of the new synthe-
tic procedures involves the use of triflato complexes, e.g., cis-

Nap[OsClg]
AlSnL

-8 -8

trans-{Os"LCly] trans-[Os"LCl,]"

trans{0s"YLClo]*

H20,
. . e v 2. PPhg 1 2.
trans-[OsL(O),) trans-{OsL(O)z] trans-|0s " L(O)]™ o= trans-[Os"LINCCH)o]
26 3o

trans-{0sIL(OH)a]* =H= trans-{OsTL(OH)(OH,)2*

ScHEME 7. Preparation of macrocyclic complexes.
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[Os(bpy)2(0SO.CF3)2]* and [Os(trpy)(bpy)(OSO.CF3)]**'*, as inter-
mediates (94-96).! Although such complexes provide convenient en-
tries into the aqua/hydroxo/oxo chemistry and they are also useful
intermediates for the preparation of other complexes (42), their syn-
thetic utility has only just begun to be explored. Other recently devel-
oped synthetic routes utilize intermediates that contain bidentate car-
bonato ligands, for synthesizing cis-[Os(bpy)2L2]”" and cis-[Os(bpy)
(dppe)L2]"* complexes (97, 98). This new chemistry is summarized in
Scheme 8.

7. Osmium(IIl) Complexes

Most Os(III) complexes are prepared by either the direct reduction
of [0s04] or [0sXs]?~ (X = C1™ or Br™) with an excess of the ligand
(2, 5, 6). The latter is made from the reduction of [OsO4] in the presence
of HCI or HBr (99). Other reactions include those of OsCl; with the
ligands and the reduction of Os(VD) or Os(IV) complexes (2, 5, 6).

C. MoNoNUCLEAR COMPLEXES

Because of the sheer volume of work published over the last 5 years,
only certain specialist topics will be discussed in any depth (Sections
III-V). Whereas this survey covers many areas in a cursory fashion, it
amply illustrates the rapid growth of knowledge in Os chemistry. It also
serves to indicate where future advances are likely to occur, especially
in the “organometallic” chemistry of [Os(NHj),L.,.}** complexes, which
often mimics or surpasses the extensive chemistry normally associated
with phosphine ligands. Examples wherein novel organometallic chem-
istry has occurred are the n2-ketone and n”-arene complexes of penta-
ammineosmium.

1. Boron Ligands

Osmaboranes and Osmacarboranes. The first osmaboranes were re-
ported in 1983 from the reactions of [Os(CO)XCH(H)(PPhjs)s;] with
arachno-[BsHgl™ or nido-[BsHg]™, to yield arachno-[(HOsB3sHg)(CO)
(PPhy)e] (I) and nido-[(OsBsHg)(CO)(PPha)z] (ID), respectively. Both
complexes have two hydride and one or more boron atoms bound to

1 Although some aspects of the preparation and reactivity of [Os(trpy)(bpy)-
(OS0,CF3)]1?* appeared in the literature in 1984 (96), this paper was actually submitted
after our paper dealing with [Os(trpy)(bpy)(OSO.CF3)12*/* (95). The preparation of these
complexes was communicated to the authors of Ref. 96 in 1982.
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ScHEME 8. New methods for the synthesis of complexes with bidentate N-heterocyclic
ligands.

Os (100). Treatment of the nido complex with NaH yields Na-
[(PhsP)3(CO)0s(BsHg)] (IIT), which reacts with [PtCla(PMe,Ph),] to
give [(Ph3P)o(CO)Os(PhMe;PYXCH(H)Pt(BsH7)] (IV). X-Ray crystallog-
raphy shows that the borane and hydride ligands act as bridges (101).
Similarly, mer-[OsCl3(PMegPh);] reacts with [NBuyl[BgHi4] (102)
or closo-[BjgH;10)2~ in EtOH (103) to yield (6,6,6-(PMesPh)s-nido-6-
0sBgH ;3] (V) and [(PMezPh)20sB1yHg(OEt)] (VI), respectively. The
structure of the former has been determined by X-ray crystallogra-
phy (102). [OsCly(PPhg)s] and closo-[B;oH10]?~ yield [(PPhs)(Phy-
PC¢H,4)0sB,gH7(OEt)3] (VII), for which the X-ray structure shows that
one of the PPhs ligands has orthometalated to a boron atom (103).
Similarly, [(n5-CgMeg)OsCl,ls reacts with closo-[B;oH )%™ to form [1-
(n5-CsMeg)OsByoH ol (VIID), with Tllarachno-BgHg] to form [2-(n®-
CeMeg)Cl0sB3Hg] (IX), or with arachno-[BgHi4]™ to form [6-(n-
CGMGG)OSB9H13] (X) (104)
closo-[1-0s(C0O)3-2,3-{(CH3)3S1}2-2,3-C2B4H,4 ] (XI) is made from [Os3-
(CO)lz] and ClOSO-[Sn{(CHs)ssi}202B4H4] or nidO-[{(CH3)3Si}202B4H6]
and has been characterized by 'H, !B, *C, and **Si NMR and mass
spectroscopies (105). More recently, nido-[9,9,9-(CO)(PPh3)2-9,6-
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0sCBgH,;4-5-PPhs] (XII) was prepared from [Os(CDH(CO)H)(PPhs)s]
and arachno-[CBgH;5]17, and its X-ray structure was determined (106).
The structures of the osmaboranes and osmacarboranes are given in
Fig. 1.
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Fic. 1. Structures of the osmaboranes and osmacarboranes. Structure III (not shown)
is the same as I1, except a hydride is removed; only borons of the borohydrides are shown
in structures VI-X and XII (asterisks).
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2. Carbon Ligands

a. Cyano Complexes. [Os'(CN)sCl)° and trans-[0Os(CN)4Cl,]°~ are
produced by X-radiation of K4[Os(CN)g] in a KCl matrix. These com-
plexes are stable at room temperature and have been characterized by
the hyperfine and superhyperfine coupling observed with EPR spectro-
scopy (16).
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trans-[Os(CN)4NCCH;),]?~ is prepared by irradiating trans-[Os¥!
(0)2(CN)4J?~ in an acetonitrile solution containing an alkene or other
substrate (107) and [Os(CN)x{CNCH(Ph)CH,OH},] is prepared from
the reaction of [Os(CN)2(CNH),4] with an epoxide (108). [Os(N)(CN)51?7,
trans-[Os(N)(CN)4(OH)1~, trans-[Os(NH)(CN)4(OCOCF3)], and trans-
[Os{N(COCF3)}{CN)4(OCOCF3)]~ are discussed in Sections II,C,4,q
and II,C,6,0. The well-known complexes cis-[Os(LL)2(CN),] (LL = bpy or
phen) have been studied by X-ray photoelectron spectroscopy (XPS) and
cyclic voltammetry (109). Lattice dynamics of K4[Os(CN)gl - 3H,0
have been evaluated by NMR spectroscopy at temperatures near its
phase transition and the dynamics have been compared with the iso-
structural Fe(Il) and Ru(l) complexes (110). The nonmagnetic Th|Os
(CN)sl - 5H20 has been prepared and its structure characterized by
X-ray powder diffraction and thermogravimetric analysis (110a). X-ray
crystal structures of the isomorphous series Naj M(CN)g] - 10 H,0O
(M = Fe, Ru, Os) have also been reported and the IR spectra of the three
complexes compared (110b). The heterogeneous electron transfer rate
of the [Os(CN)g1®>~/#~ couple has been measured at a carbon fiber elec-
trode using very fast cyclic voltammetry (111). An outer-sphere charge-
transfer complex, {{Pt(NH3)sCI]3* - [Os(CN)gl* "}, has been prepared
and its spectroscopy studied (111a).

The trans-dioxoOs(VI) complexes that contain two trans or cis cyano
ligands are obtained from the reactions of trans-[0s(0),(OH)4]?>~ and
CN™ in a 1:2 molar ratio in the presence of a carboxylic acid. If oxalic
acid is used, the product is trans-0,0-cis-[0s(0)o(CN)2(0x)]%~; how-
ever, if acetic acid is used, the produce is trans,trans,trans-
[0s(0)2(CN)o(OH)2J2~. A brief report on the latter complex appeared
some time ago (2, 112), but its substitution reactions were not explored.
The OH™ ligands are substituted by other ligands to produce trans,-
trans,trans-[0s(0)2(CN)2 X212~ (X~ = NCO~, NCS~, MeO~, and
SeCN7™), trans,trans,trans-[0s(0)2(CN)o(py)2], and trans-0,0-[Os-
(0)2(CN)o(bpy)]. All complexes were characterized by infrared (IR),
Raman, and UV/Vis spectroscopies, the latter being strongly vibro-
nically coupled (113). trans-[Os(0)2(CN)4}?~ undergoes photochemical
or electrochemical reduction to the Os(V) analog (107, 114), and the *3C
and 80 derivatives of the Os(VI) complex have been prepared to study
the vibrational fine structure that occurs within the charge-transfer
transitions in the UV/Vis spectrum (115).

b. Carbonyl Complexes. A very large number of carbonyl complexes
of Os have been prepared and characterized, most of which have been
reviewed elsewhere (6, 8—12, 116). The only CO complexes discussed
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here are those with ligands that are normally associated with classical
coordination chemistry, e.g., [Os(NH3)5(CO)J?*. Most carbonyl com-
plexes in oxidation states of Os(Il) or higher contain halide and/or
hydride ligands, and complexes with halides have been reviewed re-
cently (116). The unusual Os(IV) CO complex, [OsCl5(CO)]™, is pre-
pared from Cl; oxidation of trans-|OsCl4(CO)2] . The former is reduced
reversibly to the Os(IIl) complex and both have been studied by near-
infrared (NIR), IR, Raman, and UV/Vis spectroscopies and electro-
chemistry (117).

The synthesis of carbonyl complexes is achieved in several ways.
Although, the direct reaction of CO with an Os complex is a general
route, preparation is also via oxidative dehydrogenation of coordinated
methanol (Section V,E,2 b), dehydration of coordinated formate (Sec-
tion V,E,4,g), and elimination of RH or (CH3);NH from coordinated
aldehydes (RCH = O) or dmf, respectively (Section V,E,4,h). The direct
reactions of CO with [Os(NHj3);L1?* complexes have not as yet yielded
the CO complex, but all of the above reactions of coordinated ligands
can be used in the synthesis of [Os(NH3)5(CO)J2* (55, 118-120). [Os-
(NH3)5(CO)]?* is oxidized to the Os(III) complex by [IrClg)2~, isolated as
[0s"'(NH3)sCONIrClg] (58). The Os(III) complex is quite acidic, with
the first pK, value of the ammine ligands being ~2.5 (87). It under-
goes base-catalyzed disproportionation to give [Os''(NH;3)sCOJ?* and
Os(IV) and/or Os(V) nitride carbonyl complexes. The latter are inter-
mediates in the coupling reaction to form cis,cis-[(CO)(NHj),-
Os(N2)Os(NH3)4(CO)**  (Section V,E,1,c) (58). [Os(NH3)s(CO)2*
is diazotized to form cis-[Os(NHj3)4(N2)(CO)?* (55, 87).

Reactions of coordinated ligands are also standard preparative
methods for the synthesis of Os hydride/carbonyl/phosphine or arsine
complexes, which in turn are the starting materials for a large range of
organometallic or coordination complexes (116). The general synthetic
methods are summarized in Scheme 9 (I8, 19, 106, 121-137). The
five-coordinate [Os(HXX)(CO)PR3):] complexes are coordinatively un-
saturated and very effective hydrogenation catalysts (125, 135, 137).
[Os{H)2(CO)(PMeoPh);] is also prepared by the reduction of CO; by the
hydride ligands in [(cod)Rh(H)30s(PMe,Ph);] (138).

Oxidation of 2-methoxyethanol or 1,2-ethanediol by {0sQ,], in the
presence of a porphyrin, is used to prepare [Os™(P)(CO)XX)] complexes
[P is a porphyrinato(2—) ligand] (139). Recently, more convenient
preparations of porphyrinato complexes were developed using the reac-
tions of [Os3(CO);2] with the appropriate porphyrin (Section I1,C,4,d)
(38, 40, 140, 141). Electrochemical studies show that both the Os(II)
and Os(III)/porphyrin—cation—radical complexes are moderately stable



238 PETER A. LAY AND W. DEAN HARMAN
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ScHEME 9. Preparation of osmium carbonyl/hydride/phosphine or arsine synthetic
intermediates via the reactions of coordinated ligands.

with respect to CO dissociation (142). Despite this, the CO ligand is
sufficiently labile on Os(IIl) for oxidation of the CO complexes to be
useful routes in the synthesis of Os porphyrin complexes of oxidation
state Il and higher. Recently, the use of [Os(oep)(PBus)(CO)] (143),
[Os(tpp)(PBug)(CO)] (143), [Os(p-Xtpp)XCO)NELOH)] (X = Cl, H, OMe,
or Me) (40), and [Os(tmp)(CO)(EtOH)] (40) in such reactions has been
reported. [Os(mix)(CO)(EtOH)] has also been prepared and reconsti-
tuted into Ru-modified and native sperm whale myoglobins to form
carbonyl osmoglobin ([Os'(CO)][Mb]) (144).

Complexes prepared by the direct reaction of CO with a complex
include ¢rans-[OsCly(CO)(PMegPh);] from trans-[OsCla(PMesPh)s)
(145), trans-P,P-cis-C,C-{Os(H)(C])(CO)o(PMeBu's)2] from [Os(H)-
(CIXCO)(PMeBu%),] (124), and cis-[OsL(CO)PPhg)] from trans-
[OsL(PPhj);] (L = hba-b or chba-dcbh) (146). The latter is a remarkable
reaction because it involves the direct coordination of CO to an Os(IV)
center to form a stable complex. trans-[OsCla(CO)(PMezPh)s] under-
goes isomerization to form cis-[OsCla(CO)(PMesPh)s] (145).

Two series of complexes, [Os(bpy)2(CO)R)] (R = H™ or alkyl) and
[Os(bpy)(phen)(CO)X], have been characterized and their excited states
studied (147, 148). The former are also used in the autocatalytic reduc-
tion of CO; (149).

c. Complexes with Thiocarbonyl, Selenocarbonyl, and Tellurocar-
bonyl Ligands. The syntheses of [OsClz(CS)(PPhs)al, [OsH(H,O)XC-
S)(PPh3)s]™, [OsH(CO)CS)(PPh3)3]*, and [Os(CO)CS)(PPhs);] have
been described (17); [OsCls(CS)(PPhs)s] reacts with bsd to give [Os-
Cla(CS)(PPha)a(bsd)]  (Section II,C,7,h) (150). trans-P,P-cis-Cl,-
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Cl-[0sCl(CO)CE)(PPh3).] (E = O, S, Se, or Te) have been prepared
from reactions of HE~ or H;E with [OsCla(CCl;)(CO)(PPhj),]. X-Ray
crystallography has shown that the trans influences of the chalco-
carbonyl ligands increase in the order CO < CS = CSe < CTe. Six-
coordinate [OsCla(CClz)(CS)(PPh3)2], [0sCla(CS)2(PPhg)e], [0sCle
(CS)(CSe)(PPhgy)z], and [OsCI{NCCH3)(CO)(CTe)(PPhy)e]* (151) and
five-coordinate trans-[OsX(NOYCS)(PPhs)z] (X~ = Cl™ or I7), trans-
[Os(NO)CS)(PPh3);L]1* (L = CO or PPhy), trans-P,P-cis-II-{Os(I)s
(NOXCS)(PPh3)sils, and trans-[Os(HSe)(NO)CS)(PPhs)s] have also
been prepared (152). [Os(CS)(C1)(4-MeCgH4)(PPhjy)2] reacts with SNN-
Me; to give [Os(CS)(C1)(4-MeCgH,)(S-SNNMe,)(PPha)2] (153).

d. Carbon Dioxide Complexes. No stable mononuclear carbon diox-
ide complexes have been reported, but a CO; complex is likely to be
an intermediate in the formation of [Os(H)2(CO)PMesPh)s] from
[(cod)Rh(H)30s(PMeoPh)s] and CO; (Section II,C,2,b). When [Os-
(NH3)5(0S05CF3)12" is reduced in dme in the presence of COs, [Os-
(NH3)5(CO)I?" is recovered in ~ 40% yield. Presumably, this arises
from the formation of an [Os(NH3)5(CO2)]*>" intermediate, although
such an intermediate has not been characterized (120).

e. Carbon Disulfide and Related Complexes. [OsX(NO)(CSy)-
(PPhs);] (X = Cl1™ or 1), which have an 1?-(C,S) binding mode for the
CS; ligand, are methylated to form [OsX(NO)n?-(C,S)-S = CSMe}-
(PPh3)z]. The CS; complex (X = Cl7) is also converted into [OsCl
(NO)(CSSe)(PPhj),], which exists as both the #2-C,S and 1%-C,Se link-
age isomers (Section V,D,2), and evidence has been obtained for the
existence of a transient [OsCl(NO){n?-(C,S)-CSTe}(PPhj):] interme-
diate. The 5%(C,S)-S = CSMe~ ligand undergoes a linkage isomeriza-
tion reaction on the addition of donor ligands to form »'-(C)-C(S)SMe ™~
complexes, trans-[0sI(X)}{n'-C(S)SMe}(NO)(PPhs)z], (X = C1™ or SCN-
Me, ), [OsI(CNBu’{n!'-C(S\ Me{(NO)(PPh;3),1*, and ¢rans-P,P-cis-
H, H-[0s(H)2(NO){n*-C(S)SMe}(PPhs);]. These complexes were charac-
terized by NMR (*H and 3'P) and IR spectroscopies (152).

f. Alkyland ArylComplexes. Though complexes with alkyl and aryl
ligands are organometallic complexes, by definition, there are many
examples of alkyl and aryl complexes that fit comfortably within the
classes of complexes discussed in this review. Others contain only alkyl
or aryl groups but exhibit many of the properties traditionally associ-
ated with coordination complexes. Where appropriate, these two types
of alkyl and aryl complexes are discussed, but for more comprehen-
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sive treatments of this chemistry other reviews should be consulted
4, 8-10).

Alkyl ligands are isoelectronic with amines, but because they carry a
negative charge they are much stronger o donors than are amines, and
hence stabilize higher oxidation states. Os(VI) chemistry of the air and
thermally stable alkyl complexes [OsO(CHgSiMes)sl, [OsN(R)4]™
(R = CH3, CHzPh, or CstiMea), [OS(NR’)(RM] R = Me, CHZPh, or
CH3SiMe;, R’ = Me; R = CHySiMes, R’ = Et or SiMej), cis-[OsN-
(CH2SiMej)Xol™ [X~ = Cl7, NCS7, ReO4, %0032#, %CI‘O‘;Z_, 3S-
0427, or $(CHaS )3l, cis-[0OsN(CH,SiMez):(NCS)SCN)]1~, and [Os(Y)-
(COR)n(R)4.n] (Y = CH3N2_ and 02_; R= CstiMe3, R= CH3; n=1
or 2) is growing rapidly (26, 28, 154—159). The much greater o-donor
capacity of an alkyl group as compared to an amine group is illustrated
by the fact that with amine ligands a trans-dioxo arrangement is re-
quired to stabilize Os(VI), whereas four alkyl groups will stabilize
Os(VI) with one oxo ligand.

Recently, the tetrahedral oxo/aryl complexes [Os(O)2(R)2] [R = 2,6-
xylyl (31) or 2,4,6-mesityl (32)] were prepared via the reaction of [0s04]
with RMgBr and subsequent oxidation of the red complexes [believed to
be the Os(V) complexes [Os(0)2(R)2]7] to give the deep-green Os(VI)
complexes. A similar reaction of [0s(0)3(NBu‘)] with mesMgBr results
in a mixture of [Os(0),(mes),] and [Os(O)NBu)(mes)s) (30). These new
complexes were characterized by mass, IR, 'H, and *C NMR spectro-
scopies, conductivity, cyclic voltammetry, and X-ray crystallography.
The Os — C bond lengths in [0s(0)y(xylyl)s] [2.058(6) and 2.060(6) A
(31)] and [Os(O)z(mes)s] [2.053(8) and 2.047(8) A (32)] are significantly
shorter than those in [Os(O)NBu’)(mes)2) [2.119(13) and 2.161(14) A
(30}, which is probably an indication of the better donor properties of
Bu‘N%~ compared with O?. This is consistent with the electrochem-
istry, because it is more difficult to reduce [Os(O)(NBu‘)(mes)z] than
the dioxo analog, and the Os(V) complex that is produced is less stable.
By contrast, [Os(O)(NBu‘)(mes)2] is oxidized reversibly to its Os(VII)
counterpart, although its dioxo analog undergoes an irreversible multi-
electron oxidation in acetonitrile at more positive potentials. [Qs(O);-
(mes),] reacts with pyridine ligands to form octahedral, trans-0,0-cis-
[Os(0)2(mes)a(L)z] (L = py, 4-Bu'py, or tbpy), with 2,6-Me;C¢H3NC to
give the trigonal-bipyramidal [Os(O)2(xylyINC)(mes);] (in which the
mes ligands occupy the axial positions), and with tertiary phosphines to
form trans-C,C-cis-[Os(O)2(PR3)2(mes);] (PR3 = PMes, PMeyPh, or
PMePhy), which are rare examples of cis-dioxoOs(VI) complexes. All of
these complexes were characterized by mass, IR, and "H NMR spectro-
scopies. The tetrahedral bis-dioxo starting material undergoes a com-



OSMIUM CHEMISTRY 241

plex series of redox reactions with N3Oz or NO, to give [mesN,]-
[0sV}(0)2(ONOg)y(mes)], which was characterized by IR and '"H NMR
spectroscopies and an X-ray structural analysis. It is a distorted trigo-
nal bipyramid in which the nitrato ligands occupy axial positions and
the Os — C bond length of 2.053(13) A is comparable to that of the
parent complex (30). This chemistry is summarized in Scheme 10.

Again, the ability of the alkyl and aryl groups to stabilize oxidation
states higher than those of their isoelectronic amine and N-heterocyclic
counterparts is evidenced by the isolation and characterization of re-
markable stable peralkylated and perarylated Os(IV) and Os(V) com-
plexes, [Os(R)4]%!* [R = cyclohexyl, phenyl, or 2-tolyl) (21, 23, 160~
162)]. Both oxidation states have distorted tetrahedral geometries
as shown by single-crystal X-ray diffraction. The Os(IV) complexes
decompose in the presence of strong 7 acids such as RNC, CO, and
PMe; to give a variety of products with alkyl ligands, viz.
[0s{n5-2-(2-MeCgH4)}2-MeCgH4)oL] (L = CO or PMej3), cis-[Os(2-MeCg-
H,):(CNR)4] (R = MesC or 2,6-MesCgHjy), fac-[Os{C,N-3-Me[2-C(2-
MeC6H4NCMe3]CﬁH3}(2-MeCGH4)(CNR)J (R = CH3 or 2,6-M8206H3),
and cis,fac-[0Os(2-MeCgH4)2(CNCMe3)3(CO)] (160). In addition to the
reversible oxidation of [Os(2-tolyl)4] to the Os(V) complex, two revers-
ible reductions to the Os(III) and Os(II) complexes are observed in the
CV. The Os(V) complex has been characterized by IR and electron
paramagnetic resonance (EPR) spectroscopies (162).

There are a large number of alkyl Os(Il) complexes. These are not
discussed in detail, but recent examples are given below. The structure
has been determined of the osmacycle, [Os{CH;CH2S(NSO2CsH Me-
4)0}CHNO)(PPh3).] (Fig. 2), which is prepared from the reaction of
OSNSO,C¢HsMe-4 with [OsCI(INOX}CoH)(PPhs)el (163, 164). The

[0s(O}3(NBUY)] + AMgBr — = [OS(O)}NBU)(R);] — O o ans[Os(O)NBU')(R),]

trans-[Os{O),{R)2)

i

[0s(O)s) + RMgBr trans-[0s(0)2(R)al —5rno, - [0(0)2(ONO2)2(R))
L = py.etc. jCNR' PR"
trans-0,0-cis-[0s(O),(R)2(L)2) trans-C,C-{Os(O)(CNR')(R);] trans-C,C-cis-{0s(0),(PR")(R),)

ScHEME 10. Chemistry of oxo/alkyl and oxo/aryl complexes.



242 PETER A. LAY AND W. DEAN HARMAN

\l/ ]

cl ' "~ /S‘NSOZ—GCH3

PPh,

F1c. 2. Structure of [Os{CH,CH,S(NSO;CsH;Me-4)0}CINO)PPha);].

structure of cis-[Os(PMes)s(H)(neopentyl)] has also been determined
and its reactions with N3~, CO, CH,, 2-xylyl isocyanide, and Me3CNC
have been studied (165). With CHy, it yields a cyclometalated product
and cis-[Os(PMes)4(H)Y(CHgy)] (165). The orthometalated complex [Os-
(PPh3)(Pho,PCgH4)(B1oH7(OEL),)] (Fig. 1) is mentioned in Section
I1,C,1 (103). trans,cis-X,Y -[Os(NO)X)(Y)(CF3)(PPhg)e] (X = Y = C17;
X=Cl7,Y=1";X=Y =1") have been obtained by X, oxidation of
[0s(NO)CD( = CF3)(PPhjy);] in the presence of F~ and the complexes
were characterized by X-ray diffraction and IR spectroscopy (166). The
alkenyl complexes [Os{(E)-CH=CHPh}C1)(CO)(PMeBu‘;);] and
[0Os(CO){(E)-CH = CHPh}{n2-(N,0)-N(O) = CRR'}(PMeBu‘);)] have
also been reported (124). The cis- and trans-[Os(bpy)z(CO)R]* com-
plexes are discussed in Section II,C,2,b.

Os(I) aryl complexes, [Os(NH3)s(aryD]** and trans-[Os™(NHs),
L(aryD]**, have been prepared with pyridinium, N-methylpyridinium,
N-methyl-4-picolinium, 2,6-lutidinium, and 2,6-lutidine bound
through the para carbon (Section V,D,3) (85, 90, 167). Similarly, a
complex containing a 2-C-bound N,N'-dimethylimidazolium ligand,
[0s(NHj3)5(2-C-diMeim)]?*, is formed via Mg° reduction of [Os-
(NH3)5(0S02CF3)]%* in the presence of an excess of the iodide salt of the
ligand in neat nmp or dma. Surprisingly, a similar reduction in dme
using the triflate salt of the ligand resulted in the %%-C,C linkage
isomer. The two linkage isomers have not been interconverted, as yet
(90). All of the C-bound N heterocycles reported above undergo revers-
ible oxidations to their Os(III) counterparts (90).

g. Carbene Complexes. trans-[0Os(NO)(Cl)(= CF3)(PPhj),] is pre-
pared by the reaction of [OsCI(NO)(PPh3);] with Cd(CF5), (166). Car-

bene ether and alcohol complexes have also been reported (Section
I1,C,2,0).

h. Alkene Complexes. Like Ru(Il), Os(Il) has a high affinity for
olefins and stable [Os(NHj)s(alkene)]?* complexes that have been pre-
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pared from either reactions of olefins with labile [Os™(NHj)s5(sol-
vent))** complexes (70, 71, 120, 168), the partial hydrogenation
of n2-bound arenes (Section V,E,4,c) (120, 169), or other reactions
of coordinated ligands (Section V,E.4) (70, 120, 168), including
those with ethene, propene, iso-butylene, 1,3-butadiene, 1,5-hexa-
diene, cis-2-methoxy-2-butene, trans-2-methoxy-2-butene, cis-2-
hydroxy-2-butene, trans-2-hydroxy-2-butene, 3,4-dibromo-1-butene,
styrene, cyclohexene, 1,2-dihydronaphthalene, 1,4-dihydronaphth-
alene, 3-methoxycyclohexene, 3,6-dimethoxycyclohexene, 2-cyclo-
hexen-1-one, and 1,3-cyclohexadiene; [Os(NH3)5(%%-(C,C)-3-methoxy-
cyclohexene))?* has been characterized by X-ray crystallography (169).
All complexes show reversible Os(III/II) redox couples, and the Os(III)
complexes are much more kinetically stable than are their Ru(II)
congenors. Generally, the olefin bound to Os(IIl) is released over a
matter of hours under ambient conditions (120, 169).

An Os(II) complex with a chelating diene, norbornadiene, is prepared
from [Os(bpy)2(CQO3)] and the ligand in the presence of acid (97),
whereas [Os(tpp)(n2-C2Hy)] is formed from the reductive elimination
reaction of 1,2-dibromoethane with (Os(tpp)}*~ (170). Similar com-
plexes are formed from the reactions between alkenes and Os(II) phos-
phines, e.g., trans-[OsCly(PR3)s(n*>-CHz =CHR’)] [Rs = Me:Ph;
R’ = H (145)], [Os(HX(CI(CO)(PPri;),(n2-CH,CHR)] [R = H, COzMe,
CN, or COMe (I8), in which the alkene is trans to the hydrido ligand],
and trans-[0sCI(NO)(1n2-CoH,)(PPhy)e] (163).

i. Alkyne Ligands. [Os(NHj)s(alkyne)]**'2* (alkyne = ethyne, 2-
butyne, and diphenylacetylene) have been isolated and characterized
(71, 120, 168, 171). The thermodynamically stable linkage isomers of
both the Os(ITI) and Os(II) oxidation states of [Os(NHj3)s(diphenylace-
tylene)]®*/2* are the n?-alkyne complexes, which have been character-
ized by NMR spectroscopy and electrochemistry (171). The alkyne com-
plexes exhibit reversible electrochemical oxidations to Os(II) analogs.

Jj. m°-Bound Arene and Heterocyclic Ligands. A recent interesting
development has been the synthesis and characterization of a variety of
n?-arene complexes of the type [Os(NH3)5(n*-arene)**. They have been
characterized by NMR spectroscopy and electrochemistry. These Os(II)
complexes are much more stable than their Ru(II) analogs, none of
which has been isolated, although it is possible that an n? Ru(Il)/
benzene complex is the reactive intermediate in the hydrogenation of
benzene by [Ru(NH3)512* (172). [Ru(NHjz)s(n?-arene))** coordination
has only to date been observed in heterodinuclear Os(ID-Ru(Il) dimers,
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where the coordination of osmium has enhanced the donor abilities of
the arene (Section II,D,2,c) (172). The ligands that bind in this fashion
to Os include benzene (172, 173), toluene (75), p-xylene (75), tert-
butylbenzene (75), cumene (75), a,a,a-trifluorotoluene [(trifluorome-
thyl)benzene] (75), 1,2,3,4-tetramethylbenzene (74), biphenyl (75),
diphenylacetylene (I171), naphthalene (1 72), anthracene (174), phenan-
threne (174), pyrene (I174), aniline (175), N,N-dimethylaniline (175),
benzonitrile (176), benzophenone (177), 2,2-dimethylpropiophenone
(177), phenol (178), methoxybenzene (169), and 1,4-dimethoxybenzene
(169). There is also evidence for the existence of small amounts of the
n?-arene linkage isomer of [Os(NHj)s(styrene)l?* from CV data re-
ported for the oxidation of the Os(II) complex (Section III,B), although
no mention of this possibility was made in the original paper (71).

N-, O-, and S-heterocyclic ligands also form [Os(NHs)s{n2-(C,C)-
L}?* complexes [L = 2,6-lutidine, 2,6-lutidinium, pyridinium, N-
methylpyridinium, and N-methyl-4-picolinium (85, 167), N,N'-
dimethylimidazolium (90), pyrrole (90, 179), N-methylpyrrole (90,
179), thiophene (90, 179), furan (90, 179), and 1,3-dimethyluracil (72,
73)]. On oxidation to Os(IIl), arene ligands are rapidly lost from the
coordination sphere, or in the case of the substituted arene ligands with

good o donors, rapid linkage isomerization reactions occur (Section
V,D).

k. n®-Arene Ligands. [Os(NHjs)s(n%-arene)l?* (arene = benzene or
naphthalene) are prepared by either the thermal degradation of
((NH3)50s(n%n*-arene)Os(NH3)5]** or the reaction of the appropriate
arene with cis-[Os(NHj3)4(solvent)s]?* (88, 89) (see Section II,B 4,c).

l. Allyl Complexes. The Os(IV) n3-aryl complexes, [Os(NHj)s(n*-
CH,CRCH)1®*, have been reported (180) (Section V,E 2 a) and show
reactivity typical of complexes with phosphine ligands, e.g.,
[Os(H)(CO)(n3-CH3CRCH,)(PPhg),] (R = Me or H) (133).

m. 72-(C,0)-Ketones and -Aldehydes. [Os(NH3)5)2* has a remark-
able ability to stabilize n2-aldehyde and ketone complexes, which are
prepared by the reduction of [Os(NHj3)5(0S0,CF3) 1?* in a solution of
the appropriate ligand. Not only are these complexes very inert toward
ligand substitution, but they are also moderately air stable in the solid
state (120, 168, 169, 177, 181). Complexes that bind in this »* fashion
are acetaldehyde, acetone, 2-butanone, cyclopentanone, cyclobutanone,
2-cyclohexen-1-one, 2,2-dimethylpropiophenone, and benzophenone.
The Os(IIl) analogs are very unstable toward linkage isomerization
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reactions (Sections V,D,1). The X-ray structure of [Os(NH3)5{n?-(C,0)-
acetone} 1°* indicates a considerable contribution from the Os(IV) met-
allocycle resonance structure (Fig. 3). Thus, the C—O bond length is
intermediate between a C—O single bond and double bond, and the
coordinated C has an sp? tetrahedral geometry (181).

Recently, [Os(H)CI(CO)(PPr'3)2{n?-(CD3)2CO} ] has been postulated
to be in rapid equilibrium with [Os(H)CI(CO)(PPrs);] and [Os-
CH{OCH(CD3)2}(CO)(PPr'3)2} in dg-acetone (181a), but there does not
appear to be any examples of stable n*-ketone or aldehyde complexes of
Os with phosphine ligands.

As is the case for the n%-arene complexes, the chemistry of Ru and Os
differs markedly. Thus, whereas [Ru(NHj)s{n?-(C,0)-O=CRy}2*
complexes have been isolated, they are sensitive to moisture, oxygen,
and nitrogen and are thermally unstable, unlike their substitutionally
inert Os(II) counterparts (182-184).

n. Isonitrile Complexes. c¢is-[0Os(2-MeCgH4)2(CNR)4] (R = MesC or
2,6-MeoCgH3) and cis,fac-[Os(2-MeCgH,)2(Me3sCNC)3(CO) | are pre-
pared from [Os(2-MeCgH,)4] (160). [Os(CNR)(CeH Me-4)(CO)(PPhs),-
(SNNMez)] (R = 2-xylyl and Me3C) (185), [Os(hba-b)(CO)(CNBu’) |
and [Os(chba-dcb)(CNBu?).]} (146,) [Os(pc)(CNBu‘);] (187), [Os(H)
(CNR)L4]1* [L = P(OMe);, P(OEt)3, or PPh(OEt)e; R = 4-MeOCgH,
or 4-MeCgH;1 (187), [OsL;(4-MeCgHNC)(4-MeCeHs;N=NH)]"
[L = P(OEt)3; or PPh(OEt),] (188), [0s(0)2(CNxylyl)(mes):] (30), and
[OsI{n*-C(S)SMe}(NO)(CNBu’)(PPhj3)2]1" (152) are discussed in Sec-
tions 11,C,7,j, I1,C,4,x, I1,C,4,d, I,C,5,b, I1,C,4,m, II,C,2,f, and II,C,2,e,
respectively.

cis-[Os(bpy)2(CNR);12* (R = Me or Ph; Section V,E,4,b) undergo re-
versible oxidations to the Os(III) analogs and two reversible one-
electron reductions that are probably bpy-ligand centered. The elec-
tronic absorption and emission spectra of the Os(II) complexes have
also been reported (97).

0. ]

Os™- - Os

) CI g \C"\""'”R'
R/ ‘R‘ R

Fic. 3. Resonance forms of Os'!-n2-0=CR; complexes.
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0. C-Bound Aldehyde and Ketone Complexes. The reactivity of
the C-bound formyl complexes trans-[Os(CHO)(CO)(P-P);](SbFe)
[P-P = PhyPCH;CH,PPh, or 0-(PhoP),CegH,41 with electrophiles is dis-
cussed. CF3SOsR (R = Me or H) attack the oxygen atom at —30°C to
form the carbene ether and alcohol complexes, trans-[M(CHOR)(CO)(P-
P)51SbFs-CF3S03, which were characterized by NMR (*H and 2'P) and
IR spectroscopies and extended Hiickel calculations (189). [Os
(Y)(COR),(R)4—n] (Y = CH3N?~ or 0?7; R = CH,SiMe3, R = CHj;
n = 1 or 2) were prepared from CO insertion reactions with {Os(Y)(R)4]
and characterized by NMR and IR spectroscopies (159).

3. Silyl Complexes

The reaction between [Os(Ph)(C1)(CO)(PPh3)z] and R3SiH, (R = Et
or Cl) leads to the elimination of CgHg to form [Os(SiR3)(C1)(CO)(P-
Phj)z]. The SiCl;~ complex undergoes substitution reactions at Si to
produce other silyl complexes, e.g., the complex with R = Me. The
reaction of [Os(H)CI(CQO)(PPhjs):] with Hg(SiMes); results in the same
complex as a minor product, but the major product isolated was
[0s(CO) {n2-(C2%,P)-PhyPCsH,} {n2-(P,Si)-0-PhyPC¢H4SiMes} (PPhg)]
(Fig. 4). These complexes were characterized by NMR (*H and ®'P) and
IR spectroscopies, and the latter two, by X-ray crystallography (190).
[Os(PPhy;CH,CH,SiR'R?)2(CO)2] (R' = RZ=Me or Ph; R!= Me,
R? = Ph) are prepared from [Os3(CO);2] and Ph,PCH,CH,SiR'R?H at
140°C. The crystal structure of the complex, where R' = R% = CHj, has
been determined (191). mer-[Os(CO)3(PR3)(SiMeClz):] [PR3 = PPhs
or P(OCH;)3CEt] has also been prepared and characterized by IR, 'H
NMR, and mass spectroscopies (192).

The reaction of [Os(H)CI(CO)(PPr'3),] with triethylsilane produces

@Pr’hz
PPh
— 3

/Os\

Me,Si CO

PPh,

Fic. 4. Structure of [0s(CO){n?-(C?P)-C¢H,PPhy}{n%(P,Si)-0-Ph,PCcH, SiMe,}-
(PPhy) }.
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the dihydrogen complex [Os(SiEt;)Cl(5%-H,)(CO)(PPris),] which acts
as a catalyst for the addition of triethylsilane to phenylacetylene. The
Os(II) dihydrogen complex is in equilibrium with a small amount of the
Os(IV) hydrido complex [Os(H)(SiEt3)CI(CO) (PPr'3); ], as shown by 'H
NMR spectroscopy (192a).

4. Nitrogen Ligands

a. Ammine Complexes. An improved synthesis of [Os(NH3)6]?* in-
volves the reaction of [Os(NHj3)5(0S0,CF3) [(CF3S03), in anhydrous
liquid ammonia (59, 67). This complex has been recrystallized as the
mixed salt [Os(NH3)g1(C10,4).Cl-KCI (193), which has had its structure
determined by X-ray crystallography.

A large variety of pentaammine, tetraammine, and triammine com-
plexes have been prepared and characterized in recent years using the
synthetic procedures outlined in Section II,B,4. The various classes of
pentaammine complexes that have been prepared are summarized in
the appropriate sections (Table I) (2, 47, 54-60, 66-71, 74, 75, 80, 85,
90, 118-120, 167-169, 171181, 194-201). Dimeric and polymeric
complexes are described in Section II,D.

b. Amine Complexes. Many amine adducts of [OsO4] have been
studied and are discussed in Sections II,C,6,b, V,A, and V,E,1,b. The
aniline complexes [Os(NH;)5(NHyPh) ?*/2* and [Os(NHj)5(NMe;-
Ph)13*/2* were characterized by spectroscopic and electrochemical
techniques (Section V,D,3) (175). Other [Os(NH3)s(NH2R) ¥t com-
plexes are intermediates in the oxidative dehydrogenation reactions of
coordinated amines (Section V,E,2b).

The doubly deprotonated Os(IV) complex [Os(en)(en-H);1**, pro-
duced from the reaction of [OsBrg]?~ with neat 1,2-ethanediamine, was
partially characterized in the 1950s (202, 203) and recently its struc-
ture was confirmed by X-ray crystallography (204, 205). 1t is reduced
to [Os(en);** by a number of reductants, and the structure of rac-
[Os(en)3](CF3S053)3 has been published (205). The Os(III) complex is
reversibly reduced to its Os(II) analog, but this complex has not been
structurally characterized (204, 205). All complexes are oxidized by air
to form ethanediimine complexes, i.e., [Os!(en)y(diim) ]** and [Os"
(en)(diim)3]2*, and have been characterized by NMR (*H and '3C) and
UV/Vis spectroscopies (Scheme 11). Recently, {Os'V(Ctmen)Ctmen-
H),]** has been prepared and found to be very stable because the
Ctmen ligand cannot undergo oxidation without breaking a C—C bond
(206). It has been characterized by X-ray crystallography (206) and has



TABLE I

PENTAaAMMINEOSMIUM CoMPLEXES [Os(NH;)sL1"*

Ligand Section Ref.

Os(II) and Os(III)

NH, 11,C4,a 59,67,193

CO I1,C,2,b 55,58, 118-120

C-imidazolium IL,C,2,f 90

C-(N-heterocyclic) II,C,2,f 85, 90, 167

n?-alkene II,C,2,h 70,71, 120, 168, 169

n?-alkynes 1,C,2, 71, 120, 168, 171

72-(C,C)-arenes
73<(C,C)-N-heterocycles
72-(C,C)-0-heterocycles
7%+C,C)-S-heterocycles
1%-(C,0)-aldehydes
1%-(C,0)-ketones
Alkyl- and arylamines
N-imidazoles
N-pyridines
N-pyrazine
N-pyrimidine
N-pyridazine
N-4,4'-bipyridine
NO
N,
N-imines
N-oximes
N-nitriles
N-NCS~
N-NCSe~
OH,
OH~
Alcohols
O-dmso
Ethers
O-amides
O-aldehydes
O-ketones
Trialkyl phosphates
Carboxylates
Triflate
§-80,
S-80,2
S-dmso
S-thiophene
Cl-,Br,”and I~
7?-Hy
H-

0s(1V)
Allyl

II,B,4,a and I1,C,2,j
10,C,2,j

I1,C,2,j

I1,C,2,j

II,C,2,m

1I,C,2,m

I1,C,4,b,V,D,3, and V,E,2,b

II,CA4,e

II,C4,e

II,CA4,e

II,C4,e

II,C4d,e

I,C4d,e

I,C4,f

11,B,4,a and II,C 4,j
II,C,4.k

II,C4land VE,5,¢
I1,C,4,n

I1,CAt

I,C,4,u

II,B,4,a and 11,C,6,a
II,C,6,a

II,C,6,c

II,C4k and V,D, 4
11,C,6,1

11,C,6,g and V.E 5h
I1,C,6,j

I,C,6,), V,D,1,and V,E,3
I1,C,6,e and V,E,3
11,C,6,0and V.E 5,
I1,B,4,a and I1,C,6,q
I1,C,7,j

II,C,7,s

II,C,7,1and V,D 4
II,C,7,c

II,C,8,c

I1,C.9,a

II,C,9,c

1,Cc21

71,74,75,169,172-178

177

120, 168, 169,177, 181
118,175

90

60, 66, 68
60, 66, 68
60, 66, 68
60, 66, 68
68

2

47, 54-59
194

195

67,176, 196
197,198
198

69, 199

69

118
67,120, 200
120

67,120

177
67,120,168, 169, 177, 181
67, 68, 80
119

59, 66, 67
60

60

67, 120, 200
90, 179

68

201

201

180
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2-
0s'VBrg" + NH,CH,CH,NH,
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observed in NMR

ScHEME 11. Chemistry of the Os/en system. Reprinted with permission from the
Journal of the American Chemical Society, Ref. 204. Copyright 1982, American Chemical
Society.

Os—N bond lengths similar to those observed in the en analog (204).
[Os(Ctmen)3]3*"2* have been isolated and characterized (206) and
trans[Os(Ctmen);Cl3]C1 has been prepared by the Sn reduction of
Nay{0sClg] in an ethanolic solution of the ligand. It is oxidized to
trans-[0sV1(0)2(Ctmen)2)%* by aqueous Hy0, and the dioxo complex
has been characterized by IR and UV/Vis spectroscopies. The five-
coordinate [OsV!(0)(Ctmen-2H)(Ctmen-H) 1" is prepared by either the
reaction of the six-coordinate complex with collidine in acetonitrile, or
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the reaction of K[Os(0)3(NBu’) ] in methanol, It was characterized by
X-ray crystallography and IR spectroscopy and adopts a square-
pyramidal geometry (24). The equilibrium between [Os(O)(Ctmen-
2H)(Ctmen-H)]™ and trans-[0s(Q)o(Ctmen);]?" in basic media (24)
provides a mechanism for the previously observed (207) rapid 20 ex-
change of trans-[0sVY(en)2(0)21**.

1,2-Phenylenediamine (pdaHy) reacts with [0OsQ4] to form trans-
[0sVT(0)g(pda)s], which is an unusual example of an Os(VIII) com-
plex. It has been characterized by IR and NMR spectroscopies (24).
Four-coordinate diaminato—Os(VI) complexes of the type [Os(O)-
(NAr)(ArNCHRCHRNAr) ] (Ar = 2,6-Pr’;CgHs; R=H; R+ R = cy-
clopentane or norbornane) have been prepared from the reactions of
[0s(O)(NAr)3] with alkenes and characterized by NMR (*H and '3C)
and IR spectroscopies, and an X-ray structure was determined for
R = H) (22). Similarly, [Os(Q)2(NBu‘)2] and fumaronitrile give [Os-
(0)2{Bu‘N(CHCN),NBu‘} ], in which the ligand is bound via the depro-
tonated amines, as deduced from IR, Raman, and '"H NMR spectrosco-
pies (208). The reactions of [0sO4] with Ntmen and HX yield
trans-[0s(0)2X2(Ntmen)] (X = C1~ or Br™), which have been charac-
terized by UV/Vis, IR, and 'H NMR spectroscopies (209).

c. Macrocyclic Complexes. Since the first report of an Os macrocy-
clic complex in 1986 (210), many complexes have been prepared. trans-
[0sV1(14-tmc)(0)2]2", which is obtained from trans-[Os™(14-tme)Cl, ]+
(Scheme 7), undergoes a reversible three-electron reduction to form
trans-[0s"(14-tmc)(OH)(OH,) 12* at pH values of 1-3.2. In the pH
range 3.2-6.5, the reduction product is [Os™(14-tmc)(OH)o]*, whereas
at pH values >7, the reversible reduction to [OsY(14-tmc)(0)2]* and
the subsequent two-electron reduction to trans-[0Os(14-tmc)(OH),]* are
observed (210, 211). This contrasts with analogous Ru chemistry,
wherein the Ru(IV) complex is also a stable intermediate. Like most
other trans-dioxo Os(VI) complexes, [Os(14-tmc)(0);]2* exhibits con-
siderable vibrational structure in its UV/Vis spectrum (210). Electro-
chemistry in acetonitrile exhibits two one-electron reversible reduc-
tions to form [OsV(14-tmc)(0)2]" and [Os'V (14-tme)(0),], respectively.
The Os(V) complex was isolated by this method and has been character-
ized by IR and electronic absorption spectroscopies. It also exhibits
vibronic coupling in its UV/Vis bands (212).

The preparation of the macrocyclic complexes has been extended to
include trans-[0s(L)Clz]*" complexes (L = 15-tmc, 16-tme, [14)aneNy,
[15]aneNy, [16]aneNy, crMe;, and teta) (39, 114, 213), and the crystal
structure of trans-[0s(16-tme)Cl;)]Cl104 has been determined (213).
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The complexes exhibit reversible reductions to their Os(II) analogs, but
oxidations to their Os(IV) analogs are irreversible for the secondary
amine macrocycles. This is probably due to oxidative dehydrogenation
of the ligand (Section V,E,2,b). By contrast, the macrocycle 16-tmc
cannot undergo oxidative dehydrogenation reactions and a reversible
Os(IV/III) redox couple is observed to form trans-[Os!V (16-tmc)(Cl)2 12 .
This complex is moderately stable and its UV/Vis spectrum and reduc-
tion back to Os(Ill) by ascorbate have been reported (213). All of the
complexes, [Os(n-tmce)(0)2]°" and [Os(crMes3)(0)2]2*, have been pre-
pared by the method described above (114, 213) and are weak oxidants,
with no reaction occurring with benzyl alcohol or styrene even at 70°C.
Refluxing an acetonitrile solution of trans-[Os(14-tmc)(0);]?* with
PPhj results in the formation of trans-[Os(14-tmc)(NCCHj3)2]?* and
OPPh; (39). The redox chemistry is summarized in two recent reviews
(39, 93), and the electrochemistry of [Os(14-tmc)(O);]?* has been stud-
ied in detail (211). trans-[Os(n-tmc)(0)2]2" and [Os(crMes)(0)2]%* are
also powerful photooxidants and the rate constants for their excited-
state quenching with arenes in acetonitrile to form the corresponding
cation radicals and dioxo Os(V) complexes, are reported (107, 211a).
The excited states also undergo oxo transfer reactions with trialkyl-
phosphines, dialkylsulfides, and alkenes (114).

d. Porphyrin and Phthalocyanine Complexes. Osmium porphyrin
complexes were first prepared from the reaction of [OsQ4] with the
porphyrin at 200°C in Me(OCH,CH,),0H to give [0s"(P)(CO)X] com-
plexes (P = porphyrin) (139). More recently, a less hazardous method
which involves refluxing the porphyrin with [Os3(CO),2] was developed
(140). This is used to prepare [Os(P)(CO)] [P = oep (38, 140), mix-dme
(140), tpp (38, 40), mix (144), and p-Xtpp; X = Me, Cl, or OMe (40) ],
which react readily with nucleophiles to form six-coordinate complexes
such as [Os(PY(CO)(ROH)] (P = oep, mix-dme, tpp, or p-Xtpp; X = Cl,
OMe, or Me; R = Me, Et, Pr!, or Ph) (38, 40, 140, 144, 214), [Os™(P)-
(CO)(PBu"3)] (P = oep or tpp), and [Os(P)CO)(py) ] (140). The latter
are oxidized by Br; to form [Os'™(P)(PBu”3)(Br) ], which undergo re-
versible oxidations to [OsV(P)(PBu"3)(Br)* (143). [Os™(P)(CO)]
(P = oep or tpp) are also oxidized by air in CHCl; to give [Os™(P)
(CO)(CV) ], which are reversibly reduced by SnCls to reform the starting
material (38).

Oxidations of [Os(P)(CO)] with tert-butyl hydroperoxide or 3-
chloroperoxybenzoic acid give trans-[Os(PY(O)2] (38, 40, 140, 214)
(P = mix-dme, oep, tpp, or p-Xtpp; X = Cl, Me, or MeO), and the crystal
structures of [Os(p-Metpp)(O)z]-thf (40) and [Os(oep)(O)z] (215) have
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been reported. Reductions of [Os(P)(0);] with ascorbate produce [Os'Y-
(P)(OH).] (P = tpp or p-Xtpp; X = Cl, Me, or MeO), which are unstable
toward aerial oxidation back to the trans-dioxoOs(VI) complexes (40).
Os(IV) complexes containing alcoholate ligands [Os'V(P)(OR),] are
also prepared via the reduction of [Os(P)(O)2] in the presence of the
appropriate alcohol. The reductants used include N,H, (216), PPh;
(140), SnCl, (38), and ascorbate (214). These Os(IV) complexes are also
intermediates in the oxidation of [Os™(P)(CO)(EtOH)] complexes to
[0sV1(P)(0)2] in ethanol (40). The complexes prepared by these methods
include those in which P = mix-dme, oep, tpp, or p-Xtpp (X = Cl, Me, or
MeO), and in which R = Me, Et, Pr!, and Ph. Most of these Os(IV)
complexes exhibit reversible one-electron oxidations to form [OsV-
(P)(OR)3]* and reductions to form [Os™(P)(OR)2]". The Os(V) com-
plexes are unstable on the slower bulk electrolysis time scale and
disproportionate to form [Os(P)(O)z] and other products (214). [Os'Y-
(P)_(OP)ri)z] is also prepared by the y-radiolysis of [Os(P}CO) } in CCly/
Pr‘OH/H,0 (38). The 2-propanol complex undergoes reversible pro-
tonation to form [Os!V(P)(HOR):]** and reduction to form [Os-
(P)(HOR)] (38). The crystal structures of [Os!V (tpp)(OPr’),], [Os!V-
(tpp)(OPh): ], and [Os(oep)(OEt)2 ] have been mentioned (214, 217), but
no details were given.

[Os(P)(0)2] is also reduced by PhSH to give [Os'Y (P)(SPh),] (P = oep
or tpp) (214); by Bry, to give [0s!V(0ep)Bry] (214); and by PPhg, to give
[Os!V(P)(O)(OPPh3)] intermediates en route to [Os'{(P)(QOPPhj)s]
(218). All of the Os(IV) complexes are paramagnetic except [Os-
(P)(SPh);1, which is diamagnetic (214). Unlike the alcoholate com-
plexes, [Os(oep)(Br).] is oxidized at the porphyrin ring. Both [Os-
(0ep)(Br),] and [Os(oep)(SPh);] are reversibly reduced to their Os(III)
analogs (214).

In the presence of excess PPhg, [OsY!(0oep)(0)z] and [OsV(tpp)(O)2]
are converted to [Os'(oep)(OPPh;3),] and [Os"(tpp)(PPhs);], respec-
tively. The structures of the Os(II) complexes were determined by
X-ray crystallography. The OPPh3 complex is converted to [Os™ (oep)(P-
Phg3)q] by refluxing in benzene with excess PPh; (218). Dioxo complexes
are also reported to be useful epoxidation catalysts (219). [Os™(P)(P-
Bu"3)Br] (P = oep or tpp) reacts with cyclohexene in the presence of
PhlIO to form the corresponding epoxide and enone. The active catalysts
are not [Os(P)(0)2] complexes, because they do not oxidize styrene to
styrene oxide, whereas this catalytic system does. Turnovers for the
oxidation of cyclohexene (=120), are much higher than for the Ru
analogs (143).

[Os(oep)(pz);] is prepared from the reaction of [Os(oep) ]2 with excess
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pz (220), and resonance Raman spectroscopy has been used as a probe
for = backbonding in the series [Os(oep)(L)(L")] (L = CO, L' = py;
L=L"=py; L=L"=NHaj 221). Ky[Os(tpp)] reacts with dibro-
moethane to produce [Os(tpp)(n2-C2H,) | and with water to yield K[O-
s'I(tpp)(H) 1 (170). The latter reacts with benzoic acid or benzoic acid-d;
to produce the n2dihydrogen complexes [Os"(tpp)(Hz)] and [Os-
(tpp)(HD) ], in which the H—H and H—D bonds are very weak (140).

Mononuclear complexes of the dimeric dpb (Fig. 5) ligand are pre-
pared from [Zn(Hgdpb)] and [Os3(CO)12] to form [(CO)(OHy)
Os(dpb)Zn], and then [Os(Hodpb)(CO)(HOCH3) 1. Pyridine displaces
CH30H to give [Os(Hodpb)(CO)py)l, or, under irradiation [Os-
(Hodpb)(py)z]. [Os(H2dpb)(CO)Y(HOCH3) ] and [Os(Hedpb)(CO)(py) | ex-
ist as two geometric isomers in which the CO ligand points toward the
second porphyrin ring or is on the opposite side (141).

[0s(mix)(CO)(EtOH)] and [Os!(mix)(dmf);] have been inserted
into native and ruthenated myoglobin to form carbonyl myoglo-
bin [Os™(CO)(Mb)] and the oxidized myoglobins [Os'](Mb] and
[Os™][RusMb). The ascorbate reduction of Oy to water is catalyzed by
[0Os™][RusMb] (144).

Although some phthalocyanato(2—) complexes have been reported
(2), pure [Os(Pc)] has been prepared for the first time by reacting
2-cyanobenzamide with OsCl; in molten naphthalene with subsequent
heating of the crude [Os(pc)L, ] in a stream of N at less than 400°C. The
pure complex was characterized by its IR and FD mass spectra. It reacts
with excess ligand to produce [Os(pc)Lz] (L = py, dmso, pz, and
Me3;CNC), which were characterized by electronic, IR, mass, and NMR
(*H and '3C) spectroscopies (186).

Fic. 5. Structure of the dinuclear porphyrin ligand dpbHj,.
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e. Complexes with N Heterocycles. Much of the extensive literature
on N-heterocyclic complexes has been reviewed elsewhere, particularly
those involving bpy, phen, trpy, and related ligands (2, 222-225). Table
11 (41, 42, 60, 66, 68, 90, 226—236) summarizes some of the more recent
work performed on N-heterocyclic complexes and several of these com-
plexes are discussed in other parts of this review (94—98). Their spectro-
scopy is discussed in Section 1V,A,2.

f. Nitrosyl and Nitrosonium Complexes. Os and Ru nitrosyl chem-
istries have been discussed in recent reviews (2, 82). Though Os chem-
istry is not as extensive as that of Ru, it is expected that with further
research, many new Os—NO compounds will be found. As with nitrosyl
complexes of other elements, there is considerable debate about
whether the ligand is best considered as an NO~, NO°, or NO* for a
particular complex. This will not be discussed here, as it is well covered
in other reviews (2, 82). Recent publications on nitrosyl complexes are
collected in Table IIl (2, 43, 153, 163, 166, 237—248a). They are ar-
ranged according to the formalism that the ligand is in the NO™ oxida-
tion state, with the superscript denoting the number of d electrons (2),
i.e., [0Os(NO) 8 represents an Os(Il) nitrosyl complex under this for-
malism.

g. Nitrosoarene and Nitrosoamine Complexes. [Os(Cl)(INO(PPhj)s-
(L)] (L=0C3Hy or PPhjy) reacts with nitrosobenzene to form
[0s(C1)(NO){n2-(N,0)-ONPh}(PPh3),], which was characterized by IR
and 3'P NMR spectroscopies. Unlike its Ru analog, this complex is quite
air and thermally stable (248).

The six-electron electrochemical oxidation of [Os™(trpy)(bpy)-
(NH3) 1(PF¢)2 in the presence of EtoNH or morpholine gives [Os'-
(trpy)(bpy){N(O)NRy} ?*. The same complexes are produced in low
yields from the reaction between [Os'(trpy)(bpy)(NO)]** and excess
amine. This appears to be the only example of coordination of nitroso-
amines through the central (nitroso) N atom. The complexes have been
characterized by IR (including '°N labeling) and 'H NMR spectrosco-
pies. The latter shows that though there is limited rotation about the
N=N double bond, the barriers to rotation are reduced to 57 kJ mol !
(R = Et) and 63-67 kd mol™! (R; = morpholine) from the free ligand
values of ~96 kJ mol ! (249).

h. Hydroxylamine and Hydrazine Complexes. [Os(C1)(NO){n?-
(N,0)-ONPh} (PPhj);] reacts reversibly with HCI to give the depro-
tonated hydroxylamine complex, [Os(CH2{N(OH)Ph}(NO)(PPhs).],
which has been characterized by IR and NMR (*H and 3'P) spectrosco-
pies (248).



TABLE II

RECENT ExampLES oF COMPLEXES W1TH N-HETEROCYCLIC LIGANDS

Complex

Studies and references

|0s(NH3)sL1"*, L = py, pz,
pd, pyr, 4,4’-bpy, isn, Mepz
Etpz, pzH, Phpy, im, or pyrrole
cis-[Os(NH;),L.]"*, L = pz or
Phpy
trans-[Os(NHy)(L)X1**
fac-10s(NHg);(im)s)3 2+
[Os(trpy)(NH3)Cl,]*

[Os(L-L)(NH;3)Cl3], L-L = 2py or 4,4'-
Meobpy
mer-[0sCla(pic)2(NCCHj) ]

[Os(HXCO)(Hbim)(PPhj),)
{ (HXCO)(PPhg)20Os(bim)Ir(cod) ]
[Os(trpy)(bpy)(4,4'-bpy) 12+
[Os(tterpy}(X-tterpy) 1**, X = H, mv?*,
or ptz
[Os(Me-tterpy)(X-tterpy) 1**, X = Me,
MeO, Br, mv?*, ptz, or diaa
cis-[0s(4,4’-X2-5,5’-Y ,bpy)2(CO)CI] ",
X = H, Me, Cl, NEt,, or OMe, Y = H;
X =Me, Y = Hor Me
cis-[0s(4,4'-X2-5,5'-Y2bpy)2Cly], X = H,
Me, Cl, NEt,, or OMe, Y = H;
X =Me, Y = Hor Me)
[Os(bpy).(dpq) 12*
(Os(dpp)s]?*
[Os(4,4’-dcbpy)a]*~
fac-[Os(py)aXgl®'*, X = Cl7, or Br~

mer-{Os(py)sX3]¥!*, X = Cl~ or Br~

mer-[Os(py)sX3l®'*, X = Cl™
trans-[Os(O)z(py)g(OHg) ]2+

trans-[0s(0)2(py)eX2]?*, X = C1~ or Br~
[Os(Me-tterpy(0)o(OH)Y 1*

trans-[0s(0)2(5-80; -bpy)Xchd) )

trans-[Os(N)(trpy)X.,]*, X = Cl~ or Br~

trans-{0s(N)(trpy) X, ", X = C1~

trans-[0Os(N)(L),Cls], L = py, pic, or
Bu'py

mer-[Os(N)(L-L)Cl;}, L-L. = bpy, 4,4'-
Me,bpy, n*-trpy, or n%-HC(py)a

Preparation, electrochem. UV/Vis/NIR,
IR (60, 66, 68)

Preparation, electrochem., UV/Vis/NIR,
IR (68)

Section 11,B,4,b

Preparation, IR, UV/Vis (90)

Preparation, UV/Vis, IR, electrochem.
(41, 42, 226)

Preparation, UV/Vis, IR, electrochem.
(42, 226)

Preparation, X-ray, UV/Vis, 'H NMR,
IR (42, 226)

Preparation, IR, 'H and 3'P NMR (227)

Preparation, IR, 'H and 3'P NMR (227)

Preparation, (228)

CV, emission, intramolecular e~ transfer
(229)

CV, UV/Vis, 'H NMR, mass spectrosc.
(230)

'H NMR, UV/Vis absorption and
emission, IR (231)

'"H NMR, UV/Vis, IR (231)

Preparation, CV (232)

Preparation, emission (233)

Preparation, emission (233)

Preparation, CV, UV/Vis, IR, mag.,
cond. (234)

Preparation, CV, UV/Vis, IR, mag.,
cond. (234)

X-ray (234)

Preparation, CV, 'H NMR, UV/Vis, IR,
Raman (235)

Preparation, CV, 'H NMR, UV/Vis, IR,
Raman (235)

Preparation, 'H NMR, mass spectrosc.,
CV (230)

Preparation, *H NMR, IR (236)

CV,'H NMR, UV/Vis (41, 42, 226)

X-Ray 41)

Preparation 'H NMR, UV/Vis, IR (42,
226)

Preparation, UV/Vis, 'H NMR, IR 42,
226)
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TABLE III

NitrosYL COMPLEXES

Complex

Studies and references

[Os(NO) )
cis-[0Os(NOYNSCDCL,1~

[0s(NO)I®
[Os(NO)F5]~

{0s(NO) 18
[OS(NH3)5(NO) ]3+
[Os(NO)Cl;}
[Os(NO)F;]2~

[Os(NO)Cl51*~

[0s(NO)Brs)2~

[Os(NO)I512~

trans-{0s(NO)CI,(OH,) 1~

mer,trans-NO,0-[0s(NO)Clz(n2-N,O-
pyca) |~

trans-[Os(NO)(NH;3),X1?*, X = F~,
Cl-,Br,I7,0H", or NO3~

trans-[0s(NO)(NH,),LJ?*

trans-NO,OH -
[0s(NOYNH);X(OH,)1Y,, X =Cl,
Y=Cl,Br,orI,X=Y=Br or
I-

trans,trans-CL,C-[OsCI(NO)L-
L)(PPhy),), L = »*-C,0-

Preparation, IR, X-ray (indicates an
NSCI? ligand) (237)

X-Ray, XPS, EPR, electrochem. (238)

2)

Reaction with trithiazyl chloride (237)
Variable-temp. IR and Raman, including
assignments and normal coordinate

analyses; X-ray (239)

CNDO/2 calculations of atomic charges
and orbital populations (240, 241);
variable-temp. IR and Raman,
including assignments and normal
coordinate analyses; X-ray (239);
synthesis (237); reaction with pycaH
(242)

Variable-temp. IR and Raman, including
assignments and normal coordinate
analyses; X-ray (239)

Variable-temp. IR and Raman, including
assignments and normal coordinate
analyses; X-ray (239)

Calculation of atomic charges and core
binding energies (241)

Preparation, IR (242)

Variable-temp. IR and Raman, including
assignments and normal coordinate
analyses (243-245)

Variable temp. IR and Raman, including
assignments, normal coordinate
analyses (L = OH,, NH3), and
hydrogen bonding between OH; ligand
and Cl~ anions (243, 244)

Hydrogen bonding between the OH,
ligand and Y~ counterions as studied
by variable-temp. IR and Raman (244)

Preparation from trans-
[0sCU{NO)C2H,)(PPhy),] and
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TABLE III
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(Continued)

Complex

Studies and references

CI’IQCI‘IQS(NSOQC(;I‘I4M8-4JO2

trans-[0Os(NO)X;L,], L = PPh; or
AsPhgy; X3 = Clg, Cly(Br), CKBr),, or
Br3

[Os(NO)CI(S;CNRy)(PPhj;) |

trans,trans-NO,X-[Os(NO)CIX)CF,)-
(PPhy)eiX

trans,trans-NO,X-|Os(NO)CH(X)XCO)-
(PPh3),|X

trans,cis-X,X-[0Os(NO)CI(X)o(PPhs3).|

trans,trans-NO ,X-
[Os(NO)CIKX)(CF3)(PPhj),]
{trans,trans-NO I-
[Os(NO)CI(CF3)}(PPhy);]}s-trans-P,
P-cis-[Os(NO)2(CF3)(PPhy)2|
trans,trans-NO I-[OsCl(I)(n*-C-CS,-
Me)(NO)(PPhj;).]
trans,trans-NO,CS;Me-[Os(NO)(n?-
C-CS;Me)X(CNBu! }PPhg),]
trans,trans-NO,C-{Os(NO)I(%2-C,S-
S=C(SMe))(PPhd)2] *
trans,trans-NO,C-|Os(NO)Cl(52-C,S-
C=8(SMe))(PPh;),]*
trans,trans-NO,C-[Os(NO)I(5*-C-CS,-
Me)(n'-S;CNMe,)(PPhy),)
trans,cis-[Os(NO)(H)u(n!-C-
CS;Me)PPhs)]|
trans-P,P-cis-[Os(NO)(CS)Ix(PPhj).|*
[Os(trpy XbpyXNO) |2
cis-[0Os(N-N)o(NO}X) 12+, N-N = bpy
or phen; X = Cl~,Br~,OH, or
NO,~
cis-[Os(N-N)(NO)XOH,) 13+,
N-N = bpy or phen
[OsCLNO)ONPh)PPhj3),]

O0=8=NS0,CsH Me-4 and
characterization by 'H and 3'P NMR,
IR, and single-crystal X-ray diffraction
(163)

Preparation and characterization by IR
and m.p. (246) (L. = PPhy; X = Cl™);
byproduct (166); atomic charges and
core binding energies (241)

Synthesis and characterization by IR,
UV/Vis, and m.p. (R = Me or Et) (246)

Intermediates in the reactions of trans-
[0s(NO)CHCF3)(PPh3)s] with X,

(X =Clor] (166)

Intermediates in the reactions of
trans,trans-NO X -
[Os(NO)CU(X)CF3)(PPhy),1X with OH,
(X =ClorD(166)

Decomposition product of trans,trans-
NO.X-|0s(NO)CHX)NCO)(PPhy), )X
(X=Cl orl)(I66)

Preparation, IR spectra (X = Cl” or ")
and X-ray structure (X = Cl17) (166)

X-Ray structure (166)

Preparation, IR, '"H NMR, and m.p. (153)

Preparation, IR, 'H NMR, and m.p. (153)

Preparation, IR,"HNMR, and m.p. (153)

Preparation, IR, "H NMR, and m.p. (153)

Preparation, IR, '"H NMR, and m.p. (153)

Preparation, IR, 'H and 3'P NMR, and
m.p. (153)

Preparation, IR, and m.p. (153)

CV (43)

Synthesis, IR, CV (247)

Synthesis, IR, CV (247)

Section II,C,4,g (248)

(continued )
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(Continued)

Complex

Studies and references

[0s(NO) T’
cis-{0s(N-N)o(NO)XX) 1**, N-N = bpy
or phen; X = Cl~,Br~, OH", or
NO,"~
cis-[0Os(N-N)2(NO)OH,) 3+,
N-N = bpy or phen

[0s(NO) 1B

trans-{0sCINO)(PPhj),]

[0s(NO)CI(PPh3)s]
trans-{Os(NO)Cl(AsPh3);]

trans-{Os(NO)CS)(PPhas)s]*
trans-{0Os(NO)CI(CF2)(PPhj);]

trans-[Os(NO)I(CS)(PPhgs),]
trans-[Os(NO)CHCS)(PPhy),]
trans-[0Os(NOXCOXCS)(PPhg),]*
trans-[0s(NO)(SeH)(CS)PPhs),]
trans-[0sCIINO)}CyH,)(PPh3).]

trans-{0sCUNO){n3-(C,S)-CSyKPPhs3),]
trans,trans-N,N-[OsCINO)(NO)L-
L)(PPhy),]

[0sCHNO)2(PPhj)s]

CV (247)

CV (247)

Reactive intermediate in equilibrium
with the six-coordinate alkene
complexes (163)

Reaction with Cd(CF3), (166)

Preparation and characterization by IR
and m.p. (246)

Preparation, IR, and m.p. (153)

Preparation and reaction with X,/F~
(X = ClorBr) (166)

Preparation, IR, and m.p. (153)

Preparation, IR, and m.p. (153)

Preparation, IR, and m.p. (153)

Preparation, IR, 'H NMR, and m.p. (153)

Reaction with O=8S=NS0,C¢H Me-4
(163)

Synthesis and methylation (153)

(L-L = 9%-N,5-S(O)N(SO,CcH Me-4).
Preparation and characterization by
IR and 'H and 3'P NMR (163)

X-Ray, 15N NMR (248aq)

Hydrazine ligands such as N'-(2-hydroxybenzoly)-N-(4-toluenesulfo-
nyDhydrazine, N-(4-hydroxy-3-methoxylbenzylidene)hydrazine car-
bothicamide, and N'-benzoyl-N-(4-toluenesulfonyl)hydrazine react
with K,[0s(0)2(0H),] to form [OsV1(0)sLs]. These are used as the basis
of spectrophotometric determinations of Os (250-253). The value of the
formation constant of the complex between the second ligand and [Os-
(0)2(OH),1?~ in acetic acid solutions is reported to be 6.8 at 28°C (251).
It is uncertain whether any chemical transformations of the ligands
have occurred during binding, because the products are not well charac-

terized.
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i. Thionitrosyl Complexes. The atomic charges and core binding
energies of [Os(NS)Cl;1?7, [Os(NS)Cl3(PPhs),], and [Os(NS)Cl,
(OHz) 1~ have been calculated and compared with nitrosyl and Ru
analogs. The conclusion is drawn that the NS ligand is a better electron
acceptor than the NO ligand and that, consistent with experimental
results, it should be better at labilizing a trans ligand (240, 241).

J. Dinitrogen Complexes. The preparation of [Os(NHj3)5(Ny)ICl,
from (NH4)3[0sClg] and NH;NH,-H,0 is discussed in Section II, B,4,a
(47, 59)

The reactions of mer-[Os(X)2(N2)(PMeyPh);] (X = Cl™ or Br™) with
RS™ in acetone result in the displacement of X~ to give mer-
[Os(X)(SR)(N3)(PMesPh)3] (R = Ph, CgF5, Me, or CF3). The structure of
one complex (X = C17, R = C¢F5) was determined by X-ray crystallog-
raphy. If the starting material is reacted with a dithiocarbamate ligand
or RS™ at elevated temperatures, the dinitrogen ligand is lost (Section
I1,C,7,q) (254).

Reduction of mer-[Os(Cl)3(PMesPh)s] to mer-[Os(Cl)s(PMeyPh);]1™ in
the presence of Ny yields trans,mer-{OsCla(PMesPh);(Ny)] (3P NMR
spectroscopy and CV), which reverts to the thermodynamically stable
cis isomer. Both cis and trans isomers exhibit reversible Os(III/II)
couples in thf, demonstrating that the corresponding Os(III) complexes
are stable on the CV time scale. It appears that a range of other
trans,mer-[0sClzL3(N3) ] complexes have been prepared inadvertantly
following the reduction of mer-|OsClsLs] in CHoCly (L = PMePhs,
PEtPh,, PEt,Ph, PEt;, PPr"3, or PBu"3) under an Ny atmosphere (145).
The original authors did not recognize the reason for the irreversibility
of the reduction process (255).

k. Imine Complexes. The preparations of [Os(en)z(enim)**, [Os-
(en)x(diim) ]2, and [Os(en)(diim); ]>* are discussed in Sections II,C,4,b
and V,E,2,b. The diim ligand imparts similar properties on both the
Os(III/1I) redox potentials, and the Os(II) charge-transfer spectra, as
the N-heterocyclic ligands, bpy, phen, etc. Cyclic voltammetry shows
that the Os(III) complexes are stable on the CV time scale even at low
scan rates (204, 205). [Os(bpy)q(impy) I** is also prepared by an oxida-
tive dehydrogenation reaction (256).

[Os"(NH;3)5{NH=C(Ch3)R} ** (R = H or CHj) are prepared from
the condensations of acetone or acetaldehyde with traces of [Os-
(NH3)6]?* in the presence of a large excess of [Os(NH3)s]>*. The latter
reduces the Os(III) condensation products with concomitant regenera-
tion of the [Os(NHs)g1®* catalyst and in so doing results in the quanti-
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tative conversion of [Os(NH;3)g]%2* to the corresponding Os(II) imine
complex. The imine complexes are reversibly oxidized to their corre-
sponding Os(III) complexes on the CV time scale (194).

I. n'«(N)- and n'<(N,0)-Oxime Complexes. [Os(H)(C1)(CO)(PR3)2]
add aldoximes and ketoximes to give [Os(H)(CD(CO}{(N)N-
(OH)=CR'R"}(PR3)2] (R3 =Pr'3, R"=R"=Me or R’ + R"=cy-
clohexyl; R = MeBu's, R =H,R"=Me, R " =R"=Meor R" + R" =
cyclohexyl). Similarly, [Os(H)(C1)(CO)(PMeBu‘s)2] reacts with Na-
[ON=CR'R"], or [Os(H)(CO){n'-(N)-N(OH)=CR'R"}(PMeBu’;),] re-
acts with NaH, to yield complexes containing deprotonated aldoxime or
ketoxime ligands, [Os(H)(CO){n2-(N,0)-ON=CR'R"}(PMeBu‘s)2]. The
latter (R’ = R” = Me) reacts with CO to give the O-bound ketoxime
complex, trans-P,P-cis-C,C-[0Os(H)(CO)o{ON=C(CH3)z} (PMeBu‘s):].
[Os{ (E)-CH=CHPh}(CO){n2-(N,0)-N(0)=C(Me),} (PMeBu’;) ] is also
prepared from the reaction of [Os{(E)-CH=CHPh}(C])(CO)(PMe-
Bu‘s)2] with Na[N(0)=C(CHs).] (129).

[Os(NH3)5(0OS02CF3) 12* reacts with HONRR' to give Os(III) oxime
complexes, which are reduced to Os(II) to yield nitrile complexes (Sec-
tion V,E 4,g) (195).

m. Diazene Complexes. Reactions of [Os(H):L4] [L = P(OEt); or
PPh(OEt);] with arenediazonium cations result in the preparations of
[Os(RN=NH);L41(BPhy), and [Os(H)(RN=NH)L4](BPh4) (R = Ph, 4-
MeCgHy, or 4-MeOCgH,). They were characterized by NMR (*H and
31P) spectroscopy and !N isotopic substitution. [Os(4-MeCgH,-
N=NH)(4-MeC¢H,/NC)L,4](BPh,), was prepared in a similar manner.
Deprotonation of the bis(aryldiazene) complexes with Et;N results
in the formation of the five-coordinate Os(II) complexes, [Os-
(RN2)L41(BPhy) (R = Phor 4-MeCgH,). Protonation of these complexes
with CF3CO2H or HBF4 gives the six-coordinate [Os(CF3COy)-
(RN=NH)L,]* and the five-coordinate [Os(RN=NH)L,]BPh,
(R = 4-MeCgH,), respectively (188).

n. Nitrile Complexes. Pentaammine complexes with acetonitrile
(59, 67, 176), propionitrile (176), tert-butylnitrile (176), acrylonitrile
(176), benzonitrile (67, 176), pentafluorobenzonitrile (176), 9-
cyanoanthracene (176), 1,2-,1,3-,and 1,4-dicyanobenzene (196),
and glutaronitrile (196) are prepared from [Os(NH3)5(0S0-
CF3) J(CF3S03)2 and exhibit reversible Os(III/II) couples. There is
a progressive decrease in the C=N stretching frequency for both the
Os(II) and Os(III) complexes along the series R = Me, CH;=CH, Ph, or
C;F5 (176). The intensities of the coordinated and free C=N stretching
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modes in the IR spectra have also been the subject of detailed analysis
for the complexes with dinitrile ligands, [Os(NH3)sL13*2* (L = 1,2-
dcb, 1,3-dcb, 1,4-dcb, and gn). These intensities were compared with
analogous Co(III), Rh(III), Ir(III), Ru(IIl), and Ru(Il) complexes and
interpreted in terms of 7 backbonding and other factors (196). [Os-
(NH3)5(NCCH3) ** is less susceptible to nucleophilic attack at the
nitrile than is its Ru analog (67). The IR spectra and reactivity patterns
of nitrile complexes provide strong evidence for the importance of
wr-backbonding stabilization of the Os(I1I) complexes, in addition to the
Os(II) complexes, albeit to a lesser extent for the former. The UV/Vis
spectra of the Os(III) and Os(Il) complexes have also been studied in
detail (176).

trans-[0s" (NHj3)4(4-lutdn-H)(NCR) ]>* (R = Me or Ph) are prepared
by dissolving [Os(NHj3)s(4-lutdn-H) 12* in the nitrile (85). trans-
[Os™(CN)4(NCMe)21>~, [Os(CN)o{CNCH(Ph)CH,OH},] (Section ILC,
2,a), and trans-[Os'(14-tmc)(NCCHs)2 2" have also been reported
(Section I1,C4,c) (39, 107, 108). The Os(IV) nitrile complex cis-
[OsCl4(NCCH3)21-3CH3CN is prepared from the reaction of [OsCls]
with CH3CN and has been characterized by X-ray crystallography and
IR and Raman spectroscopies (257).

Luminescent spectra of cis-[OsLy(CO){NC(CH;),Me})?* (L = bpy or
phen, n = 0-19) and cis-[Os(bpy)2(CO)(NCPh) 1?* (258, 259) have
shown long-lived excited states at room temperature. The nitrile li-
gands undergo addition reactions with nucleophiles such as alcohols
and are also photolabile. By contrast, the MLCT (metal-ligand charge
transfer) excited states of the aminobenzonitrile complexes are short-
lived and decay rapidly to the LLCT (ligand-ligand charge transfer)
states, cis-[Os(bpy)(bpy~}CO)(abnt)?* (259). Heating cis-[Os(bpy)
(dppe)Cly] in CH3CN results in the displacement of one chloride to
produce the cis-[Os(bpy)(dppe)(NCCHj3)CI1]" isomer in which the nitrile
is trans to an Os—P bond. This isomer is thermally unstable and
isomerizes to the cis isomer in which the nitrile is trans to an Os—N
bond. The rate constants for the substitution and isomerization reac-
tions were studied (98). CVs of these complexes reveal reversible
Os(III/II) couples (98, 260). mer-[0sCls(4-pic)o(NCCH3) ] is one of the
products of the coupling of nitrido complexes to give dinitrogen. It has
been characterized by UV/Vis, IR, and 'H NMR spectroscopies and by
an X-ray structure (226).

[Os(H)(CDH(PHRR')(CO)(CD)(PPhy)2] (R =R’ = H; R = H, R’ = Ph;
R =R’ = Ph) and HCIO4/CH3CN give an isomeric mixture of [Os-
(C1Y(PHRR")(NCCH3)(CO)(PPh3),1* in which the nitrile is a labile
ligand (131, 261). The reactions of trans-[OsClz(PMesPh);] with RCN
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give [OsCly(PMeoPh);(NCR)] (R=CH3 or Ph) (I145) and [Os-
CI(NCCH;3)(CO)(CTe)(PPh3)31C104 have been reported (Section II,
C,2,c) (I51). The first n*-N-bound complexes of tetracyanoethylene,
cis-{0s(SoPRy)2(PPh3)(tene) ], have also been reported (see Section
ILC,7,r).

[0OsNX;5]2~ (X = Cl™ or Br™) react with acetonitrile to give trans-
[0sNXNCCHs3) 1™, which were characterized by 3°Cl and 8'Br NQR
spectroscopy and other techniques (262, 263). [Os!V(cp)s(NCCH3) 12* is
obtained from the disproportionation of [ (cp)2OsOs(cp)z]** in aceto-
nitrile and its reactions with nucleophiles have been studied (264).

0. Chlorothionitrene Complex. Molten (NSCl); reacts with [Os-
Cl3(NO)] to yield a mixture of products, including (PPhy){cis-
[0sCl4(NO)(NSCI) ]}, which has been characterized by IR spectroscopy
and X-ray crystallography. The NO and NSCl ligands are disordered in
the structure (237).

p. Imido Complexes. [0sV'(NBu‘),] was prepared recently from
the reaction of [0sO4]) with excess Bu‘NH(SiMe;) and was character-
ized by mass, IR, and 'H and !3C NMR spectroscopies, and electro-
chemistry (265). The complex undergoes a reversible reduction to its
Os(VII) analogue in CH,Cl,. A remarkable trigonal-planar Os(VI)
complex [Os(NAr);] (Ar = 2,6-PrsCgH3), has been prepared from the
reaction of {OsO,4] with ArNCO. The air-stable complex has been char-
acterized by X-ray crystallography and IR and NMR (*H and '3C)
spectroscopies. It is believed to be stabilized by a combination of steric
hindrance and the strong o- and #-donor properties of the ligand. It
reacts with MesNO to give [OsY™(O)(NAr);] and with PRs
[R3 = MesPh, Mej, (OMe)s, or (OPh)3] to give the square-planar [Os!V-
(NAr)2(PR;3)2). All complexes have been characterized by IR and NMR
('H and '3C) spectroscopies, and for the complex with PR3 = PMe,Ph,
by X-ray crystallography (22). [OsVX(NR)3] (R = 2,6-Me,C¢Ha, 2,6-
Pr’;CsHz) have also been prepared by heating [0sO4] in neat
NHR(SiMej3) for several hours at 100—-120°C. Both show two irrevers-
ible one-electron reductions (265a). Reactions of these Os(VIII) com-
plexes with alkenes are discussed in Sections I1,C,4,b and V,E,1,c.

The bis(imido) Os(VIII) complex [Os(n*-hba-b)(NPh),] is believed to
be an intermediate in the formation of the amido complex, cis-8-
[Os{n*-(N,N")-PhNCsH,NH} (n*-hba-b)] from trans-[0s'V(n*-hba-b)-
(PPhj);] and phenyl azide (44). Complexes of the type [Os(NR')(R)4]
(R’ = CHjs, CH3Ph, or CH,SiMes) and [Os(O)(NBu')(mes);] are dis-
cussed in Section II,C,2,f, and trans-[Os(NH)(CN)4(OCOCF3)] is dis-
cussed in Section I1,C,6,0.
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TABLE IV

MoNoNucLEAR NITRIDO COMPLEXES

Complex Studies and references
Os(VIID
[0s(0)3(N) ]~ and [Os(0)3(NYL)~ Sections 1I,B,2 and IL,C,6,b
Os(VD)
[Os(NXCN)51~ Preparation, IR, UV/Vis, X-ray (266)
[OsNR,]~ Section I1,C,2,f
cis-[OsNRyX, 1™ Section I1,C,2,f
[OsNX, ]~ IR, Raman, emission, Xtal Vis (267);
35CI, 81Br, and 2’1 NQR (262, 263);
XPS (268)
[Os(NYNH;3), 13t Preparation, react., UV/Vis, photochem.,
CV (269, 270}
[Os(N)n*-hba-b) ]~ Section I1,C,4,x
[Os(N)X ]2~ 35Cl, 8'Br, and "I NQR (263); XPS
(268)
trans-[0Os(N)X,L]~ 35CI, #Br, and '*’I NQR (L = NCCHs,
H,0) (262, 263), XPS (L. = NCCHs,
H30, py) (268), preparation, cond., IR,
photochem., reactions (X = CN—,
L =OH") (266)
[Os(N)(trpy)X2]* Section II,C,4,e
[0s(N)(L)2Clsl, L = N heterocycle Section I1,C 4,e
Os(V)

trans-[Os(N)Lo(OH,) ], L = 1-amidino- Mag., therm. anal., IR (271)
2-thioureas

trans[Os(N)CN),(OH) I3~ Preparation and reactions (266)

[Os(trpy)(bpy)(N) |2+ Reactions (43)

q. Nitrido Complexes. Apart from the u-nitrido complexes that are
discussed in Sections II,B,3,b and II,D, a large number of mononuclear
complexes have been prepared. General synthetic routes have been
discussed in Section II,B,3,a and in Griffith’s review (2). A summary of
publications since Griffith’s review is given in Table IV (43, 262, 263,
266-271).

r. Azido Complexes. [Os(N3)(CeHsMe-4)(CO)(PPhj3);(SNNMes) |
has been reported (185).

s. Cyanato Complexes. trans-[0s(0)2(NCO)4]%” is prepared by the
reaction of trans-[0s(0)2(OR)41*>~ (R = H or CH3) with KCNO in meth-
anol. The binding mode has been assigned on the basis of IR and Raman
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spectroscopies and its UV/Vis spectrum has been reported (272). trans-
0,0-cis-C,C-[0s(0)2(CN)2(NCO)21*~ has been characterized by IR and
Raman spectroscopies (Section I1,C,2,a) (113). On the basis of IR spec-
troscopy, the reaction product of [OsFg] with (CH3)3Si(NCO) is believed
to be either [OsF4(NCO) Jor [OsF5(NCO) |, but the product was not well
characterized (273).

t. Thiocyanato Complexes. [0sXgl*~ (X = Cl, Br, or I) or [Os(0);-
(OH)4)?™ react with aqueous or methanolic solutions of KSCN to give
[0s™(NCS),(SCN)g-,13". The isomeric mixture is separated by chro-
matography to yield all possible isomers, i.e., [Os(NCS)s®~, [Os-
(NCS)5(SCN) 137, cis- and trans-[Os(NCS)4(SCN)21?~, fac- and mer-
[Os(NCS)3(SCN)3137, cis- and trans-[Os(NCS)5(SCN)412~, [Os(NCS)-
(SCN)5137, and [Os(SCN)g]®~. Most of these complexes have been iso-
lated previously (2), but it is the first time that the complete series has
been characterized. The complexes are reversibly oxidized to the Os(IV)
complexes and generally irreversibly reduced to Os(1I). Chemical oxi-
dation with Ce(IV) occurs without linkage isomerization to give the
Os(IV) series, except for [Os(SCN)g]>~, which is obtained pure only by
repeated crystallization. A complete IR, Raman, and electronic spectro-
scopic analysis of all of the Os(III) and Os(IV) complexes, including a
study of the near-infrared electronic transitions, has been completed
(274, 275).

[Os(NH3)5(NCS) 12" was first prepared by the reaction of [Os-
(NHj3)5(0OHz) 13" with KSCN in water (197), and, more recently, by the
reaction of [Os(NH3)5(0S02CF3) I** with NH,SCN in acetone (198). It
undergoes a reversible reduction to the Os(II) complex and an irrevers-
ible oxidation to Os(IV). A complete analysis of the Raman and IR
spectra (including deuteration experiments) has been reported, and the
electronic spectra, including near-infrared bands, are discussed. [Os-
(NH3)4(NCS)21" and [0Os(NH3)3(NCS)3] are by-products of the reac-
tions, but have not been characterized (198).

trans-{0s(0)2(OR)41%~ (R = H or CHj) react with KSCN in methanol
to give trans-[0s(0)o(NCS), 12", which on the basis of its Raman and IR
spectra has all the NCS™ ligands N bound. The UV/Vis spectrum
is strongly vibronically coupled at 10 K (272). [OsQ,4] reacts with
either NO2 /H"/NCS~ or NO; /H*/NCS /phen to produce [Os-
(NO)(NCS)52* and [Os(NO)(NCS)s(phen)], previously synthesized
using NH2OH instead of NO,~ (276). trans,trans,trans-[0s(O)s-
(CN)2(NCS);]2~ has been prepared and characterized by IR and
Raman spectroscopies (Section II,C,2,a) (113). cis-[Os(N)YCHy-
SiMe3)2(NCS)(X)]™ (X = SCN™ or NCS™) are obtained by the addition
of two equivalents of KSCN to cis-[Os(N)(CH2SiMe;)2Clz ] (156).
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u. Selenocyanato Complexes. [Os(NCSe),(SeCN)g_,I°" [n = 0-3,
including cis and trans (n = 2) and fac and mer (n = 3) isomers] and
[Os(NH3)5(NCSe) 12+ have been prepared, purified, and characterized
by IR, Raman, and UV/Vis spectroscopies in the same manner as their
NCS™ analogs (198,277).[0s(NH;3)4(NCSe)2]* and [Os(NH;3)3(NCSe)s ]
are by-products of the preparation of [Os(NH3)5(NCSe) |2*, but have
not as yet been characterized (198).

v. Nitro and Thionitro Complexes. Treatment of cis-[Os(L-L}NO)-
(OHy) ** with NO, /NHj; results in the formation of cis-[Os(L-
L)2(NO2),], which reacts with acid to form cis-[Os(L-L)2(NO)(NOy) 12*
(L-L = bpy or phen). The complexes were characterized by IR spectro-
scopy (247). [Os(trpy)(bpy)(NOz) I** is prepared by the reaction of [Os-
(trpy)(bpy)(NO) I3* with OH . It undergoes reversible oxidation to the
Os(IIl) analog (43). The reaction of [Os(bpy)(CO)(CD ]BF, with
Me3sNO and NOy~ results in the synthesis of cis-{Os(bpy)(NO2)Cl]
(278).

[M(NO)(NH3)4(OH) IIM"(NO)(NO2)4,(OH) ] (M = Os, M’ = Os or Ru;
M = Ru, M’ = Os) have been prepared and characterized by electrical
conductivity, X-ray phase and thermal analysis, and IR spectroscopy
279).

[Os(NSO)(X)2(PPh3z)2] (X = Cl™ or Br) are obtained from reactions
of [Os(NO)(CD3(PPhj3),] with elemental sulfur in benzene. They were
characterized by magnetic measurements and IR and electronic absorp-
tion spectroscopies. No indication of the binding mode of the NOS™
ligand has been given, but it is presumably N bound. It is the first
example of the binding of such a ligand to Os (246).

w. Schiff Base Complexes. Complexes of the type trans-[Os-
(O)z(salen)] have been prepared and characterized by CV and by IR,
UV/Vis, and '"H NMR spectroscopies, and the X-ray structure of trans-
[0s(0),(3-Bu-saltmen)] has been reported. All complexes exhibit irre-
versible oxidations and reductions in acetonitrile (280). trans-
[0sY(salen)(O)2] is converted to trans-[Os(salen)(ER)z] (ER = OMe™,
OEt~, or SPh™) by methods similar to those of their porphyrinato
analogs (Section I1,C,4,d). The complexes were characterized by IR,
UV/Vis, and '"H NMR spectroscopies, and in the case of the phenylthio-
lato complex, by X-ray diffraction (281). More recently, a series of Schiff
base complexes of the type trans-[Os¥(0)sL] (L = (ba)sen, (aa)qen,
(BuYsen)) and trans-[Os'Y(SR)o{(ba)sen}] (R = CgHs, CH,-CeHs,
3-MeCgHy, 4-FCgHy4, 2-naphthyl, Et, Bu, cyclohexyl) have been pre-
pared by similar methods and characterized by 'H NMR, UV/Vis,
and IR spectroscopies and electrochemistry. The X-ray structures
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of trans-[0sV(0)o{(ba)sen}] and trans-[0s'V(SCHyCgHs)o{(ba)sen}]
0.5 H,0 were also reported (281a). [OsL3] and [OsL2Cle] [HL = 2-
HOCgH4,CR=NR';R = Me, R’ = 4-XCgH,4 (X = H, Me, OMe, COzEt, or
C1)] have been prepared and characterized by CV, EPR, and UV/Vis/
NIR spectroscopies. The complexes in the Os(II), Os(III), and Os(IV)
oxidation states have been characterized from the electrochemistry
(282). [0sL(H)(CO)(PPhy)2] and [OsL(C)(CO)(PPhs);] [HL = 2-
HOCgH,CH=NR; R = Ph, C¢H5CH,, or 2- or 4-XC¢H, (X = CHj, Cl,
Br, or NO,)] have also been prepared and characterized by NMR spec-
troscopy (129).

x. Chelating Amide Ligands. Although, this area of Os chemistry
has only been developed recently, it has resulted in a considerable
amount of new and interesting chemistry. The structures of the che-
lating amide ligands are given in Fig. 6, along with the structures of the
cis-a and cis-f isomers referred to in this section.

The reaction of bpbH; with Kz[Os(O)2(OH)4] yields trans-[Os'
(bpbH2)(0)2]1Cly. This is deprotonated by EtsN to give trans-[Os-
(bpb)(O)2] or reacts with PPh; in MeOH to give trans-[Os-
(bpb)(PPh3)(CD)]. The structure of the latter has been determined by
X-ray crystallography, and its CV exhibits a reversible Os(IV/III) redox
couple and a quasi-reversible Os(III/II) redox couple. [Os(bpb)(PPh3)Cl]
reacts with PhIO to form a complex that is believed to be an Os(V) oxo
complex. This species is a useful catalytic intermediate in the epoxi-
dation of cyclohexane by PhIO (283).

Recently, complexes with tetradentate amide/phenol ligands have
been studied extensively because of the abilities of the ligands to sta-
bilize high oxidation states (44, 146, 283—-290). [0s(0)2(OH)4J?>~ reacts
with H,chba-Et to yield trans-[Os(n?-chba-Et)(0)2]?~, which, in the
presence of Oz/PPhg, gives Kyl{trans-Os(n*-chba-Et)(OPPhj3)},0] (290)
or, in the presence of py or 4-Bu'py, gives trans-[Os'(n*-chba-
Et)(Xpy)2]™ (289). The X-ray structure of the oxo dimer has been deter-
mined (290). The bis(pyridine) complexes exhibit rich redox chemistry
that is both metal and ligand centered; they are reversibly reduced to
Os(II) and are oxidized to Os(IV). An X-ray structure of trans-[Os!V(n*-
chba-Et)(py)2] has been determined and the Os(IV) complexes are irre-
versibly oxidized at the ligands. This oxidation occurs in stages, giving
trans-[Os(n*-chba-ethylene)L,], trans-[Os(n*-chba-t-1,2-diRO-Et)Ls]
(R = H, Me, or Et), trans-[Os(n*-chba-t-1-OH-2-OMe-Et)L,], and cis-
and trans-[Os(n%fo-chba);Ls) (L = py or 4-Bu’py) (289). Heating the
latter in acid results in the decarbonylation of the complexes to form
cis- and trans-|Os(n2-chba),Ls). These complexes are also prepared via



OSMIUM CHEMISTRY 267

$2

o, N -N. O
X X Z "N N
N ) ! =
[0) O opb
0, ™\ o]
N- - N—¢ N- - N—#
X o -0 X Cl o- -0 Cl
X X Cl Cl

X<H hba-b chba - Et
X=Cl chba - dch
H OR
/=\ RO. H
N A Q 0
NT N—#
Cl O~ O Cl
Cl O- o] Cl
Cl Cl
Cl Q

Hchba
fo - chba chba
L (-O O\
N NA|..\ N
( \J?)O NP2 ( NP
ne \0 v | ) o~ l\L
L OJ L L
trans cs- a cs-B

FiG. 6. Structures of the chelating amide ligands and the trans, cis-a, and cis-3 geomet-
ric isomers of their complexes.

the [Os(n?-chba)2(0)2]1*~ intermediate (287). If K3[Os(n?-chba),(0),] is
allowed to react with two equivalents of PPhg, in the presence of 4-
Bu'py, cis- and trans-[Os(nz—chba)2(4-Bu‘py)(OPPhg)] are obtained.
cis-a- or trans-[Os(n-chba)z(4-Bu’py).] is protonated without isomer-
ization to give cis-a- or trans-[Os(n?-Hchba)(4-Bu’py)z|?*, respectively
(287). The structures of trans-[Os(n*-chba-ethylene)(4-Bu’py),] (287),
trans-Os(n*-chba-t-1-OH-2-OMe-Et)(py)2] (287), cis- and trans-[Os(n>
fo-chba),;(4-Bu‘py)z] (289), and trans-[Os(n2-chba)s(4-Bu'py)s] (287)
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have been determined by X-ray crystallography and the complexes
have been extensively characterized by NMR spectroscopy and other
techniques. trans-{Os(n*-chba-ethylene)Lz] exhibit two reversible one-
electron reductions and reversible one-electron oxidations to the nomi-
nal Os(V) complexes in the absence of ROH (289). The electrochemis-
try of trans-[Os(n*-chba-Et)(py)2], trans-[Os(n*-chba-ethylene)(py):l,
trans-[Os(n*-chba-t-1,2-diEtO-Et)(py)2], and  cis-[Os(n®-fo-chba)z-
(py)2] have also been studied in liquid SO, at 40°C. All complexes show
a series of reversible oxidations in addition to a reversible Os(IV/III)
couple (284). The chemistry of this system is summarized in Scheme 12.

The complexes in which the ethylene bridge has been replaced by a
phenylene bridge are considerably more stable to oxidation, and a

[OS(0)2(OHa) trans-{Os!(chba-Et)(L)of*
HgChba-Et el e
2. PPhs m .
trans-{Os(chba-Et{O)} Toxpy trans-{Os" (chba-Et)(L.)2)
2
{trans-Os{chba-Et)(OPPhg)},01 e|le
)

trans-[Os(chba-ethylene)ly] <+———— trans—[Osw(chba-E()(L)Z]
ROH | (O]
trans-{Os(chba-t -1,2-diRO-Et)L;]
[0)

cis- & trans-[Os(fo-chba),l ]

AlH

H*

[Os(chbaH)ng]2+ cis- & trans-[Os(chba)ols)

L

L cis- & trans-[Os(chba),{OPPh,}L)]

2PPhy

L=xpy

[Os(O)g(OH),;]Z'HZC—hba’- trans-{Os(O)a(chba)]™

ScHEME 12. Chemistry of the Os/n*-chba-Et system.
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different type of chemistry ensues. Ky[Os(Q)(L)] (L = chba-dcb or
hba-b) are prepared as indicated above (288, 289). Treatment with PPh;
and CF3CO.H results in the synthesis of trans-[Os'YL(PPhs)2], or
treatment with PPhs and 4-Xpy results in frans-[Os'VL(4-Xpy).]
(L = chba-dcb, X = H, MeO, Et, Me, Cl, Br, Ac, or Bu') (288, 289).
trans-[Os(n*-hba-b)(PPhy);] reacts with one equivalent of CO to form
cis-a-[Os(n*-hba-b)(PPh3)(CO)] (146); it reacts with phen to give mer-
[Os!!(73-Hhba-b)(PPhg)(phen)] (286) and with Bu‘NC or dppe to give
cis-a-[0s(n*-hba-b)(PPh3)(CNBu"] and cis-B-(0s(n*-hba-b)(dppe)], re-
spectively (288). The structures of the first two complexes have been
determined by X-ray crystallography (146, 286). mer-[Os"(n3-Hhba-
b)(PPh3)(phen)] is reversibly reduced to the corresponding Os(II) com-
plex and oxidized to the Os(IV) complex. The ligand is also acetylated
using AcpO to form mer-[Os{n®-(CH3CO)hba-b}(PPh;)(phen)] (286).
(Os(n*-hba-b)(PPhs),] also reacts with azides to give [Ph3N-
NH,][0sVYn*-hba-b)(N)], in the case of Me3SiN3 and cis-B8-[0sV(n*-
hba-b)(n2-PhNCgH4NH)], in the case of PhN3. Both products have been
characterized by X-ray crystallography (44).
trans-[0s'Y(n*-chba-dcb)(PPhy),] reacts with one equivalent, or ex-
cess 4-Bu'py, to give trans-[Os(n*-chba-dcb)(PPh3)(4-Bu‘py)] and
trans-[Os(n*-chba-dcb)(4-Bu’py)2], respectively; it reacts with bpy,
Bu‘NC, or dppe to give cis-a- and cis-8-[Os(n*-chba-dcb)(bpy)], cis-
a-[0s(n*-chba-dcb)(PPh3)(CNBu’], or cis-B8-[Os(n*-chba-dcb)(dppe)],
respectively. It is also oxidized by iodosylbenzoic acid to give trans-(Os-
(n*-chba-dcb)(OPPhg),] (146, 288, 289). The structures of cis-[Os(n*-
chba-dcb)(bpy)] and cis-a-[Os(n*-chba-dcb)(PPh3)(CNBu‘)] have been
determined by X-ray crystallography. Treatment of trans-[Os(n*-chba-
dcb)(0)2] with PPhy and CNBu’ followed by oxidation was initially
reported to yield trans-[Os(n*-chba-dcb)(CNBu)2] (289), but the isomer
was shown subsequently to be cis-a-[Os(n*-chba-dcb)(CNBu‘),] (288).
These complexes undergo reversible oxidations to their corresponding
Os(V) complexes and two reversible one-electron reductions to their
Os(IIl) and Os(II) analogs. On either oxidation or reduction, the
complexes undergo geometric isomerization reactions. In the case of
cis-a-[Os(n*-chba-dcb)(CNBu’),], a two-electron reduction followed by a
two-electron oxidation results in the preparation of cis-8-[Os(n*-chba-
dcb)(CNBu),]. Oxidation of trans-{Os(n*-chba-dcb)(L)2] (L = 4-t-Bupy
or OPPh;) followed by reduction at low temperatures with Fc results in
the isolation of the cis-a-[Os(n*-chba-dcb)(L)s] isomers together with
their trans analogs. Generally, the equilibrium constants for the geo-
metric isomerizations are oxidation-state dependent, with cis-a-[Os(n*-
chba-dcb)(4-Xpy)2] isomers becoming more stable relative to the trans
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isomers as the higher oxidation states are obtained. The cis complexes
are rare examples of complexes with nonplanar amides. Their forma-
tion can be rationalized by consideration of the electronic demands of
the higher oxidation states, because nonplanar amides maximize 7 do-
nation. The equilibrium constants for the cis-a to trans isomerizations
for X = Ac, Cl, Br, H, Me, Et, Bu’, and MeO have been determined in
the formal oxidation states Os(V), Os(IV), Os(III), and Os(II). They fall
in the range of 0.1-1, 10-102, 1011~10%2, and 10'3-103, respectively,
for the four oxidation states at ambient temperatures, consistent with
the electronic arguments discussed above. The equilibrium constants
correlate with the Hammett substitutent constant of X (288, 289), and
the kinetics of the isomerization reactions of cis-a- and trans-[Os(n*-
chba-dcb)(OPPhg)2]” * have been followed using UV/Vis and 'H NMR
spectroscopies. There is no ligand exchange during the isomerization
reaction, and together with other evidence, this suggests a twist mecha-
nism (285). The electrochemistry of trans-[Os(n*-chba-dcb)(L)2] (L = py
or PPhj) has also been followed in liquid SO, at — 60°C. In addition to
the reversible Os(IV/III) couple, three other reversible oxidations are
observed, together with a less reversible fourth oxidation. It appears
that these processes are ligand centered. The electrochemistry of cis-a-
[Os(n*-chba-dcb)(CNBu®),] has also been studied in liquid SO, but the
oxidations are less reversible in this case (284).

The related complex containing a chelating amido/aldehyde ligand,
Hgphenba, reacts with [Os(0)2(OH) 4%~ to give trans-[0s(0)z(phenba)],
which reacts with PPhg to give trans-[Os™(phenba)(PPhs),]. All com-
plexes have been characterized by UV/Vis, IR, and 'H NMR spectros-
copies and cyclic voltammetry (291).

y. Quinolol Complexes. (NH,)2[0sXg] react with Hquin to give
[0s'V(quin)2X2], which, on further reaction with Hquin, yield [Os!-
(quin)z], (X = C1~ or Br7). [Os(quin)2X2] is reduced by NH.NH, - H20
to yield [Et4N1[Os™(quin).X,], and [Os(quin)s] is oxidized by Ce(IV) to
give [0s'V(quin)3]C10,. The tris bidentates are assigned as having a
mer structure and the bis complexes are assigned a trans,trans,trans
structure on the basis of IR spectra and other considerations. All com-
plexes exhibit reversible Os(III/II) and Os(IV/III) redox couples and a
further oxidation is observed. The near-infrared and EPR spectra have
also been recorded and interpreted (282).

z. Benzotriazole, 1,3-Diaryltriazene, 2-(Phenylazo)pyridine, and
(Phenylazo)acetaldoxime Complexes. [Os(H)o(CO)(PPhg)s] reacts with
benzotriazole to give trans-[Os(bta---H--bta)(H)(CO)(PPhs);], which
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X-ray crystallography has shown to have two hydrogen-bonded bta
ligands to form a chelate. Similar reactions with [OsCla(PPhg);] result
in the linkage isomers, [Os(bta:--H:--bta)s{n'-(N?)-btaH}(PPhj)] and
[Os(bta:--H---bta)s{n'-(N3)-btaH}(PPh3)]. All complexes have been
characterized by IR and NMR (*H, '3C, and 3!P) spectroscopies (292).

[0sCly(PPhs)s] reacts with ArNNNAr (Ar = CgH;, 4-MeCgHy, or 4-
CIC¢H,) in aerobic benzene solutions to give [OsCly{n?-(N,N")-
ArNNNAr}(PPhy),], which were characterized by IR spectroscopy and
magnetic measurements (293). The complexes are identical to those
prepared by the reactions of Li[PhNNNPh] with [OsX(PPhjs);] or
[0sX3(0)o(PPhy)e] (255). [Os(ArNNNAr)3] are prepared from [OsClg)%~
and the ligand and have been characterized by magnetic measurements
and IR, Raman, and 'H NMR spectroscopies, and [OsClo(ArNNNAr);]
have also been reported (293).

Geometric isomers of [OsXs(L-L);] [L-L = 2-(R-phenylazo)pyridine
(R = H, 3-Me, or 4-Me;N); X = Cl™ or Br], in which the ligand is
bound via both the azo and pyridine nitrogens, have been characterized
by 'H NMR spectroscopy (294). The X-ray structure of the cis,cis,cis
complex with R = 3-Me and X = CI” was determined (295). (Phen-
ylazo)acetaldoxime (HL) reacts with [OsBrg]?~ to give fac-[OsLg]".
The uncoordinated oxygens of the oxime groups act as tridentate li-
gands for other metal ions to form trimers of the type [OsLsML3Os]
(M = Mg, Mn, Co, or Ni) and [OsL3FeLi30s]*. These complexes have
been characterized by electrochemistry, 'H NMR, and EPR spectrosco-
pies (296).

5. Phosphorus, Arsenic, and Antimony

a. Phosphine Complexes. Complexes containing only phosphine li-
gands will be discussed. Table V lists relevant sections for phosphine
complexes with other ligands, except for halide and hydride complexes,
which are listed in Tables VI (15, 97, 145, 234, 293, 297-305) and VII
(128, 138, 297, 299, 301, 306-309), respectively.

[0s°(PMe3)s] has been prepared from the Na reduction of trans-
[OsCla(PMe3)4] in thf containing an excess of PMe; and a catalytic
amount of naphthalene. At room temperature, a singlet is observed in
the 3'P{*H}, 3C{*H}, and 'H NMR spectra, characteristic of fluxional
behavior, whereas the spectra at — 100°C in thf are consistent with a
trigonal-bipyramidal structure. The complex reacts with traces of mois-
ture or triflic acid to produce the hydride complex, [Os(PMes)sHI". In
the absence of excess ligand, [Os(PMe3)s] is in equilibrium with {Os(P-
Mej),], which undergoes an intramolecular oxidative addition reaction
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TABLE V

PHosPHINE COMPLEXES APART FROM HYDRIDES AND HALIDES

Complex or coligand Section Complex or coligand Section
Osmaboranes II,C11 Osmacarboranes II,C,1
CcO II,C,2,b CS, CSe, CTe II,C,2,c
CO. I1,C,2d C8S,, CSSe, SCSMe ™ II,C2e
Alkyl and aryl I,C2f Carbene I1,C,2,¢
Alkene II,C,2,h Allyl I1,C,2,
Isonitrile II,C,2,n Formyl and C esters I1,C,2,0
SiR, I1,C,3 Porphyrins 11,C,4,d
N heterocycles II,C4,e NO, NO* I,C4,f
Nitrosoarene II,C,4,g Hydroxylamine II,C,4,h
NS, NS* I1,C, 4,1 N, I1,C4,j
Oximes n,C4, NCR II,C,4n
Imido II,C.4,p Na~ II,C4,r
NOS~ II,C4,v Schiff bases I,C 4w
Chelating amides II,C,4,x Diaryltriazenes II,C4,z
Benzotriazole 1I,C 4,z 7n%-CH.PR, II,C,5,¢c
Stibines II,C4,f Hy;0 and OH™ II,c,6,a
ROH, RO~ II,C,4,c Maltolate and tropolonate 11,C.6,d
Amide II,C,6,g Diketonates I1,C,6,k
0, II,C,6,m CO4%~ I1,C,6,n
RCO2~ 1I,C,6,0 RSO3~ I1,C,6,9
O-sulfinate II,C,6,r RS- II,C,7,¢
S, II,C,7d HSe™ II,C,7,e
btd and bsd I,C,7,h S-dmso I,C,7,1
SNNMe, IL,C,7,j Iminooxosulfane II,C, 7k
S0,, S,0 11,C,7,] S-sulfinato II,C,7,m
RoNCS,~ and xanthate I1,C,7,q9 R,PS,~ II,C,7,r
PyS, pymS I,C,7,v BH,~ II,C,9,b
H. 11,C.9,c

to form [Os' (PMejy)s(n2-CH;PMe,)(H)]. The latter is also prepared from
the Na reduction of trans-[OsCla(PMes),] in the absence of excess PMes.
[Os(PMej)s] undergoes slow ligand exchange reactions with P(CDj)s,
and the activation energy for the process, which is believed to occur via
the [Os(PMej),4] intermediate, is ~116 kJ mol~! (15). [Os(PMes),] and
[Os(PMej)s] are also believed to be intermediates in the thermolysis of
cis-[Os(PMe3)4(R)(H)] (15, 165, 306, 310, 310a).

b. Phosphite Complexes. Although less numerous, these complexes
exhibit chemistry similar to that of their phosphine analogs, e.g., [Os(4-
MeCgH,N=NH)(4-MeCzH,NC)L,]* [L = P(OEt); or PPh(QOEt),; see
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TABLE VI

MONONUCLEAR PHOSPHINE/HALIDE COMPLEXES

Complex Studies and references
Os(II)
mer-[OsCls(PMe,Ph);)~ CV, chloride loss (145)
[0sCly(PMeyPh)s) CV, addition of 7-acid ligands (145)
[OsCly(PPh3)s] Reactions with diarylazides (293)

cis-|0Os(PMe3),(H)C1]
cis-[OsXo(PMes),}, X = Cl7, Br ,orl™
CiS-[OSC12(PRZCHQCH2PR2)2]
cis-[0sXy(L-L),], L-L = dcpe, X = CI”
or Br~
cis-B3-{OsCly(meso-tetraphos) ]
trans-[OsCly(PMe3),]
trans-[0sXo(PR3)4l, X = Cl” or Br~
trans-[0sX,(L-L)y], L-L = dcpe,

X =Cl"or Br~
trans-[0sXy(L-Lol, L-L = dmpe, dppe,

ordppm; X = Cl~ or Br~
trans-[0sXy(L-L),],

L-L = (PhoP)]o.C=CH,
trans-[Os(H)Cl(meso-tetraphos) |
trans-P,P-[0sBry(CO)2(PPh3),)
[0sCI(L-L),}*, L-L. = Ph,P(CH,)3;PPh,

or PhyP(CHy)2(2-py)

[0sX(L-L),]*, L-L = dcpe, X = Cl™~ or

Br~

Os1D)
trans-[0sX4(PR3)2]™, L = PEt3, PPhy,
PEt,Ph, or PEtPh,; X = Cl~ or Br-
mer-[OsL;3X;3], X = Cl” or Br—;
L = PMe;, PEt3, PEtPh,, PEt,Ph, or
PMe,Ph
fac-[Os(PEt;Ph);Cl3]

trans-{OsXo(PR3)4]"

Os(1V)
trans-[0sX4(PR3)2), L = PEt3, PPh,,
PEt,Ph, or PEtPh,; X = C1™ or Br~
mer-{OsL;X3]*, X = Cl~ or Br;
L = PMes, PEt3, PEtPh,, or PEt,Ph

Prep. (297}

Preparation (298)

Preparation and reaction with H, (299)

Preparation, IR, UV/Vis, cond., 3P
NMR (300)

Reaction with H, (301)

Na reduction (15)

Prep. (302)

Preparation, IR, UV/Vis, cond., 3'P
NMR (300)

Prep. (302)

Preparations, X-ray (303)

Reaction with H, (301)
X-Ray (304)
Epoxidation catalysts (305)

Preparation, IR, UV/Vis, cond., 3'P
NMR, addition reactions with PhCN,
MeCN, and CO (300)

Preparation, IR, UV/Vis, mag., NMR,
CV (L = PEt3, X = Cl7) X-ray (302a)

Preparation, UV/Vis, IR, CV (97, 145,
234, 302)

Preparation, UV/Vis, IR, CV, X-ray
(234)
Preparation (302)

Preparation, IR, UV/Vis, mag., NMR,
CV (302)
Preparation, UV/Vis, IR, CV (234)
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TABLE VII

MoNONUCLEAR PHOsPHINE/HYDRIDE COMPLEXES

Complex Studies and references
OsdD
cis-[0Os(H)2(PMes)4) Preparation (297)
cis-[Os(H)o(PR,CH,CH3PR,)2} Preparation (299)
cis-a-[0s(H)q(rac-tetraphos) | Reaction with HBF, (301)
cis,mer-[Qs(H)2(PMe;Ph);(CO) | Preparation (138)
[Os(H)(PMej3)4]* Intermediate (297, 306)
[Os(H)(PMesy)s]* Preparation (297, 306)
0s(IV)
[Os(H)4(PR3)3] Protonation (Section I1,C,9,¢),
photochemistry (307)
[0s(H)4(CO)PPr*s)5] Preparation (128)
[Os(H)a(PR3)4]" Preparation, R = Me (297); preparation,
X-ray, 3'P NMR, fluxionality, R = Ph
(308)
0s(VD)
"[0s(H)5(PRy3)3]*" Reassignment as [Os!V(n?-
H,)(H)a(PR3)3]1* (Section 11,C,9,c)
[Os(H)¢(PPhPriy),] Neutron diffraction (309)

Section I1,C,4,m] and [Os(H)(CNR)(L)41" [L = PPh(OEt),, P(OMe);, or
P(OEt)s; R = 4-MeOCgHy4 or 4-MeCgHyl, which were characterized
by NMR (*H and 3'P) and IR spectroscopies (I187), and trans-
[OsCl2{P(OPh)s}4] (18) and [Os(CO)s{P(OCH2)3CEt}(SiMeCly),] (Sec-
tion II,C,3). The hydride complexes [Os(H);L,] (L = P(OEt); or
PPh(OEt)2) have also been prepared and characterized (188), and com-
plexes with Hg ligands have been reported (Section IL,C,9,¢).

c. n?-CH,PR; Complexes. The intramolecular oxidative addition of
[Os(PMejg)4]—produced from the thermolysis of cis-[Os(PMe3) (H)}R)]
or reduction of trans-[OsCly(PMes)s]l—gives [Os(H)(n%-CH,PMey)-
(PMe3)s] (see Section I1,C,5,a) (15, 310), and its hydrogenolysis has been
studied (297).

d. Arsine Complexes. The new arsine complexes, mer-[Os(AsEt3)s-
X3] (X = CI” or Br7) and fac-|Os(AsMegPh);Cl3], are prepared (234)
using standard methods (2). Oxidation of the mer isomers by aqueous
nitric acid gives the Os(IV) complexes, mer-[Os(AsEts)sX3]™, but
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the fac isomers are too unstable to be isolated (234). trans-[Qs'Y-
Br4(AsPhs)s] is prepared from the reaction of [(Bu™)4N],[OsBrg] with
AsPh; and NaQAc in acetic acid/acetic anhydride. Its structure has
been determined by X-ray crystallography and it has an Os—As bond
length of 2.569(1) A (311). The syntheses, the IR, UV/Vis, and NMR
spectroscopies, and the electrochemistry of trans-[OsX,(AsR3)s]% ™
(X = Cl” or Br ~; R = Et or Ph) have been studied (302a).

Reaction of [Os(H)CO)CI(AsPhj)3], [Os(CO)Cla(AsPhy)s], or {Os-
(H)2(CO)(AsPhjs)3] with NOC1 in CH,Cly under reflux results in [Os-
(NO)Cl3(AsPhs).] and in trans-As,As-cis-|Os(CO)o(Cl)a(AsPhs)s] as a
by-product. [Os(H)XCQO)Cl(AsPhj3)3], [0s(CO)Cly(AsPhg)s], and [Os-
(H)2(CO)(AsPhg)s] react with NOBr under the same conditions to
produce [Os(NO)Cl(Br)s(AsPhs)s], [Os(NO)ClaBr(AsPhs),], and [Os-
(NO)Br3(AsPhy);], respectively. In each instance, trans-As,As-cis,
cis-[0s(CO)2Br;(AsPhj);] was the by-product. All the complexes were
characterized by IR spectroscopy. [Os(NO)X3(AsPhj3)s] react with
AsPhj in benzene under reflux to produce [Os(NO)X(AsPhj)s], which
are believed to be distorted trigonal bipyramidal in which the arsines
occupy equatorial positions. These complexes were characterized by IR
and electronic absorption spectroscopy (246).

[0s04] reacts with AsR; in concentrated HCI/EtOH at — 50°C
to produce trans,transtrans-[Os(0)2Cla(AsR3)2] (AsR3 = AsEts, As-
Me,Ph, or AsPhjy), which have been characterized by IR and 'H NMR
spectroscopies. If the same reaction is performed at 0°C, a mixture of
trans-[0OsCls(AsR3)o] and trans,trans,trans-{0Os(0).Clo(AsR3)2] is ob-
tained (209).

cis-[Os(bpy)2(AsPh3)Cl]" is prepared by heating cis-[Os(bpy)>Cls]
with AsPhs in 1:1 EtOH/water. It has been characterized from its
UV/Vis spectrum and electrochemistry in CH3CN, wherin it exhibits
two reversible oxidations to the Os(III) and Os(IV) analogs and a revers-
ible reduction. A second reduction is accompanied by loss of the Cl~
ligand (97).

e. Diarsine Ligands. Complexes of the type trans-[Os(0)2X2(L-L)]
[X = Cl™ or Br7; L-L. = 1,2-C¢H4(AsR3)z (R = Me, Ph), PhyAs(CHg)e-
AsPhy, MesAs(CHy)3AsMe,, or cis-PhaAsCH = CHAsPh,] are pre-
pared by the reactions of HX and the ligand with [OsO,] at low tempera-
tures in EtOH. These complexes are readily converted to [OsX4(L-L)] by
heating with HX in aqueous ethanol. Although no details of the prepa-
ration or properties of the tetrahalo complexes were given, they are
reported to be prepared more conveniently from the reaction of {Os-
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Xe]2~ with L-L. The trans-dioxo complexes were characterized by IR, *H
NMR, and electronic absorption spectroscopies (209).

The tris-bidentate complexes, [Os(phen)s(das)]?*, [Os(bpy)a(das)]®*,
[Os(phen)y(dpae)]?*, [Os(phen)(das),**, and [Os(bpy)(das)2]>*, are pre-
pared by refluxing cis-[Os(N-N)oClz] or [Os(N-N)Cl,] with the appro-
priate diarsine in ethylene glycol. These complexes exhibit reversible
Os(III/II) oxidations and a reversible reduction that is centred at the
phen or bpy ligand. In the case of [Os(bpy)x(das)]?*, a second ligand-
centered reduction is observed in acetonitrile. The electronic absorption
and emission spectra of these complexes have also been reported (97).
[Os(bpy)(das)2]?* has been used as an effective sensitizer in a photoelec-
trochemical half-cell (312).

f. Stibine Complexes. The Os(II]) complexes (2) mer-[Os(SbPhj3)3X3]
(X=Cl" or Br) exhibit reversible reductions to mer-[Os-
(SbPh3)3sX3]™ and oxidations to mer-[Os(SbPh3s)sX3]*, but the Os(II)
and Os(IV) complexes are too unstable to isolate (234). The structure of
mer-[Os(SbPh3)3Brs] has been reported; it is the first structural deter-
mination of a complex with an Os—Sb bond. The mutually trans
Os—Sb bond lengths [2.640(2) A and 2.654(2) A] and that trans to an
Os—Br bond [2.644(2) A] do not differ significantly (313). The complex
containing the mixed P—Sb chelate [0s(0)3Cl{o-C¢H4(PMez)(SbMesz)}]
has been prepared by the reaction of the ligand with {OsO4] and HCI in
EtOH at 0°C (209). Similar reactions with distibine ligands result in
chlorination of the ligands, rather than formation of Os complexes
(209). The syntheses, the IR, UV/Vis, and NMR spectroscopies, and the
electrochemistry of trans-[OsX4(SbPh3)2]® ~ have been studied (302a).

6. Oxygen Donor Ligands

a. Aqua and Hydroxo Complexes. [Os(OHg)g]>* has not been re-
ported, but recent evidence suggests it may be obtained from reduction
of [0s0y4] or trans-[0s(0)2(OH)4]%~ in aqueous acid. The complex has
not been characterized fully as yet, so it is possible that it is a mixed
hydride/aqua complex (314).

The species previously assigned as the hydroxo complex, [Hpyls-
[0s(0)2(0H):Cl;] (315), and the aqua complex, [Hpyl2[0sO3Cly(H20)]
(316), have had their structures reassigned as {Os(0)2(py)2Cl2] and
{Os(0)2(py)2Cl2], respectively (235).

A summary of the aqua and hydroxo complexes studied recently is
given in Table VIII (2, 17, 37, 46, 59, 70, 72, 94, 95, 113, 126, 133,
210, 211, 240, 241, 243-245, 247, 263, 266, 279, 298, 317-326) and
u-hydroxo complexes are discussed in Section 1I,D,5,c.
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TABLE VIII

AqQua AND HYyDrROX0O COMPLEXES

Complex Section Ref.
Os(I)
{Os(NHj;)5(OHy) 2+ I1,B,4,a 70, 72
trans-[Os(NO)(NH3)4(OH,)ICl;-H,O II,C4,f 243, 244
[Os(NO)NH3)3X(OH,) 1Y,, X = Cl-, II,C4,f 244
Y=Cl,Br,orl ;X=Y=Brorl"
cis,cis-{Os(NO)NH;3),Xo(OH) |, X = Cl ™ or I1,CA4,f 317
Br-
trans,trans-| Os(NO)(NH3),X»(OH) |, I,C4,f 317
X =Cl" orBr~
trans-[M(NO)NH3)4,(OH))trans-|M’ II.C4,f 279

(NO)NO,),(OH) |-'nH;0 (M = Os,
M' = Os, Ru; M = Ru, M’ = Os)

trans-{Os(NO)NH;3)4(OH)J[Os(NO)Cls) I1,C,4,f 279
trans-[Os(NOYNH;)4OH) ICl, I1,C4,f 243,279
trans-[Os(NO)(NH;3),(OH) ]?* I,C4,f 245
Nao{trans-[Os(NOXNO,)«OH) 1} I,C,4,f 279
trans-{Os(NX)CI4(OH,) 1", X =0, S II,C,4,f and I1,C 4,1 240, 241
cis-[Os(bpy)o(NO)YOHy) 13+ I1,C 4,f 247
cis-[Os(phen)o(NO)OH,) 3* I1,C,4,f 247
cis-[Os(PMe3) (H}XOH) ] — 298
[0s(0OSO2R)2(OH3)XCO)PPhy),], R = Me, I11,C,6,9 126
CF3, or 4-MeCgH,
[Os(H)XCO)XOH)XL)YPPhj),], L = PPh; or — 133
CcO
[Os(HXCSYOH,)(PPhj)s]* I1,C,2,¢ 17
Cis-[OS(bpy)2(0H2)2]2+ — 318
[Os(trpy)(bpy)XOH,) 1+ — 95
0525+
[082Cl4(chp)o(OHR) 1~ I,D,1,d 319
Os1D)
[Os(NH3)5(OH,) P* 1I,B,4,a 59,70,72
[0s(OH,)Cl512~ — 320
(Os(bpy)a(OH,) P* - 321
(Os(bpy)s(OH) 1** — 321
cis-[Os(bpy)a(OH2). 1** — 94
[Os(trpyXbpyOHj) 13+ — 95
trans-[0s(14-tme)}OH)(OHy) ]2+ II,C4,c 210,211
trans-[0s(14-tmc}OH).}* I1,C,4,c 210,211
[OssCly(chp)o(OHy) | I,D,1d 319, 322

(continued)
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TABLE VIII (Continued)

Complex Section Ref.

0s(1V)

[0Os(OH,)Cls1~ — 320, 323

[OS(OH2)2C14] -— 323

[Os2(u-N)YNH3)g(OHz), 15 I1,B,3,b and I1,D,3,0 46

[Osa(p-NYNH;3)7(OH,)315* I1,B,3,b and I1,D,3,0 46

[Os(tpp)(OH),l I1,B,4,d 37
0s(V)

trans-{Os(N)(CN),(OH) J3~ I1,C,4q 266
Os(VI)

trans-[0s(0)2(0OH) 412~ — 2,113,324

trans-[Os(N)(CN),(OH) I*~ 11,C,4,q 266

trans,trans,trans-[0s(0)a(CN)o(OH), )2~ II,C,2,a 113

trans-[Os(trpy)(0)2(OH) 1+ — 325

trans-[Os(phen)(0)2(0H),] — 325

K[Os(N)X(OHy) ], X = Cl~ or Br~ II,C,4,9 263
Os(VIIID)

[0s(0)4(OH)(H;As03) 1%+ ILC,6,u 326

b. Oxo Complexes. Over the past 5 years literally hundreds of pub-
lications have appeared in which [OsO4] and related species have been
used as oxidants in organic chemistry, for staining and fixing biological
samples, as selective agents for DNA structure, and many other funda-
mental and applied studies. Even a cursory review of this work is far
beyond the scope of this article. Therefore, only a few recent key refer-
ences that have considerably advanced the understanding of the chem-
istry in each of these areas will be cited. An excellent account of the
chemistry and applications of [OsO4] and related complexes, up to the
mid-1980s, is given in the review by Griffith (2). Recently, a number of
brief reviews and Ph.D. theses have been presented on the organic
oxidation chemistry of Os(VIII) oxo complexes (35, 36, 327-332) and
[0s0,] and its regeneration (333).

Recent developments in the understanding of the mechanisms of
catalytic and asymmetric dihydroxylation reactions are discussed in
Section V,E,1,b. An important aspect of this work is the kinetics and
thermodynamics of the formation of adducts with N heterocycles, which
have an important role in promoting many reactions. The crystal struc-
ture of the [0sO4] adduct with the cinchona alkaloid ligand (dimethyl-
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carbamoyl)dihydroquinidine, which is a useful catalyst for asymmetric
cis hydroxylation of olefins, shows the ligand bound via the apical aza
group of the bicyclo[2.2.2]octane group. A similar structure has been
assigned in solution on the basis of NMR experiments (334). The forma-
tion and thermodynamic stability of a range of [OsO4L] complexes in
water and CCly; have been studied, wherein L is an amine ligand
(Ctmen, hmt, and dabco) or an N-heterocyclic ligand (im, py, bpds,
4-pic, phen, and bpy) (335, 336).

Though [0s04] and its adducts continue to find many applications as
biological stains and fixatives for both optical and electron microscopy
(e.g., 337-347), [0s0,] 1s finding increased applications in selective
staining of polymers with alkene functionalities (348—350), in the de-
termination of DNA structure (e.g., 351, 352), in the detection of point
mutations in DNA due to mismatched T (and to a lesser extent C)
groups (353), and in the chemiluminescent determination of proteins
(354). There have also been many studies on the kinetics and mecha-
nisms of the stoichiometric and the [OsQ4]-catalyzed oxidations of both
organic and inorganic substrates. These are summarized in Table IX
(26, 28, 267, 324, 326, 334, 335, 355-397).

[0OsO4] has been prepared recently and studied by IR spectroscopy
and cyclic voltammetry. It has also been used as a stoichiometric oxi-
dant for benzylic and allylic alcohols to ketones and aldehydes (398).
The ion pairs {[arene]"[Os04]"} are prepared from irradiating the
arene - [0OsOy4] charge-transfer bands, and such intermediates are in-
volved in both the photochemical and thermal cis hydroxylation of
arenes (392).

Numerous studies have been performed on dioxoOs(V]) and other oxo
complexes; many of these are discussed in the relevant sections of this
review. Those complexes that have been characterized in recent years
by X-ray crystallography are summarized in Table X (22, 24-26, 28,
30-33, 40, 215, 280, 281a, 290, 334, 392, 399-405).

c. ROH, RO, and R3Si0O~ Complexes. For examples of those com-
plexes prepared from the reaction of an alkene with Os(VIII), see Sec-
tions II,B,2 and I1,C,6,b. There are many hundreds of examples of such
complexes, but few have been characterized, as they are only synthetic
intermediates in the cis dihydroxylation reactions. Alcochol complexes
are also likely to be intermediates in the oxidation of ROH with [OsO,]
(Table IX).

Porphyrinato complexes containing alcoholate and alcohol ligands
are discussed in Section II,C,4,d; those containing cyano ligands are
discussed in Section II,C,2,a, and those containing Schiff bases are
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TABLE IX

KINETIC AND MECHANISTIC STUDIES ON OXIDATION REACTIONS OF [0804] AND

[{0sO,L] CoMPLEXES

Reaction Ref.
[0s80,] and/or trans-[0s(0),(OH);12~
Reduction by Fe 355
Oxidation of arsenite 326
Catalysis of H;O. decomposition 356,357
Catalysis of the [Fe(CN)]®~ oxidation of selenium(IV) 358
Catalysis of the chlorate oxidation of the hydrazinium cation 358a
Catalysis of the diperiodatoargentate(III) oxidation of phosphite 359
Catalysis of the periodate oxidation of Na;HAsO; 360
Oxidation of alkenes; theoretical study 361
Oxidation of 1-octene 362
Oxidation of unsaturated organic molecules in H,SO,/AcOH 363
Oxidation of alcohols, diols, and 2-hydroxyacids in alkaline solution 364
Oxidation of 3-cresol 365
Oxidation of 2-methylpropan-1-ol and 2-butanol 366
Oxidation of butanol 367
Oxidation of methylglycol and diacetone alcohol 368
Oxidation of bis(2-hydroxyethyl) ether 369
Oxidation of ethyl digol 370
Oxidation of ethyl methyl ketone 324
Oxidation of triethylamine 371
Catalysis of the diperiodatoargentate(III) oxidations of cycloalkenones 372,373
and acetophenone
Catalysis of the periodate oxidation of cyclic ketones 374
Catalysis of the oxidation of allyl and crotyl alcohols with chloramine-T, 375
chloramine-B, bromamine-T, and bromamine-B
Catalysis of the chloramine-T oxidation of glycolic and lactic acids 376
Catalysis of the chloramine-T oxidation of cinnamaldehyde 377
Catalysis of the chloramine-T oxidation of hypophosphite 377a
Catalysis of the bromamine-B oxidation of MeSPh to MeS(O)Ph 378
Catalysis of the Fe(V]) oxidation of dmso 379
Catalysis of the diperiodatocuprate(III) oxidation of Me>SO to Me;SO, 380
Catalysis of the ditelluratocuprate(III) oxidation of bis(2-aminoethyl) 381
disulfide
Catalysis of the [Fe(CN)g]>~ oxidations of alkanals 382
Catalysis of the [Fe(CN)g}®~ oxidation of 8-bromopropionic acid 383
Catalysis of the [Fe(CN)g]®~ oxidations of benzylphenylglycolic acids 384
Catalysis of the [Fe(CN)g]® ~ oxidations of benzoin and its derivatives 385
Catalysis of the [Fe(CN)g]?~ oxidations of benzyl alcohol and 267
benzylamine
Catalysis of the iodate oxidations of styrene and stilbene 386
Catalysis of the N-bromosuccinimide oxidation of 2-propanol 387
Catalysis of the TI(III) acetate oxidation of benzilic acid 388
Metathesis polymerization of norbornene 389
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TABLE IX (Continued)

Reaction Ref.

Catalysis of the N-morpholine oxide cis hydroxylation of alkenes 26
Catalysis of the trimethylamine N-oxide cis hydoxylation of cyclohexene 390
and a-pinene

Catalysis of the cis dihydroxylation of olefins 391
Light-catalyzed cis dihydroxylation of arenes 392
[0s(0),L)
L = dihydroquinine and dihydroquinidine 4-chlorobenzoate; 28
enantioselective cis hydroxylation of alkenes
L = dimethylcarbamoyl! dihydroquinidine; preparation and solid-state 334

and solution structures
L = (S,5)-N,N'-bis(2,4,6-trimethylbenzylidene)-1,2-diphenyl-1,2-diamine; 393
catalytic asymmetric cis dihydoxylation of alkenes

L = dihydroquinidine or dihydroquinine 4-nitrobenzoate; catalytic 394
asymmetric cis dihydoxylation of trans-stilbene

L = Xdhqd (X = Ac, dmc, MeO, or C1Bz) or C1Bzdhgq; conformational 395
changes of cinchona alkaloids on complexation to [Os(O)4!

L = pyridine; cis dihydroxylation of arenes 392

L = RNH; (R = Et, Bu”, or Pr)), Et;NH, Et;N, or amino alcohols); 396,397
catalysis of the chloroamine-T oxidation of amines and amino alcohols

L = imidazoles; oxidations of imidazoles 335

discussed in Section II,C,4,w. trans-[Os'VBrs(OMe)(PPhs).] is prepared
by refluxing a mixture of (BuyN)2[OsBrgl, PPhs, phthalic acid, and
phthalic anhydride in CH,Clg, and its structure has been determined
by X-ray crystallography (406). [Os'MCl3(PPhg)o(MeOH)] is prepared
from [OsClg]?~ in PPhs/MeOH solutions and has been characterized
using IR, UV/Vis, and EPR spectroscopies. It is a useful intermediate in
the synthesis of trans-P,P-[0s"Cly(PPh;3);L] complexes, where L is an
anionic bidentate oxygen ligand (407).

A number of trans-[0Os(O)z(py):L] complexes (HoL = glycolic, 2-
hydroxyisobutyric, (S)-(+)-mandelic, or 2-salicylic acid) have been pre-
pared from [Os(Q)2(OMe),4])2~ and py with the ligand. They have been
characterized by IR, mass, and NMR (*H and !3C) spectroscopies (408)
and X-ray structures for L = glycolate(2—) and salicylate (401, 402).
The Os(V) complex, (PPh4)[Os(O)(ehba);] has been prepared from the
reaction of the ligand with (PPh4)[OsO4] and has been characterized by
IR spectroscopy (23a).
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TABLE X

STRUCTURAL STUDIES OF OX0 COMPLEXES

Complex Section Ref.
Os(1V)
K[{trans-Os(n*-chba-Et)(OPPhj),},0} I,C4,x 290
0s(VD
Ba[0sO4] — 399
[0s(Q)(NBu‘)(mes)2] ILC2,f 30
[0s(O)YNAr(ArNCH,CH;NAn)}* 11,C,4,b 22
[0s(0)2(mes),] II,C,2.f 32
{08(0)2(xylyDol I1,C,2f 31
[0s(0)2(8803)2)%~ II,C,7,n 33
[0s(0)(Ctmen-2H)(Ctmen-H) | I1,C,4,b 24
[0s(0)Cl,]} — 400
[0s(0)(CH,SiMes)4] — 25
[0s(0)L),1° — 26
cis-[0s(0), L(L-L)I — 28
[08(0)2(ONO3)2(mes)] II,C,2,f 30
[0s(0)(4-Metpp)] - thf I,C,4,d 40
{Os(0)2(0ep)] 11,C4,d 215
trans-{Os(0)(3-Bu‘-saltmen)) II,C,4,w 280
trans-[0s(0)zf(ba)sen}] - 0.5H,0 11,C4,w 281a
trans-[Os(0)z(glycolate)(py)z] - MeOH II,C,6,c 401
trans-{0s(0),(2-0xobenzoato)(py).] I1,C,6,c 402
[CtmenH,] - trans-[0s(0),Cl4) — 403
cis-[0s(0)(L-L)(L'-L")}* — 404
[Me Ny[{0s(0)(0COMe)o(n-OMe)}, ] ILD,5d 405
anti-{trans-0,0-[0s(0)sLalo(u-L")}¢ — 392
Os(VIID
[0s(0), LY — 334

2 Ar = 2,6-Pl‘iQCGH3.

b L = (3a8,55,5a8,9aR 9bR)-octahydro-5,5a-dihydroxy-3a,6,6,-
9a-tetramethyl-1H-benz{e]indene-3,7(2H,3aH)-dionato(2—)-0°%,
05e,

¢ L = dihydroquinidine 4-chlorobenzoate, L-L = (35,45)-2,2,5,-
5-tetramethyl-3,4-hexanediolato(2—); L = dihydroquinine 4-
chlorobenzoate, L-L = (3R,4R)-2,5-dimethyl-3,4-hexanediolato-
(2-).

4 L-L = {N,N’-bis(neohexyl)-2,2'-bipyrrolidine}, L'-L' = {(S,S)-
1,2-diphenyl-1,2-ethanediolato(2 -)}.

¢L=py; L' =n%030%%050°%-thch; n12-0',0%1%08%0*
ththa.

fL = (dimethylcarbamoyl)dihydroquinidine.
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trans-[0s(0)2(0SiMes)4]2~ is prepared from the reaction of trans-
[0s(0)2C14)%~ with NaOSiMeg, and its reactions with Mg(CH,SiMes)s
or ClMg(CH.SiMe;) have been studied (26). trans-[Os(0)4(OSi-
Mes)o{NP(Ph)2CH,P(Ph).N}] has also been reported (33).

d. Catechol and Quinone and Related Complexes. The preparation,
characterization (X-ray structure, UV/Vis/NIR, and NMR), electro-
chemistry, and fluxional behavior of mer-[Os(dpq);] have been stud-
ied. The complex exhibits a reversible oxidation and reduction, with
a further one-electron quasi-reversible oxidation and reduction (409).
[Os(trop)s] has been prepared from the reaction between [OsClg)®~
and excess tropH, and has been characterized by mass, IR, and Raman
spectroscopies (410).

{Os(bpy),LL]2*1*0 (L-L are quinone, semiquinone, or catecholato
ligands derived from catechol, 3,5-di-tert-butylcatechol, or tetrachlo-
rocatechol) have been characterized by UV/Vis/NIR and EPR spectro-
scopies. These spectroscopic properties and the crystal structure of
[Os(bpy)e(dbcat}]C10, confirm an Os(III)-catecholate ground state for
the +1 ion. This contrasts with the ground state of the +1 ions of Ru
analogs, which are best described as Ru(Il)-semiquinone complexes
411).

Catecholate complexes of the type trans-[0s(0)2L2]?~ (HoL = dopa,
dopamine, adrenaline, noradrenaline, or isoproterenol) are prepared
from the reactions between trans-{Os(0)s(OH),}*~ and H,L. The com-
plexes have been characterized using Raman, IR, and NMR (‘H
and 13C) spectroscopies, which indicate that the ligands are bound via
the catecholate oxygens. These types of complexes are believed to be
models for the staining of catecholamine rich sites in biological tissues
(412). Similar reactions occur with maltol (maltH) (413), tropolone
(tropH) (410), and 2,3-naphthalenediol (ndHs) (414), to give trans-
[0s(0)zL2]*™ (n = 0, L = malt or trop; n = 2, L. = nd). The complexes
have been characterized by mass, IR, Raman, and NMR (*H and !3C)
spectroscopies.

[0s™Cl5(PPh3)o(MeOH)] reacts with maltH and tropH to give [Os"!-
Cly(PPhj)oLl] (L = malt or trop). IR spectroscopy indicates that the
phosphines are mutually trans. The complexes exhibit reversible oxida-
tion and reductions to their Os(IV) and Os(Il) analogs. The Os(III)
complexes have been characterized by UV/Vis and EPR spectroscopies
(407). Similarly, the methanol complex reacts with a variety of
catechols (catechol, 4-methylcatechol, 3,5-di(tert-butyl)catechol, tetra-
chlorocatechol, tetrabromocatechol, and 2,3-dihydroxynaphthalene)
to form the corresponding Os(III)-semiquinonate complexes {Os-
Cla(PPh3)2(SQ)]. The complexes were characterized by electro-
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chemistry, and UV/Vis and IR spectroscopies. They are good catalysts
for promoting the N-morpholine oxide oxidation of alcohols (414a).

e. Triethylphosphate and Phosphine Oxide Complexes. Dissolu-
tion of [Os(NH3)5(0S0.CF3)1?* in (EtO)sPO yields [Os(NHj3)5{O-
P(OEt)3}1®*, which has been characterized by IR spectroscopy. It is a
useful intermediate for the synthesis of other pentaammine complexes
(67).

OPPh3 complexes with porphyrinato ligands and chelating amides
are discussed in Sections I1,C,4,d and II,C,4,x, respectively, and cis- and
trans-[Os(bpy)2(OPR3);1%" complexes are discussed in Section V,E,1,b.
The latter have been characterized by UV/Vis spectroscopy and CV.
They are reversibly oxidized to their Os(III) analogs (415).

f. Pyridine Oxide Complexes. [0sO4(pyO)] is prepared by the reac-
tion of [OsO4] with pyO in acetone/CCly. It has been characterized by IR
and Raman spectroscopies and electrochemistry. A variety of trans-
dioxo Os(VI) complexes containing diolato(2—) ligands are prepared by
the reaction of this complex with an alkene in the presence of excess
pyO. These include [Os(0)2(py0)2(02R)] (R = CH2CHs or cyclohexane),
which have been characterized by electrochemistry and UV/Vis, IR,
and Raman spectroscopies (235).

g. Amide Complexes. [Os(NH3)5(0OSO,CF3)[2* reacts with neat
amides to form [Os(NH3)5(0-L)13* (L = dmf or dma) (67, 120, 177).
These complexes exhibit reversible reductions, but the Os(II) dmf
complex undergoes elimination reactions (Section V,E,4h). The
porphyrin complex [Os(mix)(dmf)s] (J44), cis- and trans-
[OsCly(PMegPh)s(dmf)] (145), and cis-[Os(bpy)(dppe)(dmh,12* (98)
have been reported.

h. 2! (0)-Oxime Complexes. See Section II,C,4,].

i. O-Dimethyl Sulfoxide Complexes. [Os(NH3)5(O-dmso)1®* is pre-
pared from the reaction of [Os(NH3)5(0S0:CF3)]?* with dmso (67, 120,
200). At sufficiently fast scan rates, it is reversibly reduced to
[Os(NH3)5(0-dmso)]2*, which is unstable with respect to its S-bound
linkage isomer (Section V,D,4). trans-[Os(O-dmso)(S-dmso)sBr;] has
also been reported (Section II,C,7,1).

J- m’'<0)-Aldehyde and -Ketone Complexes. The reaction of al-
dehydes and ketones with [Os(NH3)5(0SO2CF5)]?*, or oxidation of
[Os™(NH3)5(5%-0 = CR2)]%*, results in the formation of [Os™.-
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(NH3)5(n'-0 = CRy)1?* (67, 120, 168, 169, 177, 181). The complexes
prepared in these ways include acetaldehyde, acetone, 2-butanone, cy-
clopentanone, cyclobutanone, 2-cyclohexen-l-one, 2,2-dimethylpro-
piophenone, and benzophenone. These complexes have been character-
ized by CV and IR spectroscopy.

Acetone complexes are also prepared by the trans activation of the
ammine ligands in [Os™(NHa)5(C-Mepy)1** to form trans-[Os(NH3)4(C-
Mepy)(O-acetone))?* (167).

k. Diketonate Complexes. [Os''Clo(PPhs)s] or [Os™Cl;(PPhy),-
(MeOH)] reacts with 24-pentanedione ligands to give [Os!-
Clo{RC(O)CHC(O)R'}(PPh3);] (R =R’ =CH;; R =CHj; R’ =CFg3
R =R =CF3 R=Me, R" = Ph; R = R’ = Ph), in which the phos-
phines are believed to be mutually trans from IR spectroscopy. The
complexes exhibit reversible oxidation and reductions to their Os(IV)
and Os(II) analogs and the Os(III) complexes have been charac-
terized by UV/Vis and EPR spectroscopies (407, 416). trans-
[Os(H)(acac)(COXPPr's);] is prepared from trans-[Os(H)XC)(CO)-
(PPr’3)2] (18) in a fashion similar to that described for the PPhj analogs
(417), and has been characterized by IR, and 'H and *'P{*H} NMR
spectroscopies (18).

l. Ether Complexes. [Os(NH3)sLJ3*/2* (L = thf, dme, furan, and
anisole) are prepared by standard methods (75, 120). A dinuclear car-
boxylato containing thf has also been reported (418) (Section I1,D,1,c).

m. Dioxygen Complexes. [Os(H)(CI)(CO)(PR3)2] (PR; = PMeBu’; or
PPri3) (419) or [Os(H)C1)(CO)(PPris)q(m3Hy)] (420) bind Oz to form
[0s(CO)C(H)(PR3)2(n%-O2)]. These complexes have been character-
ized by IR and NMR spectroscopies.

n. CarbonatoComplexes. [Os(bpy)2(CO3)]and [Os(bpy)(dppe)(CO3)]
are useful synthetic intermediates for the preparation of a large num-
ber of complexes. They are prepared from the reactions of the corre-
sponding halo complexes with CO32~ and have been characterized by IR
and electronic absorption spectroscopies (97, 98). Carbonate also dis-
places the Cl~ ligands in [Os(N)(CH.SiMe3);Cl;]” to form [Os-
(NYCH2SiMe3)2(CO3)]~ (157). All of the complexes contain the 5%-0,0’
coordination mode.

o. Carboxylato Complexes. The complexes [Os(NH3)s(OCOR)P**
(R = H or CH3) have been prepared and characterized by electrochem-
istry and IR spectroscopy. Reduction of the formato complex leads to
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the carbonyl complex (Section V,E,4,g) (119). cis-[Os(PPh3)o(CO)X{n?-
(0,0")-05,CCHg}] (X = C1™ or Br™) have been prepared and character-
ized by IR and NMR (*H and ?!P) spectroscopies (134). The complexes
are catalysts for the hydrogenation of aldehydes and ketones (135). The
X-ray structure of the complex with X = Br™ has a cis,cis geometry in
which Br™ is trans to an O atom of the acetato ligand (134, 421).
trans-[0sBrz{n2-(0,0')-0,CCH3}(PPh3);] is prepared from refluxing
[0OsBrsl?™ in MeCO;H/(MeCO),0 and its structure was determined by
X-ray crystallography (422). The syntheses of [Os(H){n2-(0,0")-
02CCH3}CO)PPris)a] (18), [0s(2-0,0-OAc)(PPhy)s(Hy)l" (423),
and cis-[0s(O,CCF3)o(PMes)s] (298) were reported. [Os(H){n>-
(0,0")-0,CCF3}(CO)PPh3)2] and [0s(02CCF3)2(CO)(PPhjy)s] are oligo-
merization catalysts for CgH;C=CH (424). The reactions of
trans-[Os(N)(CN)4(OH)}>~ with CF3CO;H or (CF3;CO20 yield
trans-[Os(NR)(CN)4(OCOCF3)]- (R=H or OCOCFj;, respectively)
(266).

Complexes with 2-hydroxycarboxylic acids, pyridine-2-carboxylate,
and dicarboxylates are described in Sections II,C,6,c, II,C,4,f, and
I1,C,6,p, respectively.

p. Oxalate and Malonate Complexes. trans-{0s(0)(CN)2(C204)1%2~
is prepared from the reaction of trans-[0s(0)2(OH)4}?~ with stoichiome-
tric amounts of CN~ and HyC50,4. It has been characterized by IR,
Raman, and UV/Vis spectroscopies (113). trans-[1**Os(O)y(ma-
lonate);}2” is a useful parent complex for a 19'0s — 9'™Ir generator for
medical applications (425).

q. Alkyl- and Arylsulfonato Complexes. The trifluoromethanesul-
fonato (triflato) ligand is a very good leaving group and the synthesis of
complexes containing this ligand has opened up many new areas of Os
ammine chemistry. The synthetic procedures for preparation of these
complexes are outlined in Sections II,B,4 and II,B,6 and the kinetics of
their substitution reactions are discussed in Section V,B. The com-
plexes prepared include [Os(NH3)5(0SO.CF3)** (59, 66, 67), cis-
[Os(NH3)4(0OS0:CF3).]" and trans-[Os(NH3)4(OSO,CF3)CI}™ (81), cis-
[Os(bpy)2(0SO2CF3)a1* (94), and [Os(trpy)(bpy)OSO.CFy) 2"/ (95,
96). The ammine complexes have been used extensively in the synthe-
sis of other pentaammine and tetraammine complexes (26, 55, 59,
66—68, 70, 71, 74, 75, 80, 81, 85, 87-90, 118-120, 167-169, 171-181,
193-195, 198, 200, 201, 426-432).

cis-[0Os"(PMe3)4(H)(OSO,CF3)] is prepared from either the reaction
of fac-[Os(PMej3)s(n%-C,P-CH,PMey)(H)] with CF3SOsH (306), or cis-



OSMIUM CHEMISTRY 287

[Os(PMe;3)4(H)(CHj)] with CF3SO3H or [Os(PMes),(H)sICF3SO4 (297).
The triflato complex has been characterized by *H and 3'P{*H} NMR
spectroscopies. In thf solution, the triflato complex is in dynamic equi-
librium with a second species that is postulated to be [Os(PMes)sH]* on
the basis of NMR experiments (306), although the possibility of a six-
coordinate cis-{Os(PMes)4(thf)(H)]* intermediate cannot be discounted.
The triflato complex is a useful intermediate for a number of substi-
tution reactions (297, 306).

[0s(OSO2zR)2(OH2)(CO)PPhg)s] and  [Os(OSO.R)(CO)o(PPhs)s]
(R = Me, CF3, or 4-CH3CgH,) and Ru analogs are obtained when
RSO3H reacts with [M(H)2(CO)(PPhjs)s] or [M(H)3(CO)a(PPhg)s], re-
spectively (126, 433). In [Os(OSO,R)2(OHy)(CO)(PPhs);], the sulfonato
ligands are trans to PPhs and CO, with the OH; ligand being trans to
the second PPh; ligand. MeSO3H also reacts with [Os(H)Y{CI)(CO)P-
Phj)s] in MeOCH.CH-0H to give [0sCl(0O3SMe)(CO)(PPhj)s] (433).

r. O-Sulfinato Complex. [0sCl(OS(0)CgH Me-4)(CO)o(PPh3)s] is
prepared by a linkage isomerization reaction (Section V,D,5) (434).

s. Benzeneseleninato Complexes. [0s(XCegH4SeO2)s], [Os-
(XCGH4S(902)2Y], [OS(XCGH48802)Y2], and [OSg(XCeH4S€‘Oz)3Y3]
(X = H, 4-C}, 3-Cl, 4-Br, 3-Br, or 4-Me; Y = Cl™ or Br™) have been
prepared from the reactions of the appropriate quantity of the ligand
with OsCl; in aqueous methanolic solutions. Based on IR and UV/Vis
spectroscopic data, the benzeneseleninato ligands are believed to act as
0,0’ chelates. The complexes were also characterized using magnetic
susceptibility measurements (435).

u. Nitrato Complexes. [0s(0)2(ONOg)2(mes)] (Section 1I,C,2,f) (30)
and [Os(cp)2(ONO3)1* (264) have been reported recently. Detailed IR
and Raman spectroscopic studies have been performed on mixed NO/
NH3/NO3~ complexes, including trans-[0s(NO)(NH;)4(ONO)% (243,
436).

v. Sulfato, Chromato, and Perrhenato Complexes. Sulfate displaces
the Cl- ligands in [Os(N)}CH2SiMes)2Cl2]™ to form [Os(N)-
(CH,SiMes)a{n?-(0,0")-S04}1~ (157). Similarly, AgoCrO,4 reacts with
cis-[0s(N)R.Clz]~ (R = CH3SiMes or Me) in light to produce
[0s(N)Ry{1n?-(0,0')-CrO4}]~. These are selective oxidants for the con-
version of primary alcohols to aldehydes (154). By contrast, perrhenate
reacts with [Os(N)(CH,SiMe3)2Clz]™ to form cis-[Os(N)(CH2SiMes)s-
(OReQs)2] 7, in which the perrhenato ligands are monodentate (157).
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u. Arsenito and Hydrogenarsenito Complexes. The details of the
kinetics of the oxidation of arsenite by Os(VIII) have been studied and
the initial adduct is believed to be trans-[0sV™™(0)4(OH)(H2As03)}*",
which decomposes to trans-[0s(0)o(OH)4]*~ and NaH,As0,. trans-
[0s(0)4(H2A8053)2]%" is also thought to be a reactive intermediate at
high concentrations of HoAsQ3 ™ (326).

7. Sulfur, Selenium, and Tellurium

a. Complexes with Thioethers and Selenoethers. mer-[Os™LXj3]
[X = Cl” or Br~; L = bis(3-methylthiopropyl) sulfide] has been re-
ported in Griffith’s review (2, 437), but more recently the triselenoether
analogs have been prepared from the reaction of [0sXg]?™ with the
appropriate ligand (438). The Os(IV) complex [L = S(CH,-
CH:CHj3SMe)s, X = Br™] has been isolated and characterized by UV/
Vis and IR spectroscopies, electrochemistry, magnetic measurements,
and solution conductivities. The other Os(IV) complexes of the series
have been observed in cyclic voltammograms, because the oxidation of
the Os(IIl) analogs is reversible, but the complexes have been too unsta-
ble to isolate. The Os(II) analogs mer-[OsLX3]” (X = Cl1™ or Br™) have
also been observed in the cyclic voltammograms, but have not been
isolated (234).

[0s™V(L-L)X41[X = C17, L-L = RSe(CHj),SeR (R = Me or Ph), MeSe-
(CHy)3SeMe, cis-MeSeCHCHSeMe, or 2MesSe; X = Br™, L-L = MeSe-
(CH3);SeMe] are prepared by heating the ligand with [0sXg]?™ in
2-methoxyethanol and were characterized by IR and UV/Vis spectro-
scopies and by magnetic measurements (439). The syntheses, the IR,
UV/Vis, and NMR spectroscopies, and the electrochemistry of trans-
[0sX4(SeMe3)21% ~ have also been studied (302a).

b. Complexes with Thioether Macrocycles. In a recent review by
Blake and Schréder (440) on complexes with thioether macrocycles, a
number of Os complexes were reported. Those that have been charac-
terized crystallographically are [Os([9]aneSy);]** (440) and [Os(4-
MeCgH,Pr?)([9]aneS;)12* (440, 441). The only other complexes con-
taining thioether macrocycles are [OsCly([14]aneS,)] (437) and
[Os;Cla(arene)([18]aneSg)12*; both have the macrocycle bound in a
bidentate fashion, the latter having the macrocycle as a bis(bidentate)
bridging ligand (441).

c. Thiolato Complexes. [0s'(0ep)(SPh)2] and [Os!(tpp)(SPh).]
(214) and trans-[Os!Y(salen)(SPh);] and related Schiff base complexes
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(281) have been discussed in Sections II,C,4,d and II,C,4,w, respec-
tively. Dinuclear complexes with MeS ™ ligands are discussed in Section
II,D,6,a.

The reaction of mer-[OsX3(PR3)3] (PR; = PMe,Ph, PEt,Ph, PMePh.,,
or PEtPh;) with 1.5 mol equivalents of Pb(SCgFs), yields mer-
[Os(SCeF5)3(PR3)e). These paramagnetic Os(III) complexes have been
characterized by IR and NMR ('H, 3!P, and !°F) spectroscopies. They
tend to dimerize in solution, but in the solid state they are believed to be
octahedral, with the sixth coordination site being occupied by an ortho
F of a CgF5S™ ligand. This assignment is based on the crystal struc-
ture of the analogous Ru complex, [Ru{n2-(S,F)-SCgFs}(n!-(S)-
SCeF5)o(PMe,Ph)s] (442). In the presence of Zn/CO, they react to form
[Os(SCeF5)2(CO)2(PR3)2], with the preferred geometric isomer being
dependent on the solvent and the reaction time. If the reaction is carried
out in acetone, the trans,trans,trans isomer is obtained as the main
product. However, the trans-P,P-cis,cis isomer is obtained if the reac-
tion is performed in thf instead of acetone. trans-C,C-cis,cis-
[Os(SCgF5)2(CO)2(PR3)2} (PR3 = PMesPh or PEtPh,) is obtained as
the predominant isomer at longer reaction times and hence is the
most thermodynamically stable. A fourth geometric isomer, trans-
S,S-cis,cis, has been obtained from the reaction of mer-
[OsBra(N2)(PEtaPh)s] with Pb(SCgF5)s under a CO atmosphere. There-
fore, only the cis,cis,cis isomer is yet to be isolated. All of the complexes
have been characterized by *H, *°F, and *'P NMR and IR spectroscopies,
and in the case of trans,trans,trans-[Os(SCgF5)2(CO)2(PEt,Ph)s], by an
X-ray structural analysis (443). The Os — S bond length [2.447(1) A]
(443) is shorter than that in mer-[OsCI(SCgF5)(N2)(PMeoPh)s] [2.507(1)
A] (254, 444), where the Os — S bond is trans to an Os — P bond.

mer-[OsXz(Ng)(PMesPh)s] react with either Pb(SR); (R = Ph or
CeF5), NaSMe, or AgSCF3 to give mer-{OsX(SR')Nz)(PMeoPh)s]
(X =Cl7, R’ = Me, CF3, Ph, or CgF5; X = Br™, R' = CgF5). The com-
plexes were characterized by NMR (*H, *°F, and *'P) and IR spectrosco-
pies. The SC¢F5~ ligand is trans to a phosphine ligand with the X~ and
N; ligands being trans (254, 444).

Either cis- or trans-[Os(N}CHySiMe3);Cls]™ react with 1,2-
ethanedithiol in the presence of base to give [Os(N)-
(CH,SiMe;)o2(SCH,CH3S)| . This reacts with Mel to give the thioether
complex, [Os(N)(CH2SiMe3)2(SCH>CH,SCHj3)]. All complexes have
been characterized by NMR (*H and '3C) and IR spectroscopies (156).
Spectrophotometric determinations of the complexation of Os(VI) with
2,3-dimercaptopropanesulfonate indicate the formation of [Os-
(0)o(dmps)2]*~ in which the ligand is anticipated to act as a dithiolato
chelate (445).
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d. Sulfide and Polysulfide Complexes. [0s(CO)CI(NO)(PPhs);] re-
acts with HS™ and [OsCl(NO)(PPhg)s] reacts with Sg to give [Os-
CI(NO)(PPh3)»(S5)] (446). [0sO4] reacts with SyCly, S,,Clg, or SBr to
yield [0sS202Cl3], [0sS4Cl,], and [OsSyBry4], respectively. All of these
complexes are poorly characterized and probably contain polysulfide
groups (447).

e. Hydrogen Selenido Complexes. trans-[Os(SeH)NO)(CS)(PPhs)z]
has been prepared and characterized by 'H NMR and IR spectroscopies
(152).

f. Thiophene Complexes. Until recently, relatively few transition
metal thiophene complexes have been reported, but the ligand is now
known to coordinate in at least six different modes (448). [Os(NH3)5{n?-
(C,C)-thiophene}?* (Section II,C,2,)) apparently rearranges to form
[Os(NH3)5{(S)-thiophene}** on oxidation (90, 179).

g. Thiourea and I1-Amidino-2-thiourea Complexes. The prepara-
tion of various salts of the well-known (2) [Os(thio)g]®* ion has been
reported by the reactions of Os(IV) chloro complexes with HCI and the
ligand, or [0s04] and HySO4 with the ligand. These salts include [Os-
(thio)sICls - Hz0, [Os(thio)s](HSO4thio)s - 3H20, [Os(thio)g][Os'-
Cl6ICl, and [Os™(thio)llOs™Clg). In addition, the new Os(III) com-
plexes, [Os(thio)5sCliCls and [Os(thio)sC1][OsCle], have been reported.
All complexes were studied by EPR, IR, and UV/Vis spectroscopies,
X-ray powder diffraction, electrical conductivity, and thermal gravi-
metric analysis (449). They have also been studied by XPS spectro-
scopy, together with trans-[0s(0);(thio)4]SO4 (450), and detailed IR
spectroscopic studies have revealed that all the thio ligands are S bound
(451).

[OsO4] forms a 1:1 complex with allylthiourea, which is intensely
absorbing and is the basis of a spectrophotometric method for the deter-
mination of Os(VIII) (452, 453). [Os(cp)2(thio)]?* has also been reported
(264).

K[Os(0)3N]1 reacts with the amidinothiourea ligands to give trans-
[0sYNLy(H;0)] (HL = 1-amidino-2-thiourea, N-methyl-1-amidino-2-
thiourea, or N-ethyl-1-amidino-2-thiourea) in which the ligands are
believed to act as N,S donors with the sulfurs of the two ligands being
mutually trans. The complexes were characterized by IR spectroscopy,
thermogravimetric analysis, and magnetic measurements (271).

h. 2,1,3-Benzothiadiazole and 2,1,3-Benzoselenadiazole Com-
plexes. The first Os complexes of these ligands, [OsCl(C¢H Me-
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4)(CO)(PPhs),LL] (L = bsd or btd), have been prepared from the reac-
tions of [0sCl(CgH4Me-4)(CO)(PPh3),] with btd or bsd. The PPh; li-
gands are mutually trans, with the btd and bsd ligands being trans to
the alkyl group. These S-donor or Se-donor ligands are readily dis-
placed from the coordination sphere by CO or SNNMe,. [Os-
Cl(CS)(PPhjy)z] also reacts with bsd to form trans-P,P-cis-
[OsCl(CS)(PPhy)a(bsd)]. All of the complexes have been characterized
by IR and NMR (*H and 3'P) spectroscopies (150).

i. S-Dimethyl Sulfoxide Complexes. [Os(NHj3)5(S-dmso)]?* is pre-
pared by either the linkage isomerization of the O-dmso linkage isomer,
or [Os"(NH3)5(solvent)1** with dmso (67, 120, 200). The Os(III) complex
is observed in the CV at fast scan rates, but is unstable with respect to
[0s(NH3)5(0-dmso)** (Section V,D,4). [0s'(NH3)5(4-lutdm))?* reacts
with dmso to yield trans-[Os™(NH3)4(4-lutdm)(dmso)]?*. Although, the
donor atom of the dmso ligand was not specified (85) it is expected to be
S bound by analogy with [Os™(NH3)5(S-dmso)]?* and other Os(II) dmso
complexes. [Os(pc)(dmso)z] has also been reported (Section 11,C,4,d)
(186), and, from the X-ray structure of its Fe(Il) analog (454), it is
expected to have both dmso ligands bound via S.

The thermal decompositions of trans-[{Os(S-dmso)4Cls] and trans-
[Os(O-dmso)(S-dmso)3Cls] [first prepared in 1980 (445)] to give u-MeS™
dinuclear complexes have been described recently (456) (Section
I1,D,6,a). trans-[Os(S-dmso)4Br;] is prepared from the prolonged heat-
ing of [Bu"4N]2[OsBrg] in dmso (457) and its crystal structure is isomor-
phous with its Ru analog. The Os — S bond lengths [2.351(2) A] are
similar to that found in [Os(n®-4-cymene)(S-dmso)Cl;] [2.324 A (458)),
which is prepared from the reaction of [{Os(°%-4-cymene)Cl}2(u-Cl)g]
with dmso (459). The dmso product reacts with Al;Meg in the molar
ratios of 1:0.6 or 1:1.6 to give [Os(n®-4-cymene)(S-dmso)(Me)Cl] and
[Os(n®-4-cymene)(S-dmso)(Me),], respectively. All of the dmso products
have been characterized by 'H and '*C{!H} NMR spectroscopies (4¢59).
[Os(1®-4-cymene)(S-dmso)(Me)Cl] undergoes an orthometalation reac-
tion with PhCOzAg to give [Os(n®-4-cymene){n2-(0,C?)-02CCsH4}(S-
dmso)] (460).

Electrochemical reduction of mer-[Os(PMe;Ph)4Cl;] in dmso results
in the formation of mer,trans-[Os(PMeyPh)s;(dmso)Clz] in which the
dmso ligand is believed to be S bound. This complex has been character-
ized by 3'P{*H} NMR spectroscopy and exhibits a reversible oxidation to
the Os(III) analog (145).

J. Thionitrosoamine Complexes. SNNMe; reacts with [Os(CO)-
(CH(H)(PPhy);] to give [Os(COXCD(H)(SNNMey)(PPhs)z], in which
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the hydrido ligand is trans to SNNMe,, whereas cis,trans-
[0s(COYH)(SNNMez)o(PPhy),]1" is obtained when the reactant is [Os-
(HXOH3)(CO)(PPh3)s]™. [Os(L)(C1)}4-MeCgH4)(PPhj)s] (L = CO or CS)
react with the ligand to give [Os(L)(C1)}(4-MeCgH4)(SNNMe,)(PPh3)]
(153). In the X-ray crystal structure of [Os(CI){(CgHsMe-4)(CO)-
(PPh3)2(SNNMe,)], the thionitrosoamine ligand is essentially planar
and is bound through its sulfur atom. The Os —S bond is short
[2.411(2) A] and the trans-Os — Cl bond is long [2.476(3) A). The long
0Os — CI bond facilitates the substitution reactions of this complex to
give [Os(X)(CgH;Me-4)Y(CO)PPh3)2(SNNMe,)] (X = N3~, CO, 2-xylyl
isocyanide, or Me3gCCN) (185). The complex with X = Cl~ was also
prepared from the reaction of the ligand with [OsCl(CgH sMe-4)-
(CO)(PPhgy)z(bsd)] (26).

k. Iminooxosulfane Ligands. The reaction of [(4-tolylsulfonyl)i-
minoJoxo-A*-sulfane with the square-planar (Os(NO)(C1)(PPhg),] yields
the six-coordinate complex, trans-[Os(NO)(C1)(n2-OSNSO;CesH Me-
4)(PPhy)z)], in which the ligand is bound via the N and S atoms of the
sulfane group. However, if the same ligand is allowed to react with the
octahedral [Os(NO)(C1)(n2-CHz = CH2)(PPhy).], then either electro-
philic attack at the ethene occurs to give the metallocycle, trans-
[0s(NOXCl){n2-CH2CH,S(0) = NSO,CgH,Me-4}(PPh3);] (Section II,
C,2,0), or ethylene substitution occurs to give the iminooxosulfane prod-
ucts. Similar reactions occur with other alkene or alkyne complexes.
The products were characterized by IR and NMR (*H and 3'P{*H})
spectroscopies (163, 164, 446).

l. Disulfur Oxide and Sulfur Dioxide Complexes. [Os-
(NHj3)5(S02)]1** has been prepared and characterized by electroche-
mistry and by UV/Vis and IR spectroscopies (60). [OsCI(INO)PPhg).-
(82)] is oxidized to [OsCI(NO)(PPh3)2(S20)] by 3-CIPhCO3H (446) and
[Os(NO)CL(PPh3)2(SO2)] is prepared from the hydrolysis of [Os-
(NO)C1(PPh3)2(1n2-OSNSO,Ce¢H Me-4)] (446). [0sCl(CgH Me-4)(CO)-
(PPhs);] reacts with SO, to form [OsCl(CeHMe-4XCO)-
(PPh3)2(SO3)], which is unstable toward rearrangement to the
S-sulfinato complex, [0sCl{S(0);C¢HsMe-4}CO)(PPhs)s] (434).

m. S-Sulfinato Complexes. [0sCl{S(0)2CsHsMe-4}(CO)(PPhy).] is
discussed above (434).

n. S-Thiosulfato Complexes. Thiosulfate reacts with [OsO4] to form
the tetrahedral [0s(0)2(SSO3)2]%~ complex, which has had its structure
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determined by X-ray crystallography. This complex is only the third
example of a tetrahedral Os(VI) complex, and is the first example
without aryl groups. The thiosulfate ligands are bound via S, with
Os — S bond lengths of 2.218(1) A. It is diamagnetic and Raman, IR,
and 0 NMR spectroscopies indicate that the tetrahedral structure is
maintained in solution. The complex exhibits a reversible reduction to
the Os(V) complex, [0s(0)2(SS03)213 ™ (33).

o. Sulfito Complexes. [0Os(NH3)5(S03)]" has been reported and stud-
ied by electrochemistry and UV/Vis spectroscopy (60). Sulfite reacts
with cis-[Os(NO)(bpy)2Cl1?* at pH 6.9-9.2 to give cis-[Os(bpy)s
(NO)(SQO3)], which has been characterized by IR and electronic absorp-
tion spectroscopies. This complex undergoes a reversible one-electron
reduction and an irreversible one-electron oxidation in dmf (461).

p. Isothiocyanato and Isoselenocyanato Complexes. For the synthe-
sis and properties of [Os(NCS),(SCN)s 1'% (274, 275) and [Os-
(N)(CH,SiMe3(INCS)YSCN)™  (156), see Section II,C4,t. [Os-
(cp)2(SCN)ISCN is prepared by the reaction of [(cp)2Os(SS)Os(cp)e] with
CN7, and the X-ray structure has been determined (462).

[Os(NCSe),(SeCN)s..J>~ (n = 0-3) have been discussed in Section
I1,C,4,u. trans,trans,trans-[0s(0)2(CN)o(SeCN)2J2~ (113) and trans-
[0s(0)2(SeCN)41?~ (272) are prepared from the reactions of trans,trans,
trans-[0s(0)2(CN)2(OH);] and trans-[0s(0)2(OH)412~, respectively,
with the ligand. The structures were assigned in each case on the basis
of IR and Raman spectroscopies (113, 272). The UV/Vis spectrum of
trans-[0s(0)2(SeCN)4]?~ is highly vibrationally coupled (272).

q. Dithiocarbamate and Xanthate Complexes. The chemistry and
electrochemistry of Os dithiocarbamates were reviewed in 1984 and
1986 (2, 463). Recently, the reactions of [Os(NO)Cl3(PPhs),] with
Na(S2CNR3) (R = Me or Et) have been studied (246). If the reactants
are stirred together in benzene at room temperature, [Os(NO)-
Cla(SoCNR3)(PPhg)] results, but if the solution containing excess
ligand is refluxed, the product is [Os(SeCNRj)s]. The complexes
were characterized by IR and electronic absorption spectroscopies and
magnetic measurements. trans-[OsI(NO){n'-(C)-CS;Me}(S:CNMey)-
(PPhs)s], in which the NO and CS;Me ligands are mutually trans, has
also been reported (Section II,C,2,e) (152). mer-[OsCly(Ng)(PMezPh)s]
reacts with Na[S,;CNMe,] to give cis-|Os(SosCNMeg)o(PMegPh),] and
with TI[S;CNMe;] to give [0sC1(SoCNMey)(PMeoPh)s] as a 1:1.35 mix-
ture of the mer:fac isomers. The complexes were characterized by 'H
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and 3'P NMR spectroscopies (254) and are identical to the products
obtained if mer-[OsCl3(PMesPh)s] is used as a starting material (464).

The complexes [Os™Lg] (L = anilinodithiocarbamate, 2-, 3-, or 4-
fluoroanilinodithiocarbamate, N-methylpiperizinodithiocarbamate, di-
cyclohexyldithiocarbamate, methylcyclohexyldithiocarbamate, ben-
zylxanthate, and butylxanthate) have been prepared by the reaction of
the K" salt of the ligands with Kz[OsClg] or Naz[OsClg] (465). These
complexes and their Ru analogs, were screened for antitumor activity
in rats bearing Ehrlich ascites, P3gs, and ADJ/PC6 tumors, and for
antitrypanosomal activity in rats infected with Trypanosoma bruceii
bruceii, Trypanosoma congolense, and Trypanosoma cruzi. The Os com-
plexes were more active than their Ru analogs and dithiocarbamate
complexes were more active than xanthate complexes in all assays. The
most interesting complex was that in which L = anilinodithiocarba-
mate, which was of low nephrotoxicity and toxicity and is effective in all
assays (465).

Recently, the synthesis and properties of cis- and trans-[Os!-
(Rxanthate)2(PPhg)o] and cis- and trans-[Os™(Rxanthate)o(PPhg)s]"
(R = Me, Et, Pr!, CH;Ph) have been reported (465a). These complexes
have been studied by UV/Vis/NIR and EPR spectroscopies, magnetic
measurements, and electrochemistry. The X-ray crystal structures of
cis-[Os(Mexanthate)2(PPh3).], trans-[Os(Mexanthate):(PPhs)s] and
trans-[Os(Mexanthate)o(PPh3)s]PFg - 2H20 were also reported. Using
electrochemical and UV/Vis spectroscopic techniques, the kinetics and
thermodynamics of the geometric isomerizations in both oxidation
states have been studied. The cis isomers are favored thermodynami-
cally for Os(II) and the trans isomers for Os(IIl) (¢65a). Similar results
are found in related complexes with thioxanthate ligands and the crys-
tal structures of cis-[Os(EtSCS2)2(PPhy)z], trans-[Os(EtSCS2)2(PPhs)s],
and trans-[Os(EtSCS2)s(PPh3)2)PFg have been reported (4655).

r. Complexes and Dithiophosphinates. [0s(2,4,5-Me3sCgHoPS5)3] is
prepared from the reaction of the ligand with (NH,4)2[OsClg] and have
been characterized by EPR and UV/Vis spectroscopies and magnetic
measurements (466). cis-[0s(S;PR;)2(PPhs)s] (R = Me, Ph, or OEt) re-
act with tetracyanoethylene to give cis-[Os(SoPRs)2(PPhs)(tene)].
These complexes have been characterized by IR and UV/Vis spectrosco-
pies and the X-ray structures of two complexes (R = Me or Ph) have
been determined. They exhibit two reversible one-electron reductions
that are centered on the tcne ligand and reversible oxidations to the
Os(I1II) analogs (467).
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s. Cysteine Complexes. Cysteine is reported to form a 1:1 complex
with Os(VIII) in aqueous solution, but this complex is poorly character-
ized (468).

t. 2«(Tolylthio)picolinamide. [0sLy(OH)-H20] and [Os(HL)2(OH),-
CllH;0 [HL = 2-(tolythio)picolinamide] are prepared by the reactions
of HL with [0sO4] or [0sClg)? . In weakly acidic solutions, L™ is biden-
tate and coordinates via the pyridine N and the N or S atom of the
thioamide group. In strongly acidic solutions, HL is monodentate and
binds via the thioketone S atom (469).

u. 2-Aminobenzenethiol Complexes. 2-Aminobenzenethiol reacts
with [0sO4] to give fac-[OsV!(abt);], which has been characterized by
X-ray crystallography and mass, IR, and NMR spectroscopies. It is
diamagnetic and contains three doubly deprotonated ligands. Electro-
chemical studies in acetonitrile show two one-electron reversible reduc-
tions to the Os(V) and Os(IV) analogs and two reversible one-electron
oxidations to the formal oxidation states of Os(VII) and Os(VIII) (24).
Os(VI) reacts with 4-sulfo-2-aminobenzenethiol (HzL) to form 1: 2 com-
plexes that presumably contain the N,S chelates, trans-[0s(0)z(L)z].
The formation of this complex has been used as the basis of a spectro-
photometric determination of Os(VI) (470).

v. 2-Pyridinethiolato, 2-Pyrimidinethiolato, and Thiopyrine Com-
plexes. When [0s(H)2(CO)(PPhj)s] is refluxed with pySH in toluene, a
mixture of trans,trans-S,H- and trans,trans,-S,C-[OsH(pyS)(CO)(P-
Ph3),] in the ratio of ~4:1 was obtained. If the starting material was
refluxed with pySSpy for longer periods of time, cis,trans-S,S-
[Os(pyS)2(CO)(PPhj3) ] results. Refluxing [Os(H)4(PPhj)s] with pySH in
benzene leads to trans,trans-S,C-[Os(H)(pyS)(CO)(PPhj3);], whereas
the reaction between [Os(H)(C1)(CO)(PPh3);] and pySH in cold benzene
results in a mixture of trans,trans-S,C-[Os(H)(pyS)(CO)(PPh;)2] and
trans,trans-S,H- and trans,trans-S,C-[Os(H)(C])(HpyS)(CO)(PPhj);].
The pyS ligand is bidentate, but the HpyS ligand is bound via S and
protonated at N. If the same reaction is carried out in boiling toluene
(18 hours), trans,trans-S,H- and trans,trans-S,C-[Os(H)(pyS)(CO)(P-
Phs)s] and trans-{OsCl(pyS)(CO)(PPhj)e] result, in the ratio 4:1:15.
The geometric isomer of the latter is uncertain with respect to the
ligand that is trans to the S atom. When pySSpy is reacted instead of the
ligand, the product is solely [OsCl(pyS)(CO)(PPhj)z]. Similar reactions
yield trans,trans-S,H- and trans,trans-S,C-[Os(H)(Br)(HpyS)(CO)(P-
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Ph3)z] and [OsBr(pyS)(CO)(PPhj)s]. All of the complexes were charac-
terized by IR and NMR (*H and 3'P) spectroscopies (136). Complexes in
which pyS reacts as a bridging ligand are described in Section IL,D,6,a.

Heating [Os(H)2(CO)(PPh3)3] in boiling toluene or heating [Os(H)-
(C1)(CO)(PPh3)z] in boiling benzene with Me;pymSH yields two geome-
tic isomers of trans-[Os(H)(Me;pymS)(CO)(PPhy)], in which the RS™
group of the chelate is trans to either the H™ or CO ligand. [Os-
Clo(PPhj)s] reacts with an excess of the same ligand to form trans-
[Os(MezpymS);(PPh3)z]. The complexes have been characterized by
NMR (*H, !3C, and 3!'P) and IR spectroscopies (471). 1-Pyridyl- and
1-(4'-phenylthiazolyl)-4,4,6-trimethyl-1H,4H-pyrimidine-2-thiol have
been used as complexing agents for the spectrophotometric determina-
tion of Os, but the details of the complexes formed have not been given
(472).

Os(VIID) reacts with thiopyrine to form [Os(0)2(C,H;oN58)s]-
(CI04)2, which is used as a method of extraction into CHCl; for the spec-
trophotometric determination of Os(VIII) (473).

w. Pyrimidinethione and Thiobarbituric Acid Complexes. Os(VIII)
is reported to react with 3,4-dihydro-4,4,6-trimethyl-2-(1LH)-pyrimidin-
ethione (474) or 2-thiobarbituric acid (475) to form highly colored
[Os(L)4] complexes as a basis of spectrophotometric determinations of
Os, but these complexes have not been well characterized.

8. Halo Ligands

Most halo complexes have been discussed in previous sections (Table
XD). Table XII (239,268, 323, 400,403, 476—499) summarizes studies on
complexes that contain only halo ligands or halo/oxo complexes.

a. Fluoro Complexes. Matrix isolation methods have been used to
study the IR spectra of the molecular species [0s(O)F,], [0s(0)oF3], and
[Os(0)3F;] that have been obtained by the vaporization of the solids.
The species have also been identified by mass spectrometry via the
molecular ions [Os(0)3F 1, [0s(0)2F2]", {0s(O)F3]*, [0Os(0)sF21*, and
[0s(0)2F3]". Other products of the vaporization include [OsFg] and
another fluoride believed to be [OsF5]. These products are consistent
with the generation of the molecular ions, [OsF5]* and [OsF,]", in the
mass spectra (494, 500).

b. Organofluorine Complexes. mer-[Os(SCgF5)3(PR3)2] complexes
(PR3 = PMe3Ph, PEt,Ph, PMePh,, or PEtPh,) are believed to be octa-
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Complex or coligand Section Complex of coligand Section
Osmaboranes 1I,C,1 CN- II,C,2,a
CcO I1,C,2,b CS, CSe, CTe II,C,2,c
CS,, CSSe, SCSMe~ II,C,2,e Alkyl and aryl I1,C,2,f
Carbene 11,C.2.¢ Alkene II,C,2,h
Isonitrile 1,C,2)n SiR; I,C,3
Ammine II,C4,a Amines 11,C,4,b
Macrocycles II,C4,c Porphyrins 1I,C,4,d
N-heterocycles II,C,4.e NO, NO* II,C4,f
Nitrosoarene I,C4,g Hydroxylamine II,C,4,h
NS, NS* II,C,4,i N, II,C,4,j
Oxime I1,C,4,1 NCR I1,C,4,n
NSCI II,C,4,0 N3~ 1II,C,4,q
NCO- I1,C,4,s NO,~, NOS- II,C,4,v
Schiff bases I,C4,w Quinololates 1II,CA4,y
Diaryltriazenes 11,C,4,z Penylazopyridines II,C4,z
Phosphines II,C,5,a Phosphites 1I,C,5b
7n%-CH,PR, II,C,5,c Arsines i,c,5,d
Diarsines II,C,5,e Stibines I,C4,f
H,0, OH~ I1,C,6,a Oxo I,C6,b
ROH, RO~ II,C4,.c Maltolate and tropolonate II,C,6,d
0O-dmso II,C,6,i Diketonates I1.C,6,k
0, 1I,C,6,m RCO,~ 1,C,6,0
RSO3~ II,C,6,q O-sulfinate II,C,6,r
Benzeneseleninato I1,C8,s Thioether and selenoether II,C,7,a
Thioether macrocycles II,C,7,b RS~ I,C,7,c
S, I,C,7.d Thiourea II,C,7,8
btd and bsd II,C,7,h S-dmso II,C,7,i
SNNMe, II,C,7,j Iminooxosulfane 11,C,7,k
S50, S,0 I1,C,7,1 S-sulfinato II,C,7,m
RoNCS, ™ and xanthate I1,C,7,9 2-(tolylthio)picolinamide ILC,7,t
Pys, pymS ILC,7,v ECl, (E = S, Se, or Te) I,c8d
BH,~ I1,C,9,b H. I,C9¢

hedral, with one of the SC¢F5~ ligands acting as an n%-S,F chelate via a
fluoro substituent in the 2-position (Section IL,C,7,c).

¢. Chloro, Bromo, and Iodo Complexes.

[Os(NH;3)sX]** (X = Cl™,

Br7, or 1) has been obtained from the triflato complex by heating in
aqueous HX. The crystal structure of [Os(NHj3)5Cl]Cl; has been deter-
mined. By comparison with isomorphous complexes, it is deduced that
Os—Cl 7 bonding is comparable to that of Ru in these complexes (501).
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TABLE XII

Haro aND Oxo/HaLo COMPLEXES

Complex Studies and references
Os(I)
[0sClg)*~ CV (476)
Os(1ID)
[0sClg)®~ CV (476,477)
0s(1V)
[0sCl,] Reaction with ECl, (E = Se or Te) (478)
[OsBr,Cl, .}, 0 <x <23 X-ray (479)
[OsBr,) X-ray (479)
[OsFg)?~ IR (239), Raman (239), normal coordinate analysis

[OSFnCIG-nJ27
[0sClg]?~

[OSClnBrﬁf "]2_
[0sCl5112
cis-[0sCl 1502
faC-[OSCl;;Ia]Zg
[OsBrgl?~

(Osls]*~

Os(V)
[OSF(;]i
[OsF,Clg_,]~
[0sClgl~

0s(VD)
trans-[0s(0),Cl,41%~
[0OsOF,]

[0sOCl,]
[OsFg]

[OsOF,]*

(239), XPS (268), CV (476)

19F NMR (480), oxidation (481)

IR (239,482) Raman (239), normal coordinate analysis
(239), polarized absorption spectrum (483), X-ray
(482,484,485), XPS (268), CV (476,477), electron
density distribution (485), NQR (486-488), high-
pressure NQR (489), DTA (482), aquation (323),
191m]p generator (490), doped into AgBr, photochem.
(491

IR, Raman, normal coordinate analysis (492,493)

Far IR, normal coordinate analysis (493)

Far IR, normal coordinate analysis (493)

Far IR, normal coordinate analysis (493)

IR (239), Raman (239), normal coordinate analysis
(239), X-ray (484), XPS (268)

IR (239), Raman (239), normal coordinate analysis
(239), XPS (268)

CV (476)
Preparation, IR, Raman (481)
CV (476)

X-Ray (403)

Matrix-isolation IR and UV/Vis (£94), mass spectrum
(494)

Electron diffraction (400)

Matrix-isolation IR and UV/Vis (494), mass spectrum
(494), calc. of optical and magnetic properties (495),
graphite interchelate, neutron scattering, EPR,
Raman, mag. (496-498)

Mass spectrum (494)
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TABLE XII (Continued)

Complex Studies and references
Os(VID
[0sOF5] Matrix-isolation IR and UV/Vis (494), mass spectrum
(494)
[0OsOF ]’ Mass spectrum (494)
Os(VIID)
[Os(0)3F ;] Matrix-isolation IR and UV/Vis (494), mass spectrum

(494), force constants (499)

d. Sulfur, Selenium, and Tellurium Tetrahalide Complexes. The
reaction of [0sQ4] with SCl; yields trans-|Os(SCly)sCl,], which reacts
with ECly (E = Se or Te), to yield trans-[Os(ECl;)2Cl]. The structures
of all three complexes have been determined by IR and 3°Cl NQR
spectroscopies and X-ray crystallography. They contain long E—CI
bonds between the ECl3* and [OsClgl? ™ groups (447, 478, 502). trans-
[Os(SeBr4)2Bry] and [Os(SF4)F5] have also been reported (447, 503).

e. Dichlorobis(triphenylphosphinejargentate(l) = Complexes. [Os-
Clgl?>~ reacts with Ag(l) and PPhy to form trans-{Os{u-n?-(Cl,Cl)-
AgCla(PPhj3)2}2Cle ], which has been characterized by X-ray crystallog-
raphy (504).

9. Hydride and Dihydrogen Complexes

a. Hydride Complexes. The Os(II) hydride complexes, Mg,[OsHg]
and Mg,[OsDg], are prepared from Os powder and MgH; and MgD,,
respectively. Powder X-ray and neutron diffraction of the hydride and
deuteride, respectively, show that the complexes possess a Ko PtClgl-
type structure, with Os—D bond lengths of 1.68(1) A (505). Other
hydride complexes are discussed elsewhere in this review (Table XIII).

b. Borohydride Complexes. The reactions of [Os(H)(C1)(CO)(PR3).]
(Rs = Pr’5 or MeBu‘,) with NaBH, in MeOH yield the octahedral com-
plexes, trans-[0Os(H)(CO)(n?-BH;)(PR3):], which contain an »*-HH’
borohydride ligand. The structure is only rigid below —30°C; at higher
temperatures, the bridging and terminal hydrides of the BH,~ ligand
undergo exchange on the NMR time scale. There is no exchange
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TABLE XIII

HypriDE CoMPLEXES WITH OTHER LIGANDS

Complex or coligand Section Complex or coligand Section
Osmaboranes II,C,1 H, I1,C,9,c
CS, CSe, CTe I,C,2,c CcO I1,C,2,b
CS,, CSSe, SCSMe™ II,C,2,e CO, I1,c2d
Alkene II,C,2,h Alkyl and aryl I1,C,2,f
Isonitrile I,C,2,n Allyl II,C,21
Silyl 11,C,3 Ammine II,C4,a
Porphyrins II,C4,d N heterocycles II,C4,e
NO, NO* I,C4,f Oxime 11,C,4,1
Diazenes II,C4,m Schiff bases II,C,4,w
Benzotriazole 11,C,4,2 Phosphines II,C,5,a
Phosphites II,C,5,b 7?-CH,PR, I,C,5,c
Arsines I,C5d Diketonates II,C,6,k
0, 1,C,6,m RCO,~ I1,C,6,0
RSO, I1,C,8,q SNNMe, I,C,7,j
PyS, pymS IL,C,7,v BH," I,C,9,b

between the H™ ligand and the BH;~ hydrides (128). This contrasts
with the pentagonal-bipyramidal complex, [Os(n?-BH,)(H)s{P(cyclo-
CsHo)s}z], in which the hydrides and the two sites occupied by the BH,~
hydrides exchange rapidly on the NMR time scale at 90°C (506). The
former BH,™ complex, with R; = MeBu’s, is also prepared from the
reaction of [Os(H)(CDH(CO){N-N(OH)==(CHj)z}(PMeBu’;);] with
NaBH, (124).

c. Dihydrogen Complexes. The reduction of [Os(NHj)5(O-
S0,CF3)1?* in methanolic or aqueous solutions yields the #2-dihy-
drogen complex, [Os'(NHj3)5(Hj) 12*, which is reversibly oxidized to the
Os(III) complex, [Os"™(NH3)5(Hy) 1**. The Os(III) complex is only sta-
ble in strong acid and readily deprotonates to give the hydride complex,
[Os"™(NH3)sH]?*. The presence of the dihydrogen ligand has been es-
tablished by NMR and IR spectroscopies in conjunction with deuterium
labeling experiments (201). The complexes cis-[Os(NHz)4(H2)(m
acid) I** and cis-[Os™(NH3)4(H2)(X)1?* (X = halide) are prepared
from the reactions of a 7 acid or X~ with the Os(IV) complex, cis-
(Os(NH3)4(H)21?* (89). The porphyrin dihydrogen complexes, [Os-
(oep)(Hz) I** and {Os(oep)(HD) 1?*, have also been reported (Section
I1,C,4,d) (507).

Recently, trans-[Os(n%-Hy)(H)(depe).]* and its Ru and Fe analogs
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have been prepared and characterized by NMR spectroscopy. The
barrier for exchange involving the dihydrogen and hydride ligands, at
300 K, is lower for Os (53 kJ mol !) than for Ru (>>63 kJ mol~!) and is
approximately equal to that for the Fe (54 kJ mol?) analogs. The Os
complex has a weak H—H bond and a strong Os—H, bond. When small
changes to the bidentate phosphine ligand are made, i.e., replacing
depe by dppe, the dihydrogen analogs only exist for the Fe and Ru
complexes. The Os complex exists as the classical trihydride complex.
The depe dihydrogen complex is made from the reaction of trans-
[Os(H)(Cl)(depe)2] with H; and the H—H bond length is estimated to
be 1.12 =+ 0.03 A from NMR relaxation techniques. This is much longer
than the typical H—H bond lengths of ~0.9 A that are estimated for Ru
and Fe analogs (508, 509). The crystal structure of the dihydrogen
complex has been determined, but disorder has precluded an analysis of
the H—H bond length (510). An even longer bond has been estimated
from 'H NMR experiments on trans-[Os(n?-Hg)(H)(Et,PCH,CH,-
PPh;)]* (611). Reactions of either cis-B-[0s(Cl)z(meso-tetraphos) ]
or trans-[Os(H)(Cl)(meso-tetraphos) | with Hy in thf yield trans-(Os(n*-
H,)(H)(meso-tetraphos)]*. cis-a-[Os(n*-Hy)(H)(rac-tetraphos) |*  is
formed by protonation of cis-a-[Os(H)z(rac-tetraphos)] with HBF,.
There is no exchange on the NMR time scale at 293 K between n%-H,
and H™ for the trans complex, but the cis complex undergoes extremely
rapid exchange (301). Related trans-[Os(n*Hgz)(H)(PR3)4] and trans-
[Os(n2-Hg)(C1)(PR3)4] complexes are prepared from protonations of the
hydride analogs (299). Similarly, protonation of [Os(H);(L)4] (L. = Ph-
P(OEt); or P(OEt)s] with HBF, results in the complexes [Os(H)(n?-
Hy)L4], which are assigned a trans structure on the basis of NMR
experiments. The H; ligands in these complexes are readily displaced
by other ligands, making them useful synthetic intermediates (187,
512). trans-(n*-Hg),H™ complexes are formed via the reversible bind-
ing of Hy to trans-[Os(H)(C1)(CO)(PPr's),] (419, 420) or trans-[Os-
(HX(C(CO)(PMeBu‘z) ] (419) to give trans-[0s(n2-Hz)(H)(C1)(CO)L;].
[0s™(92-0,0'-OAc)(PPhs)3(Hz) 1™ has also been reported recently
(423). [0s(SiEts)Cl(n2-Hz)(CO)(PPry), ] (Section I1,C,3) and [0s™{(n>-
0,0")-OAc)(PPh3)3(n?-Hg)]* have also been reported recently (192a,
423).

Although most of the stable hydrogen complexes have a formal oxida-
tion state of Os(Il), there is recent evidence for the formation of
[0sV(H)s(n%*Hz)L3]* complexes. These complexes were first assigned
to be Os(VI) pentahydrides (513) and are obtained by protonations of
the tetrahydrides, [0Os'Y(H)4L3] [L = PMesPh, PPhs, or P(4-tolyl)s],
with HBF, at low temperatures (423, 513-516). The criteria for distin-
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guishing between classical polyhydride and n*-H, complexes have also
been reviewed (423, 514).

D. DINUCLEAR AND POLYNUCLEAR COMPLEXES

This section excludes the quite extensive dinuclear and polynuclear
0s/CO cluster chemistry, which will only be referred to where it over-
laps with classical coordination chemistry. The general classes of Os
dimers that are often encountered are Osy™" (n = 4-8) complexes with
Os—Os bonds, with or without bridging ligands; Os(II) dimers,
[(L)gOsa(u-L") 175 [A100s2(p-L) " *; [ (bpy)4Osz(p-L) J**; Os(VI) dimers,
[LgOsa(u-0)2]; and Os(VIID) dimers [{Os(O),(NR)s—n}2(u-L)]. Because
the nature of the bridging group has a dominant influence on chemical
and physical properties of dimers, these dimers are arranged according
to the nature of these bridging ligands.

1. Dimers with Os—Os Bonds

The variations in the Os—Os bond lengths and variations in other
M—M bond lengths have been the subject of theoretical modeling, and
these variations in bond lengths have been rationalized (517).

a. No Bridging Ligands. The electrochemistry of dinuclear Os pro-
phyrinato(2—) complexes containing an Os=0s double bond has been
studied. [ (0ep)Os'=0s"(oep) ] undergoes a series of one-electron re-
versible oxidation and reduction processes. The complexes [ (oe-
p")0s™=0s"(0ep™) ]**, [ (0ep*)Os"'=0s"(0ep) I**, [ (0ep) Os"'=0-
s™(oep) 12*, [(oep)Os™==0s"(0ep)]1*, and [(0ep)Os"=0s"(oep™)]1"
have been identified in the CV. [Os™(oep) ], is oxidized by one equiva-
lent of Fc* or Ag™ to form [Os(oep) Jo* and by two equivalents of Ag* to
form [Os™(oep)212*. The Osi' porphyrin complex has the unusual
property of having an Os=O0s double bond and triplet ground state,
whereas the Os}" dimer has an Os=O0s triple bond and a singlet ground
state. The properties have been rationalized in terms of an MO scheme
of metal-metal bonding. Both the Os' and the mixed-valence ions are
EPR silent down to 77 K (518). Detailed IR and Raman spectroscopic
studies of the 0, +1, and +2 ions have been performed (519).

The Os(III) dimers, [OsXg]?~ (X = Cl7, Br™, or I7) each have an
Os=0s triple bond and terminal halogens. They have been character-
ized by X-ray diffraction, IR and UV/Vis spectroscopies, and electro-
chemistry (232, 520-523). The complexes have also been subjected to
SCF-X,-SW calculations of the energies of their electronic states (5621).



OSMIUM CHEMISTRY 303

The complexes exhibit reversible oxidations to the [Os2Xg]™ analogs
and irreversible reductions (522, 523). Decomposition and substitution
chemistry of the complexes has also been studied (302, 523). The tetra-
meric complex [I,0sO0slo(u-1)5120s0s141?~ contains two {Oszlg] units
fused together via two bridging iodides, as shown by X-ray diffraction
(624). [ (cp)20s=0s(cp)z]1** has been prepared and characterized by
X-ray diffraction (264).

b. u-Porphyrinato Complexes. The dimeric complex [ (py)2Os(dpb)-
Os(py)z] undergoes pyrolysis to form the Os dimer with an Os=0Os
double bond, [Os(dpb)Os]. [Ru(dpb)Os] is prepared in a similar manner
from [ (py)2Ru(dpb)Os(py)e] (141).

¢. u-Carboxylato Complexes. [Osa(u-0O2CCH3)4Clz] is the standard
starting material for the synthesis of a variety of diosmium complexes
with metal-metal bonds (303, 319, 322, 525-529). Detailed IR and
Raman spectroscopic studies, including excitation profiles, have been
performed with [Osa(u-O2CR)4Clo] R = CHgz, CDj, Et, or Pr™®). All reso-
nance Raman spectra exhibit progressions of »1(0Os=0s) (530, 531).
[Os2(u-02CR)4Br21 (R = Et or Pr") are prepared from their chloro ana-
logs and have been characterized by electrochemistry and 'H NMR and
UV/Vis spectroscopies. They exhibit reversible oxidations to the mixed-
valence Os(IV)-0s(IIl) complexes but the reductions are irreversible
(525).

Treatment of [Ose(u-02CCH3)4Clz] with appropriate Grignard re-
agents leads to the formation of {Osz(u-O2CCH3)a(R)4) (R = CHyCMes
or CH,SiMej), but unlike the Ru analogs, further treatment with Grig-
nard reagents does not remove the remaining acetate bridges. These
complexes have been characterized by *H and **C NMR spectroscopies
(527). [0s2(CO)g(u-02CMe)z] reacts with dppm or dppmS to form
[0s2(CO)4(u-OsCMe)q(n'-L)2], and the dppm complex is oxidized by
H20; to give the analogous complex containing dppmO ligands. All
complexes were characterized by IR and 'H and 3'P NMR spectrosco-
pies (5632). The complexes in which L = PR3, NCMe, or py are also
known, but with thf only one CO ligand is lost to form [Osg(CO)s(u-
0,CMe)a(thf) ). Reaction of the latter with PH3; or PMesPh gives
[0s2(COY5(-02CMe)»(PR3) 1, and reaction with C1™ gives [Os2(CO)s(u-
05CMe);Cl]1™, which was characterized by X-ray crystallography (418).

d. w-2-Hydroxypyridine Complexes. The mixed-valence ions [Oso-
(u-L)4Cl] (L = chp or fhp), have been prepared from [Osg(u-
0,CCH3)4Clz] and were characterized by X-ray diffraction, UV/Vis
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spectroscopy, and electrochemistry. The Os(1II) center is five coordinate,
with four pyridine groups and the Os completing a square pyramid,
whereas the Os(III) center is octahedral with the four alcoholates, C1 ™,
and Os completing the coordination sphere (319, 322, 528). The fhp
complex is reversibly oxidized but is irreversibly reduced, whereas both
the reduction and oxidation of the chp complex are reversible (322, 528).
The chp complex has also been characterized by magnetic measure-
ments, IR spectroscopy, and low-temperature EPR spectroscopy (322).
The other product of the reaction with chp is [Osa(u-chp)2Cly], which
reacts with L' to give [Osga(u-chp)2Cly(L’) ] (I = py or OHy), both of
which have been characterized by UV/Vis spectroscopy, electro-
chemistry, and X-ray diffraction. Both complexes exhibit reversible
one-electron reductions (319).

[Os2(hp)4Bra] has been prepared from its chloro analog and has been
studied by electrochemistry and UV/Vis and *H NMR spectroscopies
(5625).

e. u-2-Diphenylphosphine)pyridine Complexes. Two crystal struc-
tures of [Osy(u-O2CMe)(u-PhoPpy)2Cly] have been reported in which
each Os is octahedrally bound to P, N, O, Os, and two Cl donors. The
complex undergoes reversible oxidation and reduction (526, 529).

f. n-Orthometalated Triphenylphosphine Complexes. [Osg(u-Og-
CMe)z{u-(C,P)-PhaPCgH,4}oCls ] reacts with MesSiCl in refluxing thf to
form [Osg{u-(C,P)-PhoPCgHy4}2Cly], in which the bridging ligands adopt
a cis geometry, with each Os being bonded to two Cl and P, C, and Os
donors. The complex has been characterized by IR spectroscopy, X-ray
diffraction, and cyclic voltammetry. It reveals a reversible reduction to
its Os''-Os! analog (533).

g u-n°n!-Cyclopentadienyl(2—) Complex [(cp)2Os=Os(cp)z]** is
oxidized to the Os(IV) dimer [ (cp)Os(u-n°m*-CsH4)20s(cp) 12*, which
has been characterized by X-ray crystallography (264).

2. Carbon Ligands

a. u-COz Complexes. The dimeric complex [ (cod)Rh(H);O0s(PMe,-
Ph)s] reacts with COq to give cis, mer-[Os(H)2(CO)(PMesPh)s], [ (cod)s-
Rhy(CO2)0s(PMezPh)s(H)z ], and H20. Both the CO in the first complex
and the COz; in the second are derived from the gaseous COg, as shown
by labeling experiments. The trimer was analyzed by X-ray crystallog-
raphy, which shows the CO; bound to Os via the carbon and to each of
the Rh atoms via an oxygen atom (138).
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b. Isopropylcarbamoyl as a Bridging Ligand. The complex u-bromo-
u-(isopropylcarbamoyl-0,C)bis(bromotricarbonylosmium) has been
prepared and characterized by X-ray crystallography (534).

c. n°-Arene-Bridged Complexes. Benzene, naphthalene, pyrene,
and diphenylacetylene act as bridging ligands to form dinuclear
[ (NH3)50s(arene)M(NH;3)51** complexes [M = Os (88, 171, 173, 174),
Ru (172)]. The former complexes are made from the self-condensation
of [Os(NHj);5(arene) 12+ with concomitant release of a mole of arene per
mole of dimer (173), whereas the latter complexes are prepared from the
reaction of [Os(NHj)s(arene) ** with [Ru(NHj)s(solvent) 12+ (172).
These complexes are believed to have the ligand coordinated in a trans
fashion to the 2,3 and 4,5 positions of one ring and this has been
confirmed in the X-ray structure of [ (NH3)5s0s(benzene)Os(NH3)5]* "
(88). In the case of the dinuclear pyrene complex, the osmium centers
bind to the two exterior double bonds of the central rings in a trans
geometry, as shown in the X-ray structure of [(NHj3)50s(u-
pyrene)Os(NHz)5]1(CF3803)4 - 4(CH3)2CO (174). The mixed-valence +5
ions have been observed but lose an n*-linkage to form the M(III)
solvent complex and [Os'*(NHj)s(arene) ]**. The timescales of these
decomposition reactions are fast {seconds) for M = Ru (172) and the
dinuclear Os pyrene complex (174); however, [(NH3)50s(u-ben-
zene)Os(NH;3)512" is stable for 0.5 hr or more at 20°C (173). Further
oxidations to the +6 ions are irreversible on the conventional CV time
scales and result in the loss of the arene ligands, and in the case
of diphenylacetylene, formation of [Os(NHj)s5{n*-(alkyne)-PhC=
CPh}®*. Pyrolysis of [ (NH3)50s(benzene)Os(NH3)s]** results in the
formation of [ (NH3)50s(u-12n%-benzene)Os(NHj3)31** (88).

d. u-1,3-Butadiene Complexes. |(NHj3)sM(1,3-butadiene)M’(N-
H3)s1**M =M’ = Ru; M =Ru, M' = 0s; M =M’ = Os) have been
prepared and characterized by'H NMR spectroscopy and electrochem-
istry (70).

e. u-Cyano Complexes. [(NHgz);0s"'NCM™(CN)s]” (M = Fe, Ru, or
Os) and [ (NC);0sCNCo(CN5) I~ have been prepared and their UV/Vis
spectroscopy, electrochemistry, and photochemistry have been studied
(5635).

3. Nitrogen Donor Ligands

a. u-Dinitrogen Complexes. Much of this chemistry has been
covered in the review by Griffith (2). However, a full account of the
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chemistry is presented here to place it in context with recent develop-
ments. [ (NH3)50s(N2)Os(NH;3)51°1 4" complexes were the first of the
decaammine dinuclear complexes of Os to be reported. They were pre-
pared from the reduction of [Os(NH3)5(OHy) ** in the presence of
[Os(NH3)5(N2) 12", but the yields were poor (536). Improved yields have
been obtained from the partial oxidation of [Os(NH3)5(N2) 12* by L5 in
neat CF3S03H, or the reduction of [Os(NHj3)5(0SO2CF3) 12" in dma/
dme in the presence of [Os(NH3)5(N2) 1" (537). The analogous +6 ion is
unstable at room temperature, but it can be generated quantitatively in
solution at 5°C by the oxidation of the +5 ion by Ce(IV). It is also
obtained analytically pure from the solid-state oxidation of the chloride
salt of the +5 ion by Cl,. Provided that it is kept dry, it is stable for
weeks at —4°C (426, 537).

Unlike the remarkably stable mixed-valence diosmium complex, the
much less stable heterodinuclear [(NH3)50s(N2)Ru(NHj)512* decom-
poses to [Os(NH3)5(N2) 2t and [Ru(NH3)5(OHg) 1** in water over a
period of hours (5637). This is to be contrasted with the Ru; mixed-
valence analog that decomposes over a matter of minutes at room
temperature (536). The heterodinuclear +5 and +4 ions have been
reported by a number of workers (538—540), though not completely
characterized until recently (637). Similarly, the oxidation of the +5
ion to the +6 ion has been known for some time (539). However, its
properties have only recently been studied in solution by Ce(IV) oxida-
tion, or in the solid state, by the Cls oxidation. It is much less stable
than its diosmium analogs. There is also evidence for the formation of
the unstable [ (NH3)50s(N2)Rh(NH3)51°* heterodinuclear species from
the reaction of [Os(NH3)5(No) 12t with [Rh(NH3)5(0S02CF5) 2t in
neat CF3SO3H (537).

A large variety of nonaammine and octaammine complexes of the
form cis-l NH3)50s(N2)Os(NH;3),X[Pt4*3* (X =Cl~, Br~, I, or
CF3S80;7), cis-[(NH3)50s(N3)Os(NH;3)4L18*2+4* (L = OHy or Ny),
cis,cis-[X(NH3)40s(N2)Os(NH3), X #8342+ (X = C17, Br™, I, or CF3-
S037), cis,cis-[L(INH3)40s(N2)Os(NH3)4 X [?*4*3* (L = N,, X =CI~
or CF380;7; L = OHg, X = C17), and cis-[L(NH;3)50s(N,)Os(NH3),-
L18*/5*/4* (L = N;) were prepared and characterized by methods
similar to those described above, using either the reaction of
cis-[0Os(NH3)4(N2)s?* with [Os(NH3)5(N2) 12", or self-condensation
of cis-[Os(NH3)4(No)2 12t (78, 79, 537). cis,cis-[ (CO)(NH;),Os-
(N2)Os-(NH3)4(CO) ]** has also been prepared by the oxidative
coupling of amine ligands (58). Other coupling reactions have been used
to prepare trans,trans-[ (CHsCN)(NH3),0s5(N2)O0s(NH;3),(NCCHj3) 17
from [OsYI(NH3)4(N) ] under UV/Vis irradiation in acetonitrile (269).
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[ (4-pic)Cl30s(N3)OsCl(4-pic)s]™ has been prepared from the coupling
reactions of trans-[Os(N)Clz(4-pic)q] in the presence of 4-pic (42, 226).

In addition to the homodinuclear nonaammine complexes, the
heterodinuclear complexes cis-[ (NH3)50s(N2)Ru(NHg),Cl]P*/4+/3+
(79, 537, 539) and cis-[ (NH3)sRu(N2)Os(NH3)4(isn) 187/5*/4* (79, 537)
have also been reported.

b. u-Pyrazine Complexes. The preparations of the u-pyrazine/
ammine complexes are outlined in Scheme 13 (80), using the general
methods previously described. Details about their spectroscopic and
electrochemical properties are given in Sections III,C,1 and IV, B,1,
respectively. The heterodinuclear [AsRupzOsAs]"* complexes have
also been isolated recently.

cis-[ (bpy)2ClOspzRu(NH;3)51°*/4*/3* complexes have been prepared
and characterized by UV/Vis and near-infrared spectroscopies and elec-
trochemistry. Different electronic isomers are obtained for the ground
state of the mixed-valence ion, depending on the solvent (Section
III,C,2) (541). The Os(VI) dimer, trans,trans-{Cl4(N)Os(pz)Os(N)-
Cl41*, has been prepared and characterized by X-ray crystallography
(226).

c. u-Isonicotinamide and w-Isonicotinamidepoly(proline) Com-
plexes. Complexes of the type [ (NH3)5O0s(u-LYM(NH3)51?* (L = isnor
isn(pro),,; M = Co or Ru) have been prepared and characterized by a
variety of techniques (429, 430). They have been used in studying
intramolecular electron transfer along protein chains (Section V,C,2).

d. u-Pyrimidine, u-4,4'-Bipyridine, and Related Complexes. The
decaammine complexes have been prepared by methods analogous to
those described for the u-pyrazine complexes. Although most have not
been fully characterized as yet, the u-4,4'-bipyridine complex has been
studied by UV/Vis/NIR, MCD, and IR spectroscopies and electro-
chemistry (182, 428, 542-544).

[ (trpy)(bpy)Os''(4,4’-bpy)Ru' (OH,)(bpy).1** has been prepared and
its redox chemistry and spectroelectrochemistry studied. All oxidation
states up to [Os™Ru'v (0) |°* are observed, and in some oxidation states
proton-induced intramolecular electron transfer is observed (Section
V,C,2) (228). The preparation, electrochemistry, and photophysics of
[ (bpy)2(CO)Os(u-L)Os" (phen)(dppene)C1** (L = 4,4’-bpy or bpa)
were reported (545).

e. u-2,3-Bis(2'-pyridyl)pyrazine and wu-2,3-Bis(2'-pyridyl)quinoxa-
line Complexes. | (bpy)2Os(u-dpp)M(bpy).1** complexes (M = Ru or
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ScHEME 13. Preparation of p-pyrazine complexes. Reprinted with permission from
Inorganic Chemistry, Ref. 80. Copyright 1988, American Chemical Society.

Os) have been prepared and characterized by electronic absorption and
emission spectroscopies and electrochemistry (546). [(OC);CIRe(L-
L)Os(bpy)2]>* (L-L = dpp or dpq) were prepared by the reaction of
[Os(bpy)e(L-L) ** with [ReC1(CO)s] and characterized by UV/Vis spec-
troscopy and electrochemistry (232). The tetranuclear complex [Os{ (u-
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dpp)Ru(bpy)2}31%* has been prepared and its electrochemistry and UV/
Vis and luminescence spectra have been studied (547).

f. u-3,6-Bis(2-pyridyl)-1,2,4-triazolato and w-3,6-Bis(2-pyridyl)-
1.2,4,5-tetraazine Complexes. |(bpy):M(bpt)M'(bpy)s]"* complexes [M =
M'=Ru; M =M =0s; M = Ru, M’ = Os (two isomers)] have been
prepared and characterized by UV/Vis/NIR and 'H NMR spectrosco-
pies, electrochemistry, and an X-ray structure of one of the heterodi-
nuclear complexes (548). Similar complexes with bptz have also been
prepared and characterized by electrochemistry, UV/Vis spectroscopy,
and Hiickel calculations (549).

8. p-trans-12-bis(4'-methyl-2,2' -bipyridyl-4-yl)ethene and Related
Complexes. The complexes [(4,4'-Mesbpy).M(bbpe)M(4,4'-Meobp-
y)21** [bbpe = trans-{4-(4'-Mebpy)},-CH=CH; M = Ru or Os] have
been prepared and characterized by electrochemistry, UV/Vis/NIR,
and emission spectroscopies. Although details of the Os; complex have
not been given, the complexes exhibit interesting electrochemical and
photophysical properties (550). Similar studies have also been reported
on [ (bpy)eM(u-L)M'(bpy)2]** [L = {4-(4’-Mebpy) }xCH,CHOHCHS,,
M=M =Ru;M = Ruy,M’' = Os; M = M' = Os] (551).

h. p-Bis(benzylimidazolato) Complexes. [(bpy)sM(bibzim)M'(bp-
V20?2t (M =M’ = Ru; M = Ru, M’ = Os; M = M’ = Os) have been pre-
pared and characterized by CV. They exhibit several reversible one-
electron oxidations and reductions that are both metal and ligand
centered. The UV/Vis/NIR spectra have also been recorded for the
MI1)-M'(II), M(IT)-M'(I1I) and M(I1I)-M'(III) oxidation states (552).

i. w-Diacetylhydrazinatof2—) Complexes. [(bpy):M(adc-Me)M(bp-
y)21** (M = Ru or Os) has been prepared and characterized by electro-
chemistry, UV/Vis spectroscopy, and Hiickel calculations (549).

J. Porphyrin Dimers. Reactions of the dinuclear porphyrin, Hydpb,
with [Os3(CO);2] in the presence of py gives [(CO)(py)Os(dpb)-
Os(CO)(py)]. On irradiation, it reacts further with py to give
[ (py)20s(dpb)Os(py)2]. The heterodinuclear complexes [(CO)(CHj-
OH)Ru(dpb)Os(CO)(CH30H) ] and [(CO)(OH2)Os(dpb)Zn] are pre-
pared by the reaction of [Os3(CO);] with [Ru(CO)(CH3OH)(Hzdpb) |
and [Zn(H.dpb) ], respectively. The heterodinuclear Ru/Os complexes
are prepared under a set of reactions similar to those of the Os/Os
dimers, to produce [ (py)2Ru(dpb)Os(py)2] (141).



310 PETER A. LAY AND W. DEAN HARMAN

k. p-Cyanogen Complexes. [(NH3)sOsNCCNOs(NH3)51°* is pre-
pared from the oxidative dehydrogenations of the dinuclear 1,2-
ethanediamine complex (Section V,E,2,b). It has been studied by UV/
Vis/NIR and IR spectroscopies and electrochemistry, and the suscep-
tibilities of the +4, +5, and +6 complexes toward ligand hydrolysis are
discussed in Section V,E,3.

l. u-Dicyanoamide Complexes. [(NH3)50s(NCNCN)Os(NH;)51°*
has been prepared by standard methods and characterized by UV/Vis,
NIR, and IR spectroscopies and electrochemistry (542).

m. p-Dicyanobenzene and u-Dicyanobicyclo/2.2.2]octane Com-
plexes. Decaammine complexes have been prepared, but to date their
characterization is incomplete (542, 553).

n. Bicyclo- and Tricyclo-N Heterocycles. Dinuclear adducts of
dabco or tatd with [0sO4] and [Os(O)3(NR) 1 have been known for some
time. Recent examples that have been prepared and characterized by
'H NMR, Raman, IR, and ESCA spectroscopies include [{Os-
(0)3(NCgH;17) }o(u-L) 1 (208).

0. u-Imido Complexes. One of the products of the reaction between
Bu‘NH(SiMej3) and [0sQy4] is the tetrameric complex anti-[ (Bu‘N),Os-
(u-Bu’N)20s(NBu’)(u-0)20s(NBu')(u-Bu’N)2Os(NBu’)2]. The termi-
nal Os atoms are four coordinate, whereas the central osmiums are five
coordinate, as shown from an X-ray structure analysis (265).

Reduction of [Os(NBu’)4] with PPhy or PMePh, yields a dimeric
Os(VI) complex, [ (Bu’N)2Os(u-Bu’N)2Os(NBu’),], whereas reduction
with Me3O "BF,~ yields the analogous Os(VII) dimer, [ (Bu‘N)2Os(u-
Bu’N);0s(NBu‘)21(BF4)s. Both have a tetrahedral arrangement of li-
gands about the Os centers, as shown by X-ray crystallography. The
complexes were further characterized by 'H NMR, mass, and IR spec-
troscopies, and electrochemistry. The Os(VII) dimer undergoes a re-
versible two-electron reduction to Os(VI) dimer and a further revers-
ible two-electron reduction to presumably the Os(V) dimer (265q).

p. u-Nitrido Complexes. The preparation of these complexes is
given in Scheme 2 (Section II,B,3,b). [Os3(NH3);10N1%* has been charac-
terized by UV/Vis and IR spectroscopies and the electronic structure of
this and related complexes has been discussed with the aid of a molecu-
lar orbital diagram (47). The properties of [Os2(N)(NH3)sCls 1C13:2H20
and [Osz(N)(NH3);Cl3]Cl,-Ho0 have been reported, as well as their
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aquations to [Oso(N)(NH3)g(OH2)21°* and [Os2(N)(NHs3)7(OH,)s 1P+,
respectively. The later undergo successive deprotonations to give the
mixed aqua/hydroxo and hydroxo complexes. The complexes have been
characterized by IR and UV/Vis spectroscopies and electrochemistry
(46). trans,trans,trans-[ {(4-pic)eCl30s(u-N) }20s(4-pic)2Cle ] is a minor
product of the coupling of [Os(N)(4-pic)oCls] (Section I1,D,3,a) (42, 226).

4. Phosphide-Bridged Complexes.

The diphosphide-bridged cis,cis-| (H)3(PMeyPh)oOs(PMePh),Os(P
MeyPh)o(H)z] complex is one of the products of the photolysis of
[Os(PMesPh)3(H)4] in benzene (see Sections II,C,5,a and II,D,8,a for
other products). This complex has been characterized by X-xay dif-
fraction and 'H and 3'P NMR spectroscopies (307). Deprotonation
of [OsC1(PH3)(NCMe)(CO)(PPh3),1" results in the formation of [ {Osg-
(u-PH2)CI(CO)(PPh3)2}s]1. It has been characterized by X-ray crystal-
lography (261).

5. Oxygen Donor Ligands

a. Mono(u-oxo) Complexes. The crystal structure of the complex
[{trans-[Os(n*-chba-Et}(OPPh3) 1},0]2~ has been reported (Section
I1,C,4,x) (290). cis,cis-[ (bpy)a(Ho0)0s™ (u-0)0s' (OH)(bpy)2I** has
been characterized by UV/Vis spectroscopy and electrochemistry
(318, 554).

b. Bis(u-oxo) Complexes. trans,trans-[ (py)z2(0)20s(u-0)20s(0)q-
(py)2] has been characterized by 'H NMR, IR, and Raman spectrosco-
pies (235). A variety of bis(u-oxo) complexes of the general formulas
[{Os(O)(OCR'R"CHoNR)(u-0) }21,  [{Os(0)OCe¢H1oNR)(1-0)}2], and
[{Os(O)Y(OCR’'R'CHzNR)L(u-0)}2] are obtained when either [Os-
(0)3(NR)], [Os(0)5(NR)L], or [{Os(O)s(NR)}2(u-L)] (R = Bu/,
Ad, CsHy,, or CgH,7; L = gned, tatd, or dabco) reacts with an alkene.
The complexes have been characterized by IR, Raman, ESCA, and ‘H
NMR spectroscopies (208).

c. u-Hydroxo Complexes. Treatment of the cymene complex
[Os2(n®-cym)Cla(u-Cl)2] with NaOH results in the formation of [ (-
cym)Os(u-OH)30s(n%-cym)1*. This reacts with RCO.H (R = trans-
PhCH=CH, Ph, Me, or H) or RCHO in acetone (R = trans-PhCH=CH,
Ph, or BuY) to give [(n%-cym)Os(u-OH)a(-O2CR)Os(n®-cym)]* and
with RCHO in water to give [ (n®-cym)Os(u-H)(u-OH)(u-O2CR)Os(n®-
cym)]* (R = H, Me, or Et). The latter complex with R = H has been
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characterized by X-ray crystallography and all complexes were charac-
terized by 'H NMR spectroscopy (555).

d. u-RO~ Complexes. CO inserts into [0s(0);(OMe)4]?>~ to form
the transdioxo dimer [ (MeCO3)2(0)20s(u-OMe)20s(0)2(0COMe), 12,
which has been characterized by IR and NMR (*H and !3C) spectrosco-
pies and an X-ray structure (405). [ (8-cym)Os(u-OMe)30s(n®-cym) ]*
has been prepared and characterized by IR, mass, and NMR ['H(*¥7Qs)
reverse INEPT] spectroscopies (556).

e. u-Dioxane  Complexes. trans,trans-[Cl4(N)Os(dioxane)Os(N)-
Cl4)?™ has been prepared and characterized (226).

6. Sulfur Donor Ligands

a. w-Thiolato Complexes. Thermolysis of trans-[0s(S-dmso)4Cl,] or
trans-[Os(0O-dmso)(S-dmso)Cl;] at 150°C in vacuo results in the forma-
tion of the dimer species, [Osz(u-MeS)(MeoS):Cly] and [Osa(ut-
MeS)2(MezS)(0-dmso)Cly]-MesSO. These diamagnetic Os(III) dimers
have been characterized by IR, electronic absorption, and 'H NMR
spectroscopies, in addition to their conductivities and XPS spectra
(456).

[Os(N)(CH3SiMe;):Cl; ] reacts with excess pySH to give the dimeric
cis,cis-[0Os(N)(CH2SiMe3)a(u-pyS) Iz in which each pyS ligand is both a
chelate and provides a u~-RS™ bridge. In solution, NMR evidence shows
the presence of two geometric isomers (syn and anti) and they crystall-
ize in different forms, which are separated manually. The structure of
one of the isomers has been determined by X-ray crystallography, and
when pure crystals of either of the isomers are redissolved in solution,
they equilibrate to a mixture of isomers over several hours (156).

fac-[Co(SCH2CH3NH3)3] reacts with OsClz to give the trimer in
which the Os(III) center is bound via six thiolato bridging ligands,
[{fac-Co(SCH,CH2;NH_)3}20s13". It has been characterized by IR, UV/
Vis, and 'H NMR spectroscopies (557).

b. u-Disulfide and p-Supersulfide Complexes. [(cp)oOs=Os(c-
p)2>* reacts with elemental sulfur to give the Os(IV) dimer, { (cp)20s-
(8S)Os(cp)2)2*, which has been characterized spectroscopically and
by X-ray crystallography. It undergoes a reversible one-electron oxida-
tion to its supersulfide analog (462).
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7. Halide-Bridged Complexes

Oxidation of [Os(NCgHsMeo-2,6)3] by AgBF, results in the Os(VD)
dimer, [(RN)2Os(u-F)20s(NR)2](BF4)2, but no details of its characteri-
zation have been given (265a).

[Os2Xg]” (X = Cl” or Br™, n = 1-4) have been prepared and charac-
terized recently by low-temperature electrochemistry and UV/Vis spec-
troscopy. The far-IR data of (BuyN)2[OsgBrigl, (BuyN)[OssBrg], and
(BuyN)3[Os2Brg] have also been reported. The redox series [Os2X 01"~
(X =Cl™ or Br7, n = 1-5) have also been characterized for the first
time using low-temperature cyclic voltammetry (558). Detailed Ra-
man, IR, and electronic absorption (UV/Vis/NIR) spectra have also
been recorded at ambient and low temperature for the —2 species (559).

[Osa(-X)3(PR3)6]" (X = Cl™ or Br™) are prepared from the reactions
of [0s2X3g]?~ with PR3, and the structure of [Osa(-Cl)3(PEt3)g]* has
been determined by X-ray crystallography (302). [Osa(u-Cl)s
(PMesPh)g]" and [Osy(u-Cl)2Cly(PEt3)g] are formed from [OsCl,
(PMeyPh);] in noncoordinating solvents (145).

[(n%-cym)C10s(u-C1)20sCl(n®-cym)] and related complexes are often
used as synthetic intermediates in organometallic chemistry, but they
are also useful intermediates for the synthesis of a variety of dinuclear
Os complexes with inorganic bridges (555, 556). On heating, they form
[(n8-cym)Os(u-C1)30s(né-cym)}*, which reacts with propanol to give
[(n®-cym)ClO0s(u-Cl)(u-H)OsCl(n8-cym)]. All complexes have been
characterized by IR, mass, and NMR ['H(*®7Os) reverse INEPT] spec-
troscopies (556).

8. Hydride-Bridged Complexes

a. Hydride-Bridged Complexes. The hydride-bridged complexes,
fac fac-[(H)(PMezPh)30s(H):Os(PMesPh)s;(H)] and cis,fac-[(H)(PMe-
Ph3)20s(H)30s(PMePh,)s), are prepared from the photolysis of a satu-
rated solution of the appropriate [Os(H)4(PR3)3] complex, in thf or ben-
zene for the former dimer, and in ethanol for the latter. The dihydride
dimer is photosensitive and undergoes a slow photolysis reaction in thf
to produce [(PMe;Ph);0s(H)30s(PMegPh);l. All of these dimers have
been characterized by X-ray diffraction and 'H and 3'P NMR spectro-
scopies. All of the dimeric complexes contain Os—Os bonds in addition
to the hydride bridges (307).

The heterodinuclear complexes [(cp)o(H)Zr(u-H)30s(PMeoPh);] and
[(1,5-cod)Rh(u-H)30s(PMeyPh)s] are obtained from treating [Os-
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(H)3(PMegPh)z] with [Zr(cp)2(H)C1] or [{Rh(1,5-cod)Cl}.], respectively
(560). Protonation of [Os2(03CMe)2(CO)4Lo] (L = PMeyPh, PMePhy,,
PPhs, or py) gives [Osa(u-H)(u-02CMe)2(CO)4L2]", which have been
characterized by NMR spectroscopy, and for L. = PMeyPh, by X-ray
crystallography (561).

[(n®-cym)Os(u-H)30s(n5-cym)]* is prepared by treating [(n®-cym)Os-
(u-OH)30s(n8-cym)]* with 2-propanol, whereas [(n5-cym),Os,(u-H)4)?*
is obtained under reflux conditions. Along with [(n®-cym)C10s(p-Cl)-
(u-H)OsCl(n®-cym)], [(n®-cym)Os(u-CD(p-H)(11-02CMe)Os(n5-cym)]™*,
[(n®-cym)Os(u-H)o(u-02CMe)Os(n8-cym)]*, and [(n8-cym)Os(u-H)(u-
05CMe)20s(n®-cym)]*, all complexes have been characterized by IR,
mass, and NMR [*H(*®70Os) reverse INEPT] spectroscopies (556).

b. Aluminohydride Bridges. Reaction of [OsCla(PPhg);] with Li-
AlH, in diethyl ether or [OsCly(PMe3),] with LiAlH, in thf yields the
aluminohydride-bridged complexes, fac,fac-[(R3P)s(H)Os(u-H)2AI(H)-
(u-H)2AlH)(u-H)20s(H)(PR3)3]. The complexes were characterized by
IR and 'H, 3'P, and 2’Al NMR spectroscopies (562).

E. POLYMERS
1. Porphyrin Polymers

The conducting polymers [Os(cep)(L-L)],, (L-L = pz, dabco, or 4,4'-
bpy) have been prepared by the reaction of [Os(oep)]e with L-L in a 1:2
molar ratio. They are partially oxidized to form mixed-valence ions
(Section IV,D,1) (663-565).

2. u-Phosphine Oxide Polymers

trans-[0s¥!(bpy)2(0)21** reacts with dppm or dppene to give polymers
of the type trans-[{Os(bpy)z(u-OPPhyRPPh,0)2},] (415).

3. 4-Vinylpyridine and 4-Vinyl-2,2'-bipyridine Polymers

A considerable amount of research has been performed on polyvi-
nylpyridine and polyviny!-2,2’-bipyridine polymers of [Os(bpy)3]**-like
complexes. These polymers are prepared by electropolymerization of
complexes such as cis-[Os(bpy)a(vpy)212t (566), [Os(vbpy),L.,J** (567,
568), and [M(bpy)z(4-cinn);12* (568).
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4. Copolymers

A polymer containing anthracene, [Ru(bpy)3]**, and [Os(bpy)s]**
fall covalently linked to a 1:1 copolymer of styrene and m,p-(chlorome-
thyl)styrene] has been prepared, and its emission spectrum and intra-
molecular electron-transfer properties have been studied (569).

5. [0s04]-Derivatized Polymers

Recently, polymers in which [{OsQ,] is covalently bound to either a
pyridine group, a dabco group in pvp, or a dabco-derivatized cross-
linked styrene—divinylbenzene copolymer have been prepared and
used as selective catalysts for the oxidation of alkenes (570, 571).

. Electrochemistry of Coordination Complexes

A. GENERAL
1. Books and Reviews

There have been two books that contain compilations of the electro-
chemistry of Os (572, 573). There have also been reviews that cover the
electrochemistry of certain classes of complexes with ligands such as
porphyrins (142), dithiocarbamates (463), and macrocyclic complexes
(39, 93). The purpose of this section is not to provide a comprehensive
review of electrochemical studies over recent years, but rather to give
some insight into the factors that affect the redox potentials and their
use in obtaining information about = bonding and backbonding. Partic-
ular emphasis is placed on the similarities and differences between
analogous Os and Ru complexes.

2. Ionization Potentials

Correlations have been made between gas-phase ionization poten-
tials of free ions and the redox potentials of isostructural [MXg]*~ com-
plexes of the elements of the same row of the periodic table (476).
Despite the observation of such correlations, caution must be taken,
because they ignore both o and 7 ligand field effects. The latter are
often more important in influencing the relative oxidizing or reducing
strength of complexes.
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3. Ligand Field Effects

The strength of ligand field interactions increases down a group of
the periodic table. Therefore, Os(III/II) redox couples are expected, and
have been observed, to be shifted to more negative potentials by CFSE
contributions and stronger o bonding, compared to analogous Ru(III/II)
couples. For example, the [Os(NH3)6]>*/2" redox couple is 0.83 V more
negative than the Ru analog (69, 574), although the interpretation is
complicated by the different gas-phase ionization potentials of Ru?*
and Os?*.

4. w Bonding and m Backbonding Effects

The study of redox potentials is a valuable tool in understanding =
bonding and backbonding stabilization of oxidation states. Lower oxi-
dation states tend to be more strongly stabilized by 7 backbonding than
are higher oxidation states, moving redox potentials to more positive
values with increases in the electron acceptor strength of 7 acid ligands
bound to a metal center. Conversely, 7 bases tend to stabilize higher
oxidation states, resulting in negative shifts in redox potentials as the
electron-donating strength increases. It needs to be emphasized,
however, that redox properties are a function of both oxidation states.
Therefore, any deductions made about the strength of 7 interactions
between a ligand and a metal ion on the basis of redox potentials must
consider the effects of o and « interactions in both oxidation states of
the redox couple. The importance of this is illustrated in Section III,B.

5. Spin-Orbit Coupling

Spin-orbit coupling stabilizes the ground state of the low-spin d° elec-
tronic configuration of Os(III) and Ru(IIl). The ground states of the
diamagnetic d® M(II) complexes are not influenced by spin-orbit
coupling. This results in a lowering of the energy of the M(III) oxidation
state with respect to M(II). Because the spin-orbit coupling constant is
much larger for Os(III) than Ru(IIl), this will also tend to make Os(III/
II) couples more negative than their Ru(III/II) counterparts. However,
the spin-orbit coupling constant is dependent on the degree of delocali-
zation of the valence electrons onto the ligands. This, in turn, is depen-
dent on the strengths of o and 7 interactions between the ligand and
metal ion; a decrease in the spin-orbit coupling constant results in a
positive shift in the redox potential.
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6. Solvent Effects

Solvent effects on the redox potentials can be very large and arise
from both nonspecific electrostatic and specific hydrogen-bonding and
m-stacking contributions (574, 575). These contributions are particu-
larly important for highly charged species or complexes with ligands
that undergo strong hydrogen-bonding interactions with the solvent.
Therefore, for meaningful comparisons to be made between redox
potentials, either they should be measured under the same sets of
conditions, or the redox potentials must be corrected for the solvent
contributions (see Section III,B). Because analogous Ru and Os com-
plexes have virtually the same size and hydrogen-bonding abilities
(601), solvent contributions to the electrochemistry will cancel if the
electrochemistry is performed under identical conditions.

B. MONOMERS

The developments in Os pentaammine chemistry described in this
review have enabled an extensive library of E*' values to be obtained,
spanning a range of ~2 V (~200 kJ mol ') (Fig. 7). Table XIV compares
the redox potentials of the Os(III/IT) complexes with Ru(III/II) analogs
versus the appropriate [M(NH3)g]2* ?* couples. The data are presented
in this manner in order to correct for solvent effects, which can be
comparable with those induced by the 7 effects (574). The correction of

(A = NHy)
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Fic. 7. Redox potentials of {Os(NHg)sL[**2* couples. In this electrochemical series for
pentaammineosmium, the values of E are reported versus NHE as a function of L.
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TABLE XIV

CoMPARISON OF REDOX PoTENTIALS OF [M(NH,)5X1"** COMPLEXES VERSUS [M(NH;3)g])3 72+

Ru Os
Ligand Ef° Solvent  Ref. El° Solvent Ref.
SOz — — — >1.80 Hzo 60
72-(C,C)-pyH — — — 1.77 dme 90
CcO 135 H,0 71 1.70 H,0 83
7%-(C,0)-Ph,CO — — — ~1.6 dme 177
7*«(C,C)-furan — — — 1.46 an 179
72(C,C)-lut — — — =1.39 dme 85
7%-(C,C)-MeCH,C==C(OMe)Me — — — 1.37 ac 168
n'-Ny 1.05 H.0 576 1.36 H,0 576
7'-(S)-dmso 0.95 H,0 577
0.89 dmso 68 ~1.35 dmso 68
7%(C,C)-cyclohexene — — — 1.34 an 432
72-(C,C)-PhCF, — — — 1.34 nmp 75
n!-(N)-Mepz 0.82 H,O 578 1.33 H,0 68
7%(C,C)-lutidine — — — 1.30 dme 90
n%-(alkene)-CH,—CHPh 0.93 H,O 71 1.27 H.0 71
7%-(C,C)-naphthalene — — — 1.25 H.0 172
72-CH,=CH, 0.88 H,0 579 1.25 ac 120
7%-(C,C)-thiophene — — — 1.24 an 179
7%-(C,C)-CH=CHCH==CH,, 0.89 H,0 70 1.22 H,0 70
72-(C,C)-MeCH=C(OH)Me® — — — 121 ac 168
7%<(C,0)-Me,CO 0.203 ac 182 ~1.2 dme 177
7%-(C,0)-CH;CHO — — — ~1.2 dme 177
7%<(C,0)-Ph(Bu’)CO — — — ~1.2 dma 177
7*-(C,C)-Ph(Bu’YCO — — — 1.17 nmp 177
72-CH;=CH(CH,),CH=CH, 0.80 H,O 70 1.15 H,0 70
72-CH,=CHCH; 0.78 H,0 70 1.13 H,0 70
72-(C,C)-PhOCH;, — — — 1.11 nmp 75
1%(C,C)-C¢Hg — — — 1.10 nmp 75
n2-(arene)-PhC=CPh — — — ~1.10 ac 171
n2-(C=C)-PhC=CPh — — — 1.05 ac 171
n%-(arene)-CH;=~CHPh® — — — ~1.0 H,O 71
7%-(C,C)-PhNH, — — — 1.00 ac 175
7n2-HC=CH — — — 0.95 ac 171
7%-(C,C)-PhNMe, — — — 0.90 ac 175
1'-(S)-thiophene 0.55 H,0 580 ~0.95 an 120
n-(N)-NCCeF'5 — — — 0.94 dme 176
n'-(N)-NCC,,Ho? — — — 0.75 dme 176
nz-CHscECCH;; —_ — -— 0.74 ac 168
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TABLE XIV (Continued)

Ru Os
Ligand Ei Solvent Ref. Eie Solvent Ref.
7%(C,C)-pyrrole — — — 0.74 an 179
n*-(N)-pyrazine 0.44 H.0 581 0.69 H.0 60
7n*-(N)-NCCH=CH, 0.46 H,0 582 0.68 dme 176
7n*-(N)-NCPh 0.44 H,0 582 0.66 dme 176
n'-pyridazine — — — 0.57 H,O 60
NCCH;4 0.324 an 182 0.56 dme 176
0.38 H,O 582
n!-(N)-isn 0.33 H,0 582 0.54 H,0 60
NCBu! — — — 0.52 dme 176
7!-(N)-pyrimidine 0.37 H,0 583 0.52 H,0 60
n!-(N)-NMe,Ph — — — 0.46 ac 175
n!-(N)-3-pic — — — 0.45 dme 90
n'-(N)-pyridine 0.25 H,0 582 0.45 dme 90
0.39 H,0 60
71-(C)-lutidinium — — — 0.35 dme 85
7'-(0)-Me,CO 0.061 ac 182 0.32 ac 177
n'-(N)-NH=CHMe — — — 0.31 acet 194
n'-(N)-NH,Ph 0.16 H,0 583 0.30 ac 175
n'-(N)-imidazole 0.06 H,0 584 0.29 dme 90
n*-(N)-NH=CMe, — — — 0.23 ac 194
7!-(N)-NCSe~ — — — 0.17 H,0 198
7nt-(N)-NCS~ 0.08 H,0 581 0.16 H;0 197
0.12 H,0 198
dme — — — ~0.1 dme 90
dmf 0.061 dmf 182 ~0.2 dmf 68
OH, 0.02 H,O 582 0.05 H;0 69
NH, 0.000 0.00
1'-(0)-dmso —-0.001 dmso 182 ~0.0 dmso 68
-0.04 H,0 577
Cl- -0.09 H;0 582 -0.07 H,0 199
Br- -0.08 H,0 585
I~ — — — +0.01 H,0 199

¢V; potential versus appropriate [M(NH;)g)>* 2* couple. The redox potentials of the hexaam-
mine complexes are +0.05 and —0.78 V, respectively, versus NHE in water.

b The complexes of the cis and trans ligands have the same redox potentials.

¢ The presence of this couple was not recognized in the original paper, but it is clearly present in
Fig. 6 of Ref. 71 as a small response at potentials more negative than the main response that is due
to the [Os(NH;)s(n?-(alkene)-CH;~CHPh)[>*/2* couple. As can be seen from its position, its redox
potential is consistent with an nZ-arene structure.

4 9-Anthracenecarbonitrile.
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the solvent contribution enables meaningful comparisons of the effects
of # backbonding and 7 bonding, both within the Os series, and between
the Ru and Os series of complexes. Such comparisons show the extent of
stabilization of the M(I) oxidation state, with respect to the M(III)
oxidation state, when an ammine ligand is replaced by a 7w acid or a 7
base. Because the remaining five ligands are innocent with respect to 7
interactions (except hyperconjugation), the effect of the 7 acceptance or
donation is amplified to the maximum extent, enabling both subtle
differences in ligands and the considerable effect on the electronic
distribution within the ligand to be assessed. The latter is very impor-
tant in understanding the new chemistry that has been outlined in
Section V.

Table XIV (60, 68-71, 75, 83, 85, 90, 120, 168, 171, 172, 175-177,
179,182,194, 197-199, 432, 576-585) shows that, in general, the shift
in [M(NH3)5L13*/2* redox potentials from the [M(NH3)g]3*/2* couple is
larger by 30—50% for Os compared to Ru. This does not, however, give a
true indication of the relative extent of 7 backbonding in the M(I)
oxidation states because 7w backbonding is also important for Os(III),
but not for Ru(IIl) (67, 586). Therefore, the use of redox potentials alone
underestimates the relative strengths of 7 bonding in analogous Ru
and Os complexes. There are other problems in using redox potentials
to quantify = backbonding, even if the relevant contributions of the two
oxidation states to shifts in redox potentials could be evaluated. This is
because 7 backbonding in Os(III) decreases the spin-orbit coupling
constant, thereby providing a destabilizing effect, which partially off-
sets the stabilization of Os(III) by stronger metal-ligand bonding.
Nonetheless, the electrochemical data establish that = backbonding is
much more significant in Os(II) complexes than in Ru(Il) analogs. This
is rationalized in terms of better spatial and energy overlaps between
the metal d orbitals and the ligand #* orbitals for Os(II), as opposed to
Ru(Il) (67).

By contrast, = bonding will tend to stabilize the M(III) oxidation state
with respect to the M(II) oxidation state, thereby leading to negative
shifts in redox potentials. This may be important in understanding the
much larger shifts in the Os(III/II) couples, compared to Ru(III/II)
couples with imidazole, aldehyde, and ketone ligands. These ligands
tend to be better  donors than most of the other ligands in Table XIV,
and therefore would tend to provide 7 stabilization of the M(III) oxida-
tion state, which will make the shifts in the M(III/II) oxidation states
less positive than would otherwise be the case. Because the energy
overlap is greater between 7 orbitals and Ru(IIl) d orbitals compared to
Os(IID), this would result in much less positive shifts for the Ru(III/II)
couple.
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Given the shifts of over a volt in M(III/II) redox potentials that can be
achieved by changing one ligand in the coordination sphere, it is not
surprising that a large range of stable oxidation states, from 0 with
strong 7 acceptors [e.g., [Os(PMej)s] (15)] to VIII with strong 7 donors
[e.g., [0sO4]], are observed. A simple example of the change in redox
potential that can be achieved even with the addition of a moderate =
acid is the redox potentials of [Os(NH3)s]2*/2* and of [Os(bpy)s]3*/2*,
which differ by over 1.5 V. This makes [Os(NH3)s]1?* a strong reductant,
whereas [Os(bpy)s]** is a strong oxidant, even though both complexes
are surrounded by six N donors. Similarly, the oxidation of the bpy
complex to the Os(IV) species (587) occurs at a potential ~2 V more
positive than that for the hexaammine complex (83).

Conversely, the stabilization of Os(IV) by ~ 1 V per deprotonation in
[Os(en)3]"* (204, 205) and the stabilization of higher oxidation states by
deprotonation of aqua ligands (325) illustrate well the large effects
brought about by 7 donation.

C. DINUCLEAR AND POLYNUCLEAR COMPLEXES

1. Comparison of K., Values for Dinuclear Ruthenium and
Osmium Complexes

Table XV (80, 427, 518, 536, 537, 542, 544, 552, 588—-591) summa-
rizes redox potential data and derived comproportionation constants for
Os complexes and their Ru analogs. Although the number of Os com-
plexes that have been prepared, and hence for which data are known, is
much less extensive, some clear patterns emerge. The first is that the
values of Kom for the ammine complexes of Os are approximately the
square of the value of the Ru analogs. This dramatic difference is not
solely due to stabilization of the mixed-valence ion, but rather to a
variety of factors that require consideration. The first of these is the
extent of spin-orbit coupling and 7 backbonding stabilization of the
Os(IID—Os(I1I) dimers, compared to the Ru(ITH—~Ru(IIl) dimers. Unlike
the Ru(IIl)=Ru(IIl) dimers, which are paramagnetic, many of the Os
dimers are diamagnetic or exist as an equilibrium between a low-lying
triplet excited state and a singlet ground state (Section IV,B,1,c). The
latter is a manifestation of the degree of 7= backbonding and/or direct
metal—metal bonding, which enables the metal ions to couple more
strongly with respect to the analogous Ru(IIl) complexes. In the ab-
sence of coupling interactions, the triplet states of both the Ru(III) and
Os(III) dimers will be stabilized by spin-orbit coupling with respect to
the singlet states, but the effect will be significantly greater for the
latter. The fact that most of the +6 ions have a diamagnetic ground
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TABLE XV

CoMPARISON OF REDOX POTENTIALS AND COMPROPORTIONATION CONSTANTS FOR
SYMMETRICALLY SUBSTITUTED DINUCLEAR OsMIUM AND RUTHENIUM COMPLEXES

AT 20°C
Complex Ey1)2® Ey(2)%° Keom Ref.

[AsRupzRuA;]** 0.772 0.376 6.6 x 108 80°¢
(A50spz0sAsi”* 0.324 -0.438 1.0 x 10'3 80°
[AsRuNoRuA;]** 0.73 ~1.2 ~108 536¢
[A5OsN,O0sA;5)" -0.16 1.05 10% 4264
[AsRUNCCNRuA;]** 0.71 =1.2 =1013 588¢ ‘
[AsOsNCCNOsA;5]** 0.37, ~1.3 =1022 542¢
{AsRu(4,4'-bpy)RuAs1™* 0.121 0.041 2.3 x 101 589¢
[A5Os(4,4'-bpy)OsA;s]™* -0.257 -0.415 6.1 x 102 537, 544¢
[{(bpy)sRuls(bpz) I** 2.26 1.76 3.0 x 10° 549#
[{ (bpy);0s}e(bpz) 1" * 1.96 1.24 1.6 x 1012 5498
[{ (bpy)oRu}(bibzim) I+ 1.30 1.01 8.2 x 10* 552#
[{ (bpy)20s}y(bibzim) ]** 0.82 0.64 1.1 x 10? 5528
[{(bpy)zRu}o(adc-Me) I** 1.23 0.67 3.1 x10° 549%
[{(bpy)20s},(adc-Me) I** 0.79 045 5.8 x 10° 5498
[{ (bpy)2C1Ru}s(dppm) ]+ 1.06 0.92 2.3 x 10° 590¢
[{ (bpy)2ClOs}z(dppm) J** 0.67 0.54 1.6 x 102 5918

[ (oep)RuRu(oep) ] 0.62 -0.11 4 x 102 518

[ (0ep)0sO0s(oep) ] 0.09 -0.53 5 x 1010 518"

2V versus NHE.

b M,8%+/M,®* couple.

© M,5*/M,** couple.

40.1 M HCL.

¢1 M HCl.

dme; V versus Ag/AgCl.
£ an; V versus SCE.

state, whereas the analogous Ru complexes have triplet ground states,
illustrates the much larger degree of = backbonding interactions in the
Os complexes. Therefore, the + 6/+ 5 redox potentials are less positive
than they would be in the absence of Os(IIl) = backbonding. This means
that the values of K ., underestimate the degree of stabilization of the
mixed-valence Os complexes compared with their Ru analogs. For this
reason and other factors that influence redox potentials (Section III,A),
the use of K., values to quantify the degree of intermetallic interac-
tion must be treated with caution. This is well illustrated by the fact
that the values of K.om for [(NH3)50s(u-L)Os(NH3)51"" (L = N3 or
NCCN) are 10 orders of magnitude larger than those for
[(oep)MM(oep)]™*. Because the latter have direct metal-metal bonds,
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the interactions must be greater than with the decaammine complexes
(Table XV).

The differences in the abilities of the M(ITI) and M(Il) ions to act as 7
donors and 7 acceptors have also been used to rationalize the differ-
ences in the values of K, for analogous [(bpy)>sM(u-L)M(bpy)2]™* com-
plexes (M = Ru or Os). When L is a good 7 donor, K., is larger for Ru
than for Os, but when L is a good 7 acceptor, the opposite is the case
(549).

2. Solvent Effects on the Stabilization of Electronic Isomers of
Mixed-Valence Ions

As a consequence of the solvent dependence of the redox potentials
alluded to in Section III,A,6, the ground electronic state of mixed-
valence ions with dissimilar redox centers can be controlled by the
appropriate choice of solvent. An eloquent example of the design
of electronic isomers utilizes the cis-[(bpy)2ClOspzRu(NHj3)5]*" ion.
Os™-Ru"'is the ground electronic state in CD3NO and CD3CN, but in
de-dmso, Os''-Ru'! is the ground-state electronic configuration (541).

D. PoLYMERS

A considerable amount of work has been performed on electrodes
coated with {cis-{Os(bpy)a(vpy)2]?*}, and {[Os(bpy)a(vbpy)]**}, poly-
mers in order to delineate the controlling factors of electron transfer
rates within such polymers (e.g., 566, 592). Similar work has been
performed on nafion polymers in which [Os(bpy)3]*" has been incorpo-
rated (e.g., 593, 5694). Such electrodes have been used for the electro-
catalytic oxidation of organic and biological substrates in sensor appli-
cations (e.g., 595, 596). There have been many other studies using such
electrodes, but they will not be discussed here.

IV. Spectroscopic and Magnetic Properties of Coordination Complexes

A. MONOMERS
1. Osmium(Ill) Ammine and Amine Complexes

Magnetic circular dichroism (MCD) spectra of [Os(NH3)6]3* (193),
[Os(NH;3)sLJ2* (428, 597), [0s(NH3)5X1** (597), and cis- and trans-
[Os(NH3)4Cl2]?* (543) have been studied from 4 K to room temperature,
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and in a range of different media (KCl and KBr disks, PVA films, nafion
films, and single crystals). The near-IR region of the spectra, where the
intra-to electronic transitions are observed, is of particular interest
because of the vibrational fine structure.

Low-temperature polarized single-crystal studies of the near-IR tran-
sitions of Os(III) ammine complexes have also been studied. These
include [Os(NHj3)6l(C104)2Cl1 - KCl (193), [Os(en)s]oClg - KC1 - 6H20
(193), [Os(NH3)5XISiFs (193), [Os(NHg)5ClICly (598), and [Os-
(NH3)5Cl1(S206) (598). In some systems it is possible to find the two
origins, which can be assigned to the two transitions in Fig. 8 (428), but
in many others the spectra are not amenable to simple analyses and the
second origin is inferred from EPR spectroscopy. There are also some
inconsistencies in the evaluation of the energy differences in the spin-
orbit states from optical and EPR spectroscopy. It is conceivable that
these inconsistencies are due to the quenching of the low-symmetry
splittings by vibronic activity in the first excited (pseudo) I's state (193).

There are also charge-transfer characteristics within the electronic
transitions between the spin-orbit states of the pentaammine com-
plexes. This is evidenced by order of magnitude increases in the intensi-
ties of these transitions when an ammine or aqua ligand is replaced by a
m-base (e.g., C17) or a 7-acid (e.g., N heterocycle) (67).

Detailed studies of the solvent dependencies of the charge-transfer
transitions in the UV/Vis region of [Os(NH3)5(Mepz)13* and a variety of
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Fic. 8. State energy level diagram of Os(III) (A = 1290, 8 = 160, and A = 3200 cm ™).

Reprinted with permission from the Journal of Physical Chemistry, Ref. 428. Copyright
1984, American Chemical Society.
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[Ru(NH3)5(L)}*" complexes have been used as an aid to assign the
various transitions that occur in this region (599).

2. Tris(2,2'-bipyridine)osmium(ll) and Related Complexes

In order to gain an appreciation of the problems that arise in inter-
preting the electronic spectroscopy of [Os(bpy)s]*" and related com-
plexes, it is necessary to understand the controversies in the analogous
Ru spectroscopy. More papers on the spectroscopy and photochemistry
of [Ru(bpy)s]** have been published than for any other compound (223,
600, 601). The research in this area, together with complexes with other
N-heterocyclic ligands, has been covered in recent reviews (222-224,
600—604). This extensive literature has arisen because of the inher-
ently interesting spectroscopy and photophysics of these complexes and
their potential uses in solar energy conversion. Though interest in
potential practical applications has waned, controversy still rages
about the most appropriate descriptions of the electronic structures of
the initially formed and lowest energy triplet states of these complexes.
This controversy is well summarized in two recent reviews (600, 601).
The strongest evidence available is that, upon excitation, the initial
excited state has a structure in which all of the bpy ligands are equiva-
lent (i.e., the electron is delocalized over all three of the ligands). This
excited state then relaxes to one in which the unpaired electron is
localized on only one of the bpy ligands (600, 605-607).

The literature on the analogous Os spectroscopy and photochemistry
is nowhere near as extensive. A major reason for this is the much
shorter lifetimes of the triplet excited states, which are a consequence of
the much greater degree of spin-orbit coupling in the Os(llI)-bpy~
excited state, in comparison with its Ru analog. The larger spin-orbit
coupling in Os(III) increases the mixing of the triplet and singlet states,
thereby providing a more efficient pathway for intersystem crossing
and, hence, shorter lifetimes of the excited states. At a time when the
possibility of solar energy applications was driving the research in this
area, this made the study of the Os complexes much less attractive
compared to their Ru analogs. Also, the chemistry is more difficult and
expensive than that of Ru. Despite this, there is a quite extensive and
rapidly growing literature on the spectroscopy and photochemistry of
[Os(bpy)3)?* and related complexes. The literature to 1988 has been
covered in recent reviews (223, 224). Like the Ru chemistry, con-
troversies regarding the electronic structures of the excited states have
raged. However, the most appropriate descriptions of the initially
formed excited state of D3 systems appear to be a delocalized structures.
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When the symmetry is reduced by replacement of a bpy ligand by
another bidentate, the symmetry restrictions are relaxed and the ini-
tially formed excited state is expected to be localized (600, 601). The
rates of nonradiative decay of a large range of Os(II)-polypyridine have
been calculated successfully in terms of a modified “energy gap law” in
which low-frequency modes are explicitly considered (148).

The charge transfer that occurs on photoexcitation changes the pK,
values of substituents on bpy or related ligands. Because the substitu-
ents become more basic as a result of the MLCT nature of the triplet
states, excited-state proton transfers can occur. There have been many
studies of such reactions of Ru complexes, but few on analogous Os
complexes until recently (233).

3. Nitrido and Oxo Complexes

A feature of the numerous Os(VI) complexes is the presence of highly
vibronically coupled charge-transfer spectra in the UV/Vis region,
even at room temperature. The emission spectra are also highly struc-
tured and the charge-transfer excited states are sufficiently long-lived
to undergo both outer-sphere and atom-transfer quenching reactions. A
detailed review of this area is beyond the goals of this article, but some
representative publications are given (107, 114,211,212, 608).

B. DIMERs
1. Ammine Complexes

a. Osy** Dimers. Little work has been performed on the decaam-
mine Os(Il); complexes, because they are very air sensitive and their
electronic absorption spectra are not as rich as their oxidized counter-
parts. Their spectra are dominated by intense MLCT bnads in the
visible region. In all cases, the ML.CT bands are more intense and are at
lower frequencies than in their oxidized counterparts. Complexes that
have been studied to date are those with Ng, NCCN, and pz (80, 536,
543).

b. Osz°* Dimers. MCD and EPR spectra have been measured on the
mixed-valence [(NH3)50s(pz)Os(NHj3)5]°* ion in nafion film, and in an
ethylene glycol/water glass, respectively. The position of the three
absorption bands in the NIR are consistent with both the predictions
made using the delocalized electronic coupling model (609) and the
published absorption spectra in water (Fig. 9) (80). The remarkable
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Fic. 9. Ultraviolet, visible (0.1 M HC1), near-infrared (0.1 M DCI1/D,0), and infrared
(KBr) absorption spectra of the electronic transitions of | (NH3)5OspzOs(NHs)51°* (solid
line) and [ (NH;3)sRupzRu(NH3)51°" (dashed line). The numbers refer to analogous transi-
tions in Ru and Os complexes. The value of €., for transition 1 is approximate because
the absorption intensity has been measured in a KBr disk. Reprinted with permission
from Inorganic Chemistry, Ref. 80. Copyright 1988, American Chemical Society.

feature of this complex is the intense electronic transitions observed in
the IR region of the spectrum. These are an order of magnitude more
intense than the N—H stretches that occur at the same frequencies.
The normal intra-¢; bands that occur in the NIR region of mononuclear
and dinuclear Os(III) complexes, and trapped-valence Os(III)-Os(II)
dimers, e.g., cis-[(NH3)4(N2)Os(pz)Os(NH3)5]°*, are absent in the sym-
metric mixed-valence ion, which supports a delocalized electronic struc-
ture (80).

The delocalized electronic coupling model also quantifies the MCD,
absorption, and EPR spectra of the Ny complex [(NHj3)50s(Ng)-
Os(NH;3)5)°* (610), which is delocalized and has a particularly rich
electronic absorption spectrum (Fig. 10) (426, 536, 610).

[(NH3)50s(4,4'-bpy)Os(NH3)5]°* has a weak and broad intervalence
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Fi6. 10. Calculated energy level scheme for [ (NH3)50s(N2)Os(NHa)5]* as a function of
W for a value of A = 1800 em™? and A = 3000 cm™!. The observed 8 K ahsorption spec-
trum is shown on the right-hand side. Reprinted with permission from the Journal of the
American Chemical Society, Ref. 610. Copyright 1985, American Chemical Society.

transition on the edge of the charge-transfer bands. This, together with
the presence of normal intra-t; Os(Ill) transitions in the NIR spectrum,
indicates that this is a trapped valence Os(III)-Os(II) dimer (542).

Resonance Raman spectroscopy is also being used both to aid the
assignment of their electronic spectra and to delineate the degree of
electronic delocalization (611).

c. Osy%* Dimers. The MCD spectra of [(NHj3)50s(4,4'-bpy)Os
(NH3)51* exhibit normal C term behavior down to 4 K, whereas the
temperature dependence of the MCD spectra of the pz complex does not
because of a temperature-dependent equilibrium between the singlet
ground state and the low-lying triplet excited state. The intensity of the
C terms actually decreases with decreasing temperature due to the
depopulation of the excited triplet state. Such changes in population of
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these two states are also evident in the temperature dependence of the
electronic absorption spectra (Fig. 11) (428). By contrast, the u-N3 com-
plex is diamagnetic, even at room temperature, and no C terms are
observed (426). Thus, the extent of coupling between the metal ions
increases in the order 4,4'-bpy < pz < Nj. The much weaker coupling
in the Ru analogs (4,4'-bpy and pz) is apparent from the fact that they
are triplets even down to 1 K, whereas the N, complex is too unstable to
measure.

2. Bpy and Related Complexes

The relatively long lifetimes of the excited states of these complexes
have made them particularly attractive in the study of electron and
energy-transfer quenching of excited states through organic bridges. In
addition, the more positive redox potentials of these ions, compared
with their pentaammine counterparts, mean that the mixed-valence
ions are not air sensitive, thus facilitating spectroscopic measurements.
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Fic. 11. Absorption spectra of [(NH;);0spzOs(NHj);18* at various temperatures in
PVA. The arrows indicate the direction of intensity change with increasing temperature.
Reprinted with permission the from Journal of Physical Chemistry, Ref. 428. Copyright
1984, American Chemical Society.
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For these reasons, and the relative ease with which the complexes are
prepared, an increasing number of studies have been performed on the
photophysical and photochemical properties of such complexes. Though
most of the studies in this area have been performed on dinuclear
ruthenium complexes, an increasing number of Ru/Os and Os/Os dim-
ers have been studied in recent years (228, 541-552) and this subject
has been reviewed (222).

3. u-Nitrido Os(IV) Complexes

In addition to intense charge-transfer bands that trail into the visible
region, these diamagnetic complexes have weaker d—-d transitions at
lower energies. The presence of these previously unrecognized transi-
tions, and other properties, are rationalized by the MO description
shown in Fig. 12, where the d—d transitions are indicated (47).

C. PoLYMERs
1. Porphyrin Polymers

The intervalence transitions of doped [M(oep)(L-L)],*" polymers
(M = Fe, Ru, or Os and L-L = pz, dabco, or 4,4'-bpy) have been studied.
The metal-metal coupling and the intensity of the intervalence transi-
tion increase in the order dabco < 4,4'-bpy < pz, and the energy of the
intervalence band decreases in the same order. Within a series with the
same bridging ligand, the strength of metal-metal coupling and the
intensity of the intervalence transition increase in the order
Fe < Ru < Os, and the energies of intervalence bands decrease in the
same order. With [Os(oep)pz],* ", an intense and relatively sharp elec-
tronic transition is observed at ~2000 cm ™! in the IR (563-565), which
is reminiscent of a similar transition in [(NH3)50s(pz)Os(NH3)51°*
(Section IV,B,1,b).

2. Bpy Polymers

The photophysics and photochemical properties of polymers contain-
ing Os—polypyridine or Os/Ru and Os/Zn copolymers are an area of
increasing interest. Recent applications include photochemical ligand
loss as a basis for imaging and microstructure formation (612) and the
storage of photochemical redox equivalents in polystyrene polymers,
derivatized with bpy (613). Long-range energy transfer has also been
studied (569).



331

OSMIUM CHEMISTRY

— — ey

[ qu(dzz)

54:\‘ B AL‘ 0|;(d12)
=T T il N
— TR — by ld2)
. \\7F Xy
(, I boglde. ,2)
i 1
]
f
, .
/‘ ‘\
, ;-ﬁ-ﬁ-eu(p’,py)
, /
/l //
[t egld,d)
& .- .
_ '
/ 3* / /
' gi .
2 LRI
\_B—_/' \\::__2__ b2u(dl)‘)/
e, b]q(dxy)

e

Fic. 12. Qualitative molecular orbital description of bonding within the Os'V-N3" -
Os'Y moiety. The d—d transitions are indicated by arrows. Reprinted with permission
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V. Reactivity of Coordination Complexes

A. ApbpitioN REAcTIONS oF OsMium(VIII)
The kinetics and thermodynamics of the addition reactions of amine
and N-heterocyclic ligands to [0sO4] have been studied using UV/Vis

and NMR spectroscopies. With py, 4-pic, and bpy, the kinetics are too
fast to be studied without using stopped-flow techniques, whereas the
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kinetics of tmen, bpds, phen, and imidazoles in water are monitored by
conventional mixing techniques. These are the first studies of such
kinetics, and as expected for associative reactions, the activation en-
thalpies are low (15-60 kJ mol 1) (335, 336).

B. SussTiTUTION REACTIONS

Although there have been few studies performed on the substitution
kinetics of pentaammineosmium complexes, compared to other penta-
ammine complexes, the importance of w-bonding and w-backbonding
effects on the stabilization of metal-ligand bonds in different oxidation
states is amply illustrated in Table XVI (65, 67, 83, 199, 536, 576,
614—-617). Thus, though N2 bound to M(II) complexes is inert toward
substitution, it is labile when bound to M(III) complexes. Similar obser-
vations are made for the [Os(NH3)s(n%-benzene) 3*/2* complexes in
acetonitrile, for which the specific rates for substitution are 3.5 x 10*
and 3.5 x 107° sec™!, respectively, for the +3 and +2 ions (75). By
contrast, M(III) complexes are much more inert than M(II) complexes
when the leaving group is a w-donor ligand such as C1™.

Another important factor that separates m-acceptor ligands in tradi-
tional organometallic complexes, as compared to pentaammine com-

TABLE XVI

SPONTANEOUS AQUATION RATES OF PENTAAMMINEOSMIUM(IIL/IT) AND
ANALOGOUS PENTAAMMINERUTHENIUM(ITI/IT) COMPLEXES®

k(sec™?)

Ligand RudD Ru(IID Os(ID Os(IID)

N, 2 x 10768 70¢ <1078 2x107%
Cl- 6.3¢ 9.3 x 107" 0.2¢ ~1078*
CF380;~ — 93¢ — 8.8 x 107

@ 25°C.

b Ref. 614.

¢ Refs. 5636 and 576.
9 Ref. 615.

¢ Ref. 616.

’Ref. 617.

£ Ref. 199.

» Ref. 83.

! Ref. 65.

7 Ref. 67.
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plexes, is the relative lability of the ligand. Thus, alkene (Section
I1,C,2,h) and N; (Section II,C,4,j) ligands bound to Os(II) phosphine
complexes tend to be rather easily displaced, but are much more inert
when bound to [Os(NH3)512*. This is because in the latter, other ligands
are not competing for metal = electrons. Such a phenomenon also
manifests itself in the greater sensitivity of the electrochemistry of
[Os(NHj3)sL]"* complexes to the nature of L (Section I1I,B) and the often
unusual reactivities of coordinated ligands (Section V,D and V,E).

Though few studies have been performed on the mechanisms of sub-
stitution of Os(III) and Os(II) complexes, some deductions can be made
about probable mechanisms. In the case of Os(IIl), with charged leaving
groups such as Cl7, it is expected that the preferred mechanism will be
one in which bond breaking substantially precedes bond making (i.e.,
predominantly dissociatively activated). By contrast, reactions will be
more associative with neutral leaving groups, although it is difficult to
ascertain where they are expected to occur along the continuum of
interchange mechanisms (618, 619). In the case of substitution of
[Os(NH3)5(n%-benzene)]?*, the rate constant only varies slightly with
the nature of the incoming ligand (L. = isn, py, CH3CN, acetone, CHs-
COPh) in dg-acetone at 25°C (75). This is a strong indication of an I4
mechanism for the substitution reactions, which is to be expected for a
sterically crowded d® complex.

Aqua exchange in [Os(n®-C¢Hg)(OHz)3]%* has been subjected to de-
tailed mechanistic studies, along with the Ru analog. The volumes of
activation are small and positive. This has been taken as an indication
of an interchange mechanism that is near the middle of the continuum,
but that is more dissociatively than associatively activated (620).

C. ELECTRON TRANSFER REACTIONS
1. Intermolecular Electron Transfer

Electron self-exchange reactions of [Os(L-L)31**'2* (L-L = phen, 4,7-
Megphen, 3,5,6,8-Me4phen, or 3,4,7,8-Mesphen) were studied by 'H
NMR line broadening. There are two pathways, one involving the +3
ion, and the other involving the PFg™ ion pair of the +3 ion. Rate
constants are ~10° and ~10% M~ ! sec™ !, respectively (621).

The reversibility of the [Os(bpy)s]**'%* couple makes it useful for the
determination of the electron self-exchange rates of other couples by
application of the Marcus cross-reaction equation. Recently, this has
been applied to the oxidation of SO32~ to SO4°~ (622). The new rate
constant for this reaction of 1.63 x 10 M~ ! sec™ ! is consistent with the
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expectations of Marcus theory, but three orders of magnitude greater
than that determined previously (623). Other self-exchange rates that
have been determined using [Os(bpy)s)**'%", [Os(phen)3**'2*, and re-
lated couples include V(O)OH)2*'* (aq) (624) and [Mn(edta)]'™/2~
(625). The rate of electron transfer from [Fe(CN)g]?~ to [Os(bpy)s 1?7, in
the presence of reversed micelles, has been used as a probe of co-
alescence of the reversed micelles (626).

2. Intramolecular Electron Transfer

As indicated in Section III,A, the Os(III/II) redox potentials are gen-
erally much more negative than analogous Ru(III/II) redox potentials.
This has important implications in the study of intramolecular electron
transfer through organic chains and, in particular, through polypep-
tides. This is an area that has been under intensive study in Ru chem-
istry because of the desire to understand such electron transfer, so
important in many biological processes (427, 429). These processes have
been studied by monitoring the rate of intramolecular electron transfer
from Ru(Il) or Os(Il) to Co(IIl), or Os(II) to Ru(IIl). Os(II) is a much
stronger reductant than Ru(II), and Os(II) 7 backbonding is also much
stronger. Because all other factors, such as inner- and outer-sphere
reorganizational energy terms, are approximately equal, the rates of
intramolecular electron transfer are much faster in the Os(Il) com-
plexes, compared with their Ru(Il) analogs (Table XVII). This is an
important recent development because it extends the range over which
intramolecular electron transfer is observable and also illustrates the
importance of conformational changes of the polypeptide backbone in

TABLE XVII

COMPARISONS OF THE RATES OF INTRAMOLECULAR ELECTRON TRANSFER
AT 25°C THROUGH OrGaNIC MoLECULES iN Co(II1)/Ru(Il), Co(III/Os(1I),
aND Ru(I1I)/Os(11) DiMERSs @

Complex k(sec™)
MIIDLM'(I) Co(III)/Ru(1I) Co(II1/0s(1I) Ru(1I1)/Os(II)
isn 1.2 x 1072 2.4 x 105 >5 x 10°
proisn 1.04 x 1073 2.9 x 10? 3.1 x 108
(pro)qisn 64 x 108 0.6 3.7 x 10*
(pro)s isn 5.6 x 1075 0.08 3.2 x 102
(pro)4isn 1.4 x107* 0.09 0.5

¢ Refs. 429 and 430.
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affecting the rate of intramolecular electron transfer. Thus, for the Ru
complexes, the addition of a third or more prolines to the polypeptide
chain results in a increase in the rate of intramolecular electron trans-
fer. This has been attributed to a cis—trans isomerization of the proline
groups, which enables the Co(III) center to get nearer to the Ru(Il)
center than is the case for the complexes with only two proline groups
(427). The kinetic behavior observed for the Os analogs differs in that
the rates of intramolecular electron transfer are much faster than the
rate of cis—trans isomerization of the proline chains. This results in the
rate of intramolecular electron transfer decreasing as the chain length
increases.

More recently the same reactions have been monitored for Ru(III)—
Os(II) analogs. These complexes are generated by the reduction of the
Ru(ID-0s(III) dimers by e~ (aq) or CO;~ (aq) radicals in pulse radioly-
sis experiments (429). Because of the much lower inner-sphere reor-
ganizational energy terms for the [Ru(NH3)5L]3*/%* couples compared
with Co(III/II) analogs, the rates of intramolecular electron transfer in
the Ru(II1)-Os(II) dimers are much larger than those of Co(I11)-Os(II)
dimers (429).

Upon deprotonation, [(trpy)(bpy)Os"(4,4'-bpy)Ru'(OH;)(bpy)21°*
and [ (trpy)(bpy)Os'(4,4’-bpy)Ru™(OH)(bpy)21** undergo rapid intra-
molecular electron transfer to form [(trpy)(bpy)Os'(4,4'-bpy)-
Ru™(OH)(bpy)21** and [ (trpy)(bpy)Os'(4,4’-bpy)Ru!V(O)bpy)2|**, re-
spectively, but no details have been given about the rates (228).
Fast intramolecular electron transfer from the excited states of (Os-
(trpy)z]** complexes with donor or acceptor substituents have also been
observed (229).

D. LINKAGE ISOMERIZATIONS

As indicated earlier, a dramatic difference is observed in the chem-
istry of Os(II) and Os(III), the former gaining stabilization from 7 acids
and the latter from o and 7 donors and to a lesser extent 7 acids. This
difference is most amplified when the ligand set is predominantly satu-
rated, e.g., pentaammineosmium. In this configuration, the electron-
rich Os(Il) must depend entirely on the sixth ligand for stabilization
through 7 backbonding.

The sharp contrast in the chemical nature of Os(II) and Os(III) often
results in a linkage isomerization of an ambidentate ligand accompany-
ing such a redox change. To date, such isomerizations have been re-
ported solely for the pentaammine moiety. Typically, through electro-
chemical measurements, a cyclic process is observed: the oxidation of a
species Os(II)-AB to Os(III)-AB is proceeded by an intramolecular
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isomerization to Os(II[)-BA. Subsequently, the latter species is re-
duced, at some new potential to Os(II)-BA, which then reisomerizes to
Os(II)-AB, thus completing the cycle. Some ligands have several differ-
ent binding sites, and in these cases three or more isomers can be
observed. The thermodynamically stable Os(III)-BA complex normally
binds the ligand via the best o donor and, in this respect, forms typical
coordination complexes. By contrast, the thermodynamically favored
Os(II)-AB complex binds the ligand normally in an %2 fashion typical of
organometallic compounds. Of particular significance in these systems
are the thermodynamic parameters obtained that relate the relative
affinities of the metal for the bond sites A and B.

1. ' & 79? Linkage Isomerizations for Aldehydes and Ketones

First reported in 1986 (181), the complex [Os(NHj3)s(acetone) 12+ and
related aldehyde and ketone complexes (1 77) were the first examples of
linkage isomerizations on Os(III/II). In acetone solution, a detailed
electrochemical and chemical investigation revealed that the substi-
tutionally inert complex, [Os(NHj)5(n%-acetone) |*, is in facile equilib-
rium with the ! form, the former being favored by 21 kJ mol~!. Upon
oxidation, the Os—C bond is ruptured, but the Os—O bond remains
intact, even in good donor solvents such as dma. Reduction of the
n'—acetone—Os(III) species occurs at a potential of ~750 mV negative of
that of the 2 form in acetone. Subsequent n* — n? isomerization of
the ketone occurs with a specific rate of 6 x 103 sec™* at 20 * 2°C.

Of the variety of aldehydes and ketones investigated (177), all were
found to be »? coordinated to [Os(NH;3)51?* except for the bulky pinaco-
lone. However, it is unclear whether this is a thermodynamic or kinetic
limitation.

At the time of its original report (627), the labile complex [Ru-
(NH3)s(acetone)]>* was considered to contain an O-bound ketone.
However, recent studies (182~184) revealed both 2 and »' bonding
modes in solution. In this case the former mode of binding is favored by
7 kJ mol~!. Astonishingly, even in the case of Ru(Ill), a significant
population of #-bound acetone is present. However, this type of 2 bind-
ing is clearly more stable relative to the »' mode in Os(II) complexes
compared to the Ru(Il) analogs in a variety of ketone ligands (177,
181-184).

2. n?-C=S to n?-C=S8e Linkage Isomerization Reactions of CSSe,
and n?C==S) to n*(C) Reactions of S=CSMe~

Given the facile linkage isomerization reactions for a large number of
n®-bound ligands coordinated to [Os(NHj3)5]%*, it is astonishing that
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there is no low-energy pathway for the 5?-C,S to n2-C,Se linkage isom-
erization of [Os(n?-CSSe)(CO)CNR)(PPh3)]. Both linkage isomers are
kinetically stable and the 7?-C,S isomer is converted to the 72-C,Se
linkage isomer only by a set of addition and elimination reactions (152,
628). The 7°%-(S,C) to n!-(C) linkage isomerizations of coordinated
SCSMe™ are also induced by addition reactions (152) (Section II,C,2,e).

3. Linkage Isomerizations with Arenes and Heterocycles

A series of {Os(NHj)s(n*-arene)** complexes has been investigated
in order to determine the effect of substituent on the stability of the
Os—arene bond (75). As part of this study, information was gained
regarding the ability of the substituent to direct the metal to a specific
m-bond site within the ring. Surprisingly, both electron-donating and
electron-withdrawing groups were found to direct the metal to the
2,3-n? position relative to this substituent. Bulky groups, on the other
hand, tended to direct the metal to the 3,4-n% position relative to the
bulky group. In cases in which steric effects can be discounted, the free
energies of 2,3-n? — 3,4-n? isomerizations range from 0 to 10 kJ mol !,
All of the substituted benzene complexes exhibit migration around the
ring, with specific rates ranging from 1 sec™! (L. = anisole) to 10* sec™*
(L = benzene), at room temperature. For monosubstituted benzene li-
gands, electron-donating substituents were most effective at retarding
this rate (75). As observed for the n2-arene complexes, n?-heterocyclic
complexes often show migration around the ring at ambient tempera-
ture. The only cases in which such isomerizations have not been ob-
served are when the ligand is n?-furan or n%-thiophene (90).

Oxidation of these materials often resulted in a linkage isomerization
of the organic ligand from the ring to a basic site of the substituent.
Examples include arene-to-amine (anilines) (I175), arene-to-ketone
(phenones) (177), arene-to-ether (anisole) (120), and arene-to-alkyne
(diphenylacetylene) (497) isomerizations. In the case of the 2,2-
dimethylpropiophenone (177), a sequence of one-electron oxidations
and reductions resulted in the Os complex isomerizing from an arene to
an n'-ketone to an n?-ketone, then back to the ring to form an Os—n?-
C,C bond. Although most of these reactions were not investigated in
any detail, in two cases, aniline and N,N-dimethylaniline, a complete
kinetic and thermodynamic analysis has been undertaken (Scheme 14)
(175).

For aniline, an equilibrium with K, close to unity exists between the
N-bound and 2,3-C,C-n?-bound isomers of Os(I). The one-electron oxi-
dation of the latter isomer (E°’ = 0.16 V versus NHE in acetone) is
followed by an arene-to-nitrogen linkage isomerization, proceeding
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with a specific rate constant of 180 sec™! at 20 = 2°C. Initially, on
reduction of [Os(NH3)5(N-aniline) 1** (—0.54 V), no change in coordina-
tion geometry occurs, but with time, rearrangement to the ring isomer
occurs with a specific rate constant of 4.6 X 10 5sec™! at 20 = 2°C. The
data indicate free energies of N — 7 isomerization for Os(III) and Os(II)
of 69 and 16.7 kJ mol ™!, respectively, at 20 + 2°C.

Similar experiments with the N,N-dimethylaniline analog reveal
that the addition of the two methyl groups destabilizes the N-bound
form by 33 kJ mol~! on Os(II) and >50 kd mol™! for Os(III). The
increased sensitivity to steric effects for Os(III) is thought to be a result
of the increased demand for electron density by this higher oxidation
state. The differences in isomerization energy for both oxidation states
are reflected almost entirely in the rate constants of isomerization from
nitrogen-bound to arene-bound complexes.

Heterocyclic complexes of pentaammineosmium(Il) have also been
reported for pyridinium (85), 2,6-lutidine (85), 2,6-lutidinium (85), pyr-
role (179), furan (179), and thiophene (179), in which the organic ligand
is dihapto coordinated via a C=C bond (90). These ligands are thought
to rearrange upon oxidation to coordinate through the heteroatom.

AOS-NR, 3+ 054V
038 AOs-NR, ] 2*
+c¢
18x10°s" | | 8x 10" 46x10°s" 23x10°¢"
3.7 gt 06 x 103 ¢! 2.0 x 105§} 83 ¢!
NR, 13 0.16 V NR, ]2
) 0.14 V §
AOs- te AOs—|
A
R=H
R = CHy
AG®¢ = 69.0 kl/mol AG®%g, = 1.7 kJ/mol
18.8 kJ/mol -31.3 kJ/mol

{V, NHE; in acetone/TBAH)

ScHEME 14. Kinetics and thermodynamics of the linkage isomerization reactions of
[Os(NHa)5(NR,Ph) P2+
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Only for lutidine has this been confirmed, wherein the isomerizations
occur with specific rate constants of =103 sec™! (2 — 7!) and 36 *+ 10
sec™! (n* = n?) for the Os(III) and Os(II) complexes, respectively. It is
worth noting that the resulting complex, [Os(NHj3)5(N-2,6-1utidine) 3+,
cannot be made by conventional, substitution-based, synthetic methods
for Os(IIl), and is likely to be the only reported example of this molecule
bonding to a transition metal through nitrogen.

When pentaammineosmium(II) complexes of pyridinium salts or 2,6-
lutidine are allowed to stand, an activation of the C4—H bond is ob-
served, yielding o-bound pyridinium complexes (85). Such C—H activa-
tion is unusual for aromatic heterocycles with six-membered rings and
has not been observed for Os(II) complexes of arenes. Its nearest paral-
lel is the C—H bond activation that accompanies the linkage isomeriza-
tion of N-bound imidazole to the C-bound isomers of Ru(Il) ammine
complexes (441). It is remarkable that the latter type of isomerization
has not as yet been observed in analogous Os chemistry, and the former
has not been observed in Ru chemistry. Thus, [Os"(NH3)5(N-im)]>* has
been prepared, but it does not undergo isomerization to [Os"(NH3)5(C-
im-H)]* over 2 days (90) under conditions that facilitate the isomeriza-
tion of the Ru(Il) analog (441). This is not due to any inherent instabil-
ity of the C-bound imidazole complexes, because [Os(NHj)s(C-
diMeim-H)1?" is readily prepared (90). This again highlights some
fundamental differences in the reactivity of Os and Ru complexes.

4. S & O Linkage Isomerizations with Dimethyl Sulfoxide

As earlier reported for Ru (577), [Os(NH3)5(dmso) ]2* preferentially
binds the ligand via the S atom (67, 120, 200), an action that allows for
considerable 7 back-donation. Upon oxidation of this species (0.36 V,
NHE) a linkage isomerization ensues with a specific rate of <0.1 sec™?,
in which the sulfoxide ligand shifts from sulfur to oxygen coordination.
The reduction potential of [Os(NHj3)5(0O-dmso)]>* (—0.90 V, NHE) is
dramatically shifted due both to stabilization of Os(IIl) and to destabili-
zation of Os(Il), as compared to sulfur coordination. The cycle is com-
pleted by an O — S isomerization on Os(Il) at a specific rate of >100
sec™ L.

5. S-Sulfinato to O-Sulfinato Linkage Isomerizations

[0OsCH{(S)-SO,Ce¢H Me-4}(CO)PPh3)2] undergoes CO addition with
concomitant linkage isomerization to form [OsCl{(0)-OS(0)C¢H Me-
4} CO0)o(PPh3)s] (434).



340 PETER A. LAY AND W. DEAN HARMAN

E. REAcCTIONS OF LIGANDS ON OsMIUM

1. Atom-Transfer Reactions

Reports of atom-transfer reactions for complexes of Os in high oxida-
tion states chiefly appear in three areas: hydride transfer, oxotransfer,
and nitrogen transfer.

a. Hydrogen Atom Transfer. In general, H™ and H; complexes are
uncommon for polypyridine and polyamine systems lacking Os—C or
Os—P bonds, although a few examples are known. The chemistry of
hydride and dihydrogen complexes containing Os—C and Os—P bonds
are covered in a number of reviews (4, 8—10) and will not be discussed
further here. Recently, [OsA,(H)2]>* complexes were observed to un-
dergo reductive coupling in the presence of 7 acids or halides (X™7) to
form [OsA,(Hz)(rr acid)]?* and [OsA,(H2)X]?", respectively (89). Such
activity has been observed for both cis- and ¢rans-dihydride configura-
tions. Similar reactions probably occur in the elimination of Hy from
[Os(L-L)(PPh3)2(CO)H)21?* (L-L = bpy, 4,4'-Mesbpy, or 5,5’ -Mezbpy)
on treatment with CF3SO3H to form [Os(L-L)(PPh3)2(CO)X0OS0,CF3)}*
(19). [Os(NH3)5(H2)1?* has been shown to transfer dihydrogen to
acetone upon the one-electron oxidation to Os(IID (201). [Os-
(NH3)5(H2) 13" is stable only in strongly acidic media, and is thought to
readily deprotonate to form the Os(III) hydride, [Os(NH3);HJ?", the
species suspected of being the active reducing agent for the ketone,

b. Oxygen Atom Transfer. These are extremely numerous in Os-
(VIII) chemistry, in which oxo-transfer reactions of [OsQO,], [0s(O),-
(NR)4-,], and their adducts with N-donor ligands are widely used in
organic chemistry, interactions with DNA, and biological fixing and
staining (Section II,C,6,b). The cis dihydroxylation reactions with al-
kenes, acetylenes, arenes, and unsaturated heterocycles have been
known for many years in organic chemistry. Literally hundreds of
different osmate esters have been prepared by these atom-transfer
reactions, although a much smaller number have been characterized
prior to hydrolysis of the cis-diol. Despite the long history of the applica-
tions of these reactions to organic chemistry, it is only recently that the
mechanisms have been elucidated, particularly for those reactions that
are asymmetric, promoted by N heterocycles or light, and/or are cata-
lytic. It is not possible to detail all of these advances here, but they are
well documented in recent reviews and papers (35, 36, 327-332, 334
336). Recent studies on the mechanisms of oxo-transfer reactions to
other organic and inorganic substrates are summarized in Table IX.
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Such reactions are not only interesting in their own right but are
germane to the synthesis of many Os complexes.

The reverse reactions, in which Os(VI) complexes undergo an oxo
atom transfer with organic substrates, are also very important. They
are the key steps in the regeneration of the catalyst in the Os(VIID)-
catalyzed cis-dihydroxylation reactions of organic N oxides (27, 35, 329,
390, 391, 394). Although the trigonal-planar [OsV(NAr);] (Ar = 2,3-
Pr'oCeH3) is air-stable, it undergoes an atom-transfer reaction with
MesNO to give [OsV™(0)(NAr)3] (22).

Oxotransfer is well documented for complexes of Ru(IV) — Ru(VI)
(629, 630). In addition to oxotransfer to organic substrates, Ru com-
plexes have been shown to be electrocatalysts for the oxidation of water
(631). Though not as strong oxidizing agents as their Ru analogs,
Os(VI) complexes have also been reported to undergo oxo-transfer reac-
tions. cis- and trans-[Os(bpy)2(0)2]2* react with two equivalents of
PPh; to give either the cis- or trans-[Os(bpy)2(OPPh3)21°", respectively
(415). Similar activity is shown by the porphyrin complex, [Os(oep)(O)2 ]
(218), the complex containing the tetradentate amide/pyridine ligand,
trans-[Os(bpbH2)(0)2} (283), and the macrocyclic complex, trans-
[Os(14-tme)(0);] (39). Indeed, oxo-transfer reactions of dioxoOs(VI)
complexes with PPhs are standard preparative methods for the
syntheses of Os(II), Os(III), and Os(IV) complexes. Oxo complexes of
0s(V]) in saturated ligand environments are less reactive than with
bpy or porphyrinato ligands, but have been shown to be powerful photo-
oxidants (107, 114). Similarly, the oxo-bridged dimers of Os are not
sufficiently oxidizing to oxidize water to dioxygen (554). trans-
[Os(bpbH3)(0):] also reacts with cyclohexene to form cyclohexenol
(283).

¢. Nitrogen Atom Transfer. Although not as numerous as oxo-
transfer reactions, the nitrogen atom-transfer reactions of [0sV"{(Q),,-
(NR)4-,] with unsaturated substrates such as alkenes have received
recent attention in organic synthesis. These reactions result in Os(VI)
imido complexes that ultimately yield diamines and aminoalcohols (22,
35, 208). Other atom-transfer reactions of Os(VIII) include the reaction
of [0Os(O)(NAr);] with PR; to form [Os'V(NAr),(PRs):], OPR3, and
ArNPR; (22), and [Os(0)s(NBu®)] with mesMgBr to give [0sV{(0)q-
(mes)2] and mesNH; (30).

In the late 1970s, Buhr and Taube demonstrated a nitrido coupling
reaction in which treatment of [Os(NHj3)5(CO) 1>* by Ce(IV) generated
[{Os(NH3)4(CO)}o(u-N2) 1** in high yield (58). Work in this area has
recently been extended to complexes of aromatic nitrogen ligands:
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when trans-[Os(py)2Cl3N] is heated in py for several hours, N3 is elimi-
nated in good yield concurrent with the formation of [Os(py)sCls] (42,
226). Experiments with substituted pyridines indicate that coupling is
triggered by substitution of the heterocycle into a coordination position
trans to the nitrido group. Similar coupling reactions occur with
[OsY(NH3)4N] under UV/Vis irradiation in acetonitrile to form the
mixed-valence trans,trans-[Osy(u-N2)(NH3)s(NCCH3)21°*  complex
(269). Such reactions are not only of fundamental interest, but they are
also the reverse reactions involved in nitrogen fixation. A knowledge of
the factors that affect the coupling reaction may lead to the rational
design of nitrogen-fixing reactions.

[0sVYN)Clg(pic)z] and [OsY(N)Cly(trpy)]* undergo atom-transfer
reactions with CN~ to form [Os'V(pic)2(NCN)Cl3]~ and [Os''-
(tryp)(INCN)Cl; ], and with N3~ to form [Os"(pic)2(N2)Clz]™ and [Os'-
(trpy)(N2)Cl, ], respectively (632). [OsV(trpy)(bpy)(N) I** is believed to
undergo an atom transfer with H,O to form {Os™(trpy)(bpy)(NH20)] in
the oxidative conversion of [Os'(trpy)(bpy)(NH3)]2* to [OsV(trpy)
(bpy)(NO)13* (43).

Although not strictly atom-transfer reactions, because there are no
changes in formal oxidation states, the nucleophilic substitution reac-
tions of the nitrido complexes are parallel reactions. The nitrido ligands
of [Os(N)R4] ™ are alkylated readily to give [Os(NR')R4], and the kinet-
ics of the reaction between [Os(N)(CH2SiMes)4]™ and Mel have been
studied (155). This illustrates that even in the Os(VI) oxidation state,
N3~ retains some nucleophilic characteristics. Whether it acts as a
nucleophile or electrophile depends critically on the nature of the other
ligands and the substrate with which it reacts. Even though this ligand
can act as nucleophile when bound to Os( V1), it is not as good a nucleo-
phile as RS™, because [Os(N)(CH2SiMe3)2(SCH2CH,S)]™ is preferen-
tially methylated at the sulfur to form [Os(N)(CH;SiMes)2(SCH,CH,-
SMe)] (156).

d. Halogen Atom Transfer. Rapid halide atom transfer occurs in
the system [Os'(cp)21/[0s!'V(cp)2l]*, although much slower than the
analogous Ru chemistry. There are two independent reaction path-
ways. One is first order in both reactions and is the only pathway
available in polar solvents, and the other is first order with respect to
the Os(II) complex and zero order with respect to the Os(IV) complex.
This second pathway is only observed at low concentrations of Os and in
weakly polar solvents. The rate constants of the overall second-order
reactions vary by over an order of magnitude in going from dmso
(8.5 M 'sec™!) to acetone (78.3 M~ ! sec™!) at 20°C, although the acti-
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vation enthalpies and entropies show a much bigger variation. The
cross-reaction [Ru(cp)2Cl]*/[Os(cp)2] has also been studied (633, 634).

2. Ligand-Centered Reactions on Osmium(IV)

a. Allyl Complexes. As is common for most n3-allyl complexes of
higher oxidation states (180), [Os"V(NH3)s5(n®-allyl)1** readily under-
goes nucleophilic attack to give substituted [Os"(NH3)s(n*olefin)]?*
complexes (180). Suitable nucleophiles include PPhj, py, and MeQO .
The cyclic allyl complex, [Os(NHj3)5(CsHg) I**, reacts with base to
generate an Os(I) 1,3-cyclohexadiene species. The tendency of allyl
complexes to deprotonate is markedly enhanced when the product
is aromatic, hence, even in acidic media, [Os(NH3)5(3,6-
dimethoxycyclohexene) |2* eliminates two equivalents of methanol to
generate [Os(NHj3)s5(n%-benzene) 1" . This sequence is shown in Scheme
15, starting from the hydrogenation of p-dimethoxybenzene (180).

b. Oxidative Dehydrogenation. The Os(IV) oxidation state is also
important in oxidative dehydrogenation reactions. [Os!V(en)(en-H),1**
(204, 205) is an intermediate in the oxidative dehydrogenation reaction
of [Os(en)s]®*. The reaction proceeds by base-catalyzed disproportio-
nation of the Os(III) compound to Os(II) and deprotonated Os(IV) com-
plexes. Such disproportionation is facilitated by the stabilization of
Os(IV) by 7 bonding between the deprotonated amines and the
electron-deficient Os(IV) center (204, 205). The subsequent intra-

ocH,| > 3+ 24
-H* A
- (NH3)503—-( — |
(NH,);0s— M Q = | (NHy);05]
“CHOH OCH, OCH,
OCH,
Hy: Rh°/CT H*” -CH,0H
2+
OCH, 5, "
~ X _H+ X
(NHy),0s]] P (NH ;05— I = (NHJ)SOS{
OCH,

ScHEME 15. Reactions of |[Os(NHj)5(n*-allyl) |** complexes.
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molecular two-electron transfer to produce [Os(en)s(enim) 12" is driven
by the 7 backbonding stabilizing of Os(Il). The reaction continues in air
via a series of oxidations, disproportionations, and intramolecular re-
dox reactions to produce [Os(en)(diim),]** as the air-stable product
(204, 205). This chemistry is summarized in Schemes 11 and 16. Paral-
lel chemistry is observed for [Ru(en)s]**, but the Ru(IV) intermediates
are too unstable to be characterized and the aerial oxidation stops at
[Ru(en)o(diim) 12" (635). The extent of oxidation depends on the ability
of 04 to oxidize [MY(en)o(diim) ]2t to the M(III) counterpart. The Ru(Il)
complex has a more positive redox potential than does its Os(II) coun-
terpart and hence is not easily oxidized to Ru(IIl) in order that the
disproportionation and subsequent oxidative dehydrogenations can oc-
cur to give [Ru(en)(diim)zJ2*.

Similar reactions occur in the oxidative dehydrogenation reactions
of [Os(bpy)2(ampy)]®* to [Os(bpy)2(impy)?* and related ligand
oxidations (256) that parallel the well-studied Ru chemistry
(636). Such reactions are also used in the synthesis of [(NH3)50s-
(NCCN)OS(NH3)5]5+ from [(NH3)505(NH20H20H2NH2)OS(NH3)5]6+
(642), and the oxidations both of amines to nitriles and of alcohols to
aldehydes and ketones in [Os(NHj3)sL]** complexes (637). Os(II) car-
bonyl complexes are also prepared from the oxidative dehydrogenation
of methanol, to form [Os(PPri3)3(CO)H)(C1)] (18). MCl; * xH,0 reacts
with the tetradentate ligand, picstien, in air to give trans-[M(picstien-
dii)Clz] M = Ru or Os) in which the diamine ligand has undergone an
oxidative dehydrogenation reaction to form a M(II) diimine complex
(638).

¢. Ligand Deprotonation. Base-catalyzed disproportionations of
[Os(NHj3)s(N-heterocycle) 13* complexes present a problem in the direct
synthesis of these complexes from the reaction [Os(NHj3)s5(O-
S0,CF3)12" with excess ligand. Upon deprotonation and disproportio-
nation of the Os(III) complex, it is presumed that amido ligand further
deprotonates to form imido or nitrido Os(IV) species. These doubly or
triply deprotonated ammine ligands both stabilize the higher oxidation
states and labilize cis ammine ligands to substitution, resulting in
multiple cis substitution of the N heterocycles (68).

3. Ligand-Centered Reactions on Osmium(III)

For Os(II), the origin of most ligand-centered reactions is due to the
Lewis acidic nature of the metal ion. This effect raises the acidity of
[Os(NH3)]** significantly (pK, = 16) (87). Hence, trace amounts of
this material in an acetone solution of [Os(NH3)s]2* act to catalyze the
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[Os(en)z(en—H)]h + OH — [OS(en)(en-H)z]z‘ + Hp0

H 3+ H 2+
| |
........ OH- .
W/)N\?ZH Nese
("")20\ /, H — (en)zOsn/,
N N
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2+
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[_ H, H
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ScHEME 16. Mechanism of oxidative dehydrogenation of [Os'V(en),(en-H)}? " produced
from the disproportionation of [Os(en)3]**. Reprinted with permission from the Journal of
the American Chemical Society, Ref. 204. Copyright 1982, American Chemical Society.

formation of the imine species [Os(NH3)5{NHC(CHj3)2}]*", wherein the
imine acts to stabilize the electron-rich Os(II) center (194).

The acidity of the Os(III) ammine complexes is enhanced consider-
ably by replacement of an ammine ligand by N-heterocyclic, imine, or
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other m-acid ligands. This is due to the transferral of electron density
from the 7-donor ligand, NH, ", to the #* orbital of the m-acid ligand,
via the Os(III) center. This aids considerably in catalyzing reactions
that proceed via base-catalyzed disproportionation reactions (Sections
V,E,1,cand V,E 2.

Although Os(III) is a Lewis acid, it undergoes stronger = backbond-
ing than does Ru(IIl) (196, 426, 586). For example, acid hydrolysis
of [Ru(NH;3)5(NCMe)** gives [Ru(NH3)s(NHCOMe)]** (or its pro-
tonated analog at low pH values) with a specific rate constant of
1.2 X 1075 sec™! at 25°C. This rate is independent of pH and ionic
strength, which is indicative of OH; being the nucleophile (639). The
analogous chemistry occurs for Os(II), but at a much slower rate
(k<1 x 1075 sec™! at 25°C) (67, 119). A similar significant stabili-
zation is apparent in the acid hydrolysis of the cyanogen-bridged
complexes. Thus, hydrolysis of the cyanogen ligand in [(NHj)s-
Ru(NCCN)Ru(NH;3)51°* gives [(NH3)sRulNHCOCN)Ru(NH3)514*
with a specific rate constant of 7.0 x 1072 sec™! at 25°C (588, 640). By
contrast, the same reaction at the mixed-valence Os complex occurs
with a specific rate constant of ~2 x 10~ * sec ™! at 25°C (542). The acid
hydrolyses of the cyanogen ligand bound to both of the +6 ions is too
fast to be measured using conventional cyclic voltammetry (up to 50 V
sec”! at 25°C). The Osy** and Ruy** ions are both very resistant to
nucleophilic attack at the cyanogen ligand, due to the very substantial
degree of transferral of 7 electron density by 7 backbonding. In sum-
mary, bonding of nitriles to Os(III) activates them to nucleophilic at-
tack, but this activation appears to be moderated by a greater degree of
7 backbonding for Os(III), compared to Ru(III). Of course the results can
also be interpreted in terms of stronger 7 bonding of the nitriles to
Ru(II) than Os(III). This would also activate the nitriles to a greater
extent when bound to the former, but the balance of evidence strongly
points to w backbonding deactivation by Os(III) as the major source of
the differences in reactivities. Confirmation of this awaits crystal struc-
tures of isomorphous complexes. If 7 bonding activation is the most
important factor, the Ru-N(nitrile) bond will be shortened with respect
to the anologous Os-N bond, whereas the converse will be true if =
backbonding deactivation is most important.

A further demonstration of the Lewis acidity of Os(III) is the aldol
condensation reaction of [Os(NHj3)5(n!-acetone) ¥, to form the diace-
tone alcohol complex (67, 90). The catalysis of this reaction can occur in
one of two ways. Either Os(IIl) catalyzes the deprotonation of a methy!
group of the bound acetone ligand to produce a nucleophile for attack at
a second acetone ligand, or the Os(III) center polarizes the C=0 bond of
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the acetone ligand, which facilitates the attack of a CH;COCH,™ nu-
cleophile. The kinetics and mechanisms were not studied in detail and
isotopic labeling experiments would be required to distinguish between
these two possibilities or one in which both forms of activation are
occurring. Similar reactions occur with the Co(IID) (90) and Ru(IIl)
(182-184) analogs.

There is also other evidence for the activation toward nucleophilic
attack of ligands coordinated to Os(III). One example is the formation of
[Os"™(NH3)5(N-Etpz)1** as a by-product in the reaction of {Os(NH3)5(0-
S0,CF3)]?* with pz in triethylphosphate. The by-product is thought to
occur via the nucleophilic attack of [Os(NH3)s(pz) **/2* on the [Os-
(NH3)s{OP(OEt)3}1®* intermediate (68, 80). If the [Os(NH3)s5(pz) 3+
complex is the nucleophile, then it is a further indication of the impor-
tance of 7 backbonding in the Os(III) complex. In fact, it has been shown
that the pyrazine ligand bound to Os(IIl) is surprisingly basic for a
diazine coordinated to a M(II) center. Dissolution of yellow [Os-
(NH3)5(pz) ** in 0.1 M HCl results in an immediate color change to the
dark brown [Os'™(NH3)5(pzH)]** ion (66, 67).

4. Ligand-Centered Reactions on Osmium(Il)

a. Protonations. The vast majority of ligand-centered reactivity on
Os(I) ammine complexes is attributed to the strong tendency of this
metal ion to undergo 7 backbonding with =-acid ligands. Perhaps the
most fundamental demonstration of this is the enhancement in proton
affinity reported for various organic bases upon coordination to the
metal. A striking example is the pyrazine complex [Os(NH3)4Cl(pz)]*
(77), which is greater than seven orders of magnitude more basic than
for the free ligand. Such increases in basicity are also observed for the
[M(NH3)s5(pz)}2* complexes (60, 67). The fact that the increase in ba-
sicity is 6.8 pK} units when M = Os, but only 1.9 pKj, units when
M = Ru, quantifies the much greater 7 basicity of Os(Il), compared to
Ru(Il) (60). In contrast, [Os(NHj)5(3,4-n%lutidine) )?*, in which the
heterocycle is dihapto bound (85), shows virtually no change in proton
affinity upon ligation. However, dihapto coordination of aromatic mole-
cules can also result in a thermodynamic protonation site that differs
from the free ligand, e.g., free pyrrole, which protonates preferentially
at the 2-position (pK, =~ —4), protonates at the 4-position in [Os-
(NH3)5(2,3-n2-pyrrole) 12*, but at considerably higher pH values (>4)
(430). Similarly, [Os(NHj3)s(n-aniline) ]** and related complexes show
enhanced basicity at the para-position of the ring, an observation which
suggests that the ligand possesses a considerable dienamine character
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(431). Finally, upon treatment with acid, both diene and allyl ether
complexes of [Os(NHj)512* yield Os(IV) n*-allyl species, the latter reac-
tion proceeding by the elimination of alcohol (180).

b. Alkylations. Reactions analogous to the protonation of w-acid
ligand bound to Os ammine complexes have been observed with other
electrophiles. The pyrazine complexes, [Os(NH3)5(pz)1?* and [Os-
(NH3)4(N2)(pz)1?*, and other diazine complexes are N-methylated by
the reaction of CHsl in dmso (195). [Os(NH3)s(n?-pyrrole) I** complexes
are methylated at the 4-position or the N-position by CH3;OTf in
dme (85), and 2,3,-n*-coordinated phenol is methylated at the oxygen
(178). When this phenol complex or the aniline derivative is treated
with maleic anhydride, a Michael reaction is observed exclusively at
the para position, and in high yield (178, 431). For the aniline complex,
oxidative work-up followed by esterification in MeOH results in di-
methyl (4-aminophenyl)succinate ester, free of ortho-substituted con-
taminants (Scheme 17) (431).

cis-[Os(bpy)2(CN)2] is methylated with Mel or benzylated with Ph-
CH:Br in MeCN to give the isonitrile complexes, cis-
[Os(bpy)2(CNR)21?* (R = Me or PhCHy) (97).

c. Arene Activation. One of the most significant outcomes of the
formation of stable [Os(NHj3)s(n2-arene) 1?* complexes is the manifesta-
tion of dienelike reactivity in the organic ligand. [Os(NHjs)s(n2-
benzene) ]** is readily hydrogenated under 1 atm of hydrogen at 20°C to

2+ 2+
+ NH, NH,
2+
NH, CH;CN AsOs AsOs
s o
AsOs . 20°C 20°C

MeOH

[ AsOs—NH, ]2+ lSi(CH,),m

NH,

<,

OCH;

JocHs

ScHEME 17. Reaction of [Os(NHz)s(n?-aniline) B* to give dimethyl (4-aminophe-
nyl)succinate ester.
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the cyclohexene analog in the presence of a Pd® catalyst (432). When the
reaction is carried out under D, in CD3;0D, all of the deuterium is
incorporated at a common ring face. Thus, the metal serves to activate
the arene, protect the olefin product from further hydrogenation, and
direct the stereochemistry of the reaction. Such a hydrogenation can be
carried out on substituted benzene complexes as well (169). For the case
of the 2,3-n?-anisole species, hydrogenation in dry methanol yields the
3-methoxycyclohexene isomer in high yield. When this reaction is re-
peated in aqueous methanol with a trace of acid, the major product is a
2-cyclohexene-1-one-complex, i.e., the hydrolysis product of a 2-
methoxy-1,3-diene intermediate (Scheme 18). The dihapto coordination
of arenes also results in their activation toward additional metalation,
even by weaker 7-bases such as [Ru(NHj)51%" (172).

One of the most exciting findings concerning n2-arene activation is
the enhancement of nucleophilic character at the ortho and para po-
sitions of phenols, phenyl ethers, and anilines (178, 431). As mentioned
above in the context of alkylations, Michael additions readily occur at
the para position of phenol and aniline. The action of the methylnitrill-
ium ion on anisole or phenol in CH3CN leads to the formation of 4-
methoxy- and 4-hydroxyacetophenone imines in excellent yields (178).
When a methyl group occupies the para position, imine formation takes
place exclusively ortho to the electron-donating substituent. The redis-
tribution in electron density upon coordination of these arenes is sig-
nificant enough that the complexes [Os(NHj)s(0-cresol)?* and
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OCH, * OCH, OCH,
7 H, 7 ",
-—Os(NHy)s| — I'—Os(NH])S 2 l——Os(NH3)5
N
umsuzo
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0
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ScHEME 18. Preparation of a 2-cyclohexene-l-one complex from a 2,3-n%-anisole
complex.
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[Os(NHj)s(m-cresol) J2* exist primarily as the 2,5-cyclohexadien-1-
one tautomers under equilibrium conditions in methanol (178).

d. Activation of N-Heterocycles. The reduction of [Os™(NHg3)5(N-
heterocycle) >t complexes by Zn(Hg) in acidic solution initially pro-
duces the Os(II) analogs. However, the charge-transfer bands of these
complexes slowly disappear upon further reduction and this is attrib-
uted to hydrogenation of the ligands (60). Given the recent work on
hydrogenation of the arenes discussed previously (169, 172, 432) and
the formation of n%-bound N-methylated complexes (85), a likely mech-
anism is as follows. Following reduction to Os(II), the complex is pro-
tonated to form the diazenium complex, which rearranges to form an
equilibrium concentration of the n? linkage isomer. This isomer would
be expected to be susceptible to hydrogenation in chemistry that paral-
lels that observed for the n%-arenes (169).

e. Addition Reactions. [Os(NHjz)s(n2-pyrrole) 12" is 2,3-7% & 3,4-n2
fluxional at room temperature and shows markedly different reactivity
toward cycloaddition to maleic anhydride than is observed for the free
ligand (179). Whereas pyrrole itself is quite resistant to this dienophile
and undergoes a Michael addition only at high temperatures, the com-
plex readily forms a mixture of exo and endo cycloaddition products at
room temperature. The reaction is thought to proceed through a dipolar
cycloaddition in which the active intermediate is an azomethine ylide
stabilized by metal coordination at the 3,4-positions. By contrast, no
reaction is observed when [Os(NHg)s(pyrrole)]?* is replaced by the
furan analog, even though cycloaddition to maleic anyhydride readily
occurs with the free ligand.

Alkyne complexes of Os(II) are observed to undergo addition of water
and methanol across the alkyne bond, resulting in stable vinyl alcohol
and vinyl ether complexes, respectively (168). When an aqueous solu-
tion of [Os(NH3)5(CH3C=CCHj)]?* is allowed to stand, the initial
product observed is the cis-2-hydroxy-2-butene complex. Over a period
of several days, this species equilibrates with its trans stereoisomer, the
latter being slightly favored in aqueous solution (K., = 1.5).

The Os(II) alkene complexes [OsClL(INO)R2C=CR;)(PPhj);] are
quite reactive toward addition of OSNSO,CgH Me-4 (Section II,C,2,f)
(163, 164).

Elliott and Shepherd (70) have investigated the effect of Os(II) coordi-
nation on dienes and report that the metal acts as a protecting group for
electrophilic addition of bromine. Thus, the action of bromine on
[0Os(NH3)5{n%-1,2-(1,3-butadiene)}]** is thought to result in the 3,4-
dibromo-1-butene analog.
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f. Condensation of Acetone. The reduction of cis-{Os(NHj)(O-
SO4CF3)2]" in acetone results in the substitution-inert [Os-
(NHg3)s(daa)]™ complex (daa = diacetone alcohol). The fact that the
complex is substitution inert shows that one site is occupied by a
n®-ketone group. The other site is expected to be occupied by the depro-
tonated alcohol, although the coordination mode has not been positively
identified. It appears that this reaction occurs via an intramolecular
condensation of cis-acetone ligands, but the details of the mechanism
are uncertain and the condensation may have occurred prior to reduc-
tion of the Os(III) complex cf. Section V,E,3 (81, 89).

g. Dehydration Reactions. The propensity of Os(II) to bind strong =
acceptor ligands drives a number of dehydration reactions. These in-
clude the dehydration of formate to carbon monoxide (119), hydrogen
sulfite to sulfur dioxide (197), and oximes to nitriles (195). The former,
in particular, is a rapid reaction and must also involve a linkage isom-
erization reaction because the formate ligand is initially O bound,
whereas the product has the C-bound carbonyl ligand. A likely interme-
diate is the 7-C,0-formic acid complex, by analogy with the preferred
linkage isomers of ketones and aldehydes. As shown in the following
section, such an intermediate is expected to activate the ligand to
dehydration by analogy with the elinination reaction of the 12-C,0-
acetaldehyde complex. A second possible intermediate is the C-bound
formate isomer.

Upon reoxidation of the Os(II) complexes, hydration of the ligands
bound to Os(III) is much slower than the dehydration of the ligands
bound to Os(II). Thus, reversible redox couples are found for the oxida-
tion of the Os(II) dehydration products. Though the SO; and nitrile
ligand will hydrate in the Os(III) oxidation state, the latter forms
amides and is quite slow. In the case of the CO complex, the Os(III)
complex is too labile for any appreciable CO hydration to occur within
the lifetime of the complex.

Similar dehydration reactions are observed at Ru(Ill), but they are
somewhat slower (195, 641-643), which is consistent with the smaller
degree of stabilization of the products by 7 backbonding and, by impli-
cation, the transition states/intermediates in the reactions.

h. Other Elimination Reactions. Though Os chemistry parallels Ru
chemistry in the dehydration/elimination reactions, Os(II) exhibits
other elimination reactions that have no known parallels in pentaam-
mineruthenium(Il) chemistry. A particularly surprising reaction is
the rapid extrusion of CO from {Os(NHj3)5(dmf)}** to form {Os-
(NHj3)5(CO))?2* and NH(CH3), (120). Other similar reactions that occur



352 PETER A. LAY AND W. DEAN HARMAN

are the elimination of methane from coordinated acetaldehyde to form
[0s(NH3)5(CO) 12", and the elimination of Hy from the methylimine
complex, [Os(NH3)5(NH=CHCHa3)1?*, to form [Os(NH3)s(NCCHj3) ]2*
(120). Similar reactions are used in the preparation of [Os(H)X(X)(CO)-
(PR3),] complexes (Section II,C,2,b), but these require much greater
forcing conditions, illustrating the greater degree of 7 stabilization of
the Os(I]) m-acid complexes with the pentaammine moiety as opposed to
complexes with other 7 acids, such as phosphines. The pentaammine
chemistry also shows the much greater driving force of 7-backbonding
stabilization of Os(I) compared to RU(II), although facile elimination
reactions of [Ru(NH3)s(HON=C(R)CH3)]** to produce [Ru(N-
H,)5(N=CCH3)1** and ROH have been reported (644).

Abbreviations and Trivial Nomenclature

A ammine or amine

(aa)zen N.,N-bis(acetylacetone) ethylenedii-
mine = 3,3'-(1,2-ethanediylnitrilo)
bis(1-methyl-1-butanonato)

abn aminobenzonitrile

ac acetone

acac acetylacetonato(1-) = 2,4-
pentanedionato(1—)

Acdhqd acetyldihydroquinidine

acet acetaldehyde

AcOH acetic acid

adc-Me 1,2-diacetylhydrazido(2—)

ampy 2-(aminomethyl)pyridine

an acetonitrile

[9]aneS; 1,4,7-trithiacyclononane

[14]aneS, 1,4,8,11-tetrathiacyclotetradecane

[14]JaneN, 1,4,8,11-tetraazacyclotetradecane

[15]aneN, 1,4,8,12-tetraazacyclopentadecane

(16]aneN, 1,5,9,13-tetraazacyclohexadecane

[18]aneSg 1,4,7,10,13,16-hexathiacyclooctadecane

anisole methoxybenzene

(ba)zen N ,N'-bis(benzoylacetone) ethylenedii-

mine = 3,3'-(1,2-ethanediylnitrilo)-
bis(1-phenyl-1-butanonato)



bbpe

bibzim
bim
bimH
bpa
bprz

bpb
bpds
bpt

bptz
bpy
4.4'-bpy
bsd

bta

btd

Bu”

Bu’
(Bu')en

4-Bu‘py

3-Bu’-saltmen

chd

chp
4-cinn
ClBzdhg
ClBzdhqd
cod

cp
o-cresol
p-cresol
crMes
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trans-1,2-bis(4'-methyl-2,2'-bipyridyl-

4-yl)ethene

2,2'-bis(benzimidazolate)(2—)

2,2'-biimidazolato(2—)

2,2'-biimidazolato(1—)

1,2-bis(4-pyridyl)ethane

N,N'-bis(2’-pyridinecarboxamide)-1,2-
benzene

N,N'-bis[2’-pyridinecarboxamido(1—)]-
1,2-benzene

4,7-diphenyl-1,10-phenanthroline dis-
ulfonate

3,5-bis(pyridin-2-yl1)-1,2,4-
triazolate(1-)

3,6-bis(2-pyridyl)-1,2 4,5-tetraazine

2,2'-bipyridine

4,4'-bipyridine

2,1,3-benzoselenadiazole

benzotriazolato(1—)

2,1,3-benzothiadiazole

n-butyl = 1-butyl

tert-butyl = 2-(2-methylpropyl)

N,N'-bis(isobutyrylacetone) ethyl-
enediimine = 3,3’-(1,2-enthanediyln-
itrilo)bis(1-(2-butyl)-1-butanonato)

4-tert-butylpyridine = 4-{2-
(2-methylpropyl)lpyridine

N,N'-(1,1,2,2-tetramethylethylene)bis-
(3-tert-butylsalicylideneami-
nato)(2—)

1,2-cyclohexanediol

6-chloro-2-hydroxypyridinato(1—)

N-(4-pyridyl)cinnamamide

(4-chlorobenzoyl)dihydroquinine

(4-chlorobenzoyl)dihydroquinidine

1,5-cyclooctadiene

cyclopentadienyl

2-methylphenol

4-methylphenol

meso-1,2,6,10,11-pentamethyl-2,6,10-
triazal11](2,6)-pyridinophane
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CT
Ctmen
Ctmen-H

Ctmen-2H
cym

Cv
daa

dabco
dabcoMeps/dvp

das
dbcat
dca
1,2-dcb
1,3-deb
1,4-dcb
dcbpy
dcpe
ddq
depe
dhe

dhdhp
diaa

diim
diMeim
diMeim-H

dma
dmedhqd
dme

dmf
dmpe
dmps
dmso
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charge transfer
2,3-dimethylbutane-2,3-diamine
2,3-dimethylbutane-2,3-
diaminato(1-)-N
2,3-dimethylbutane-2,3-
diaminato(2—)-N,N'
cymene = 1-methyl-4-(1'-methyl-
ethyl)benzene
cyclic voltammetry
diacetone alcohol = 4-hydroxy-4-
methylpenta-2-one
1,4-diazabicyclo[2.2.2]octane
dabco-methylated polystyrene/
divinylbenzene copolymer
cis-1,2-bis(dimethylarsino)benzene
3,5-di-tert-butylcatechol
dicyanoamide(1-)
1,2-dicyanobenzene
1,3-dicyancbenzene
1,4-dicyanobenzene
2,2'-bipyridine-4,4'-dicarboxylate(2—)
1,2-bis(dicyclohexylphosphino)ethane
dichlorodicyanobenzoquinone
1,2-bis(diethylphosphino)ethane
cis-1,2-dihydrocatecholate(2—) = cis-
5,6-dihydroxy-1,3-cyclohexa-
dienate(2-)
cis-9,10-dihydro-9,10-dihydroxyphena-
nthrenato(2-)
di(4-anisyl)amine = bis(4-
methoxyphenyl)amine
ethanediimine
N,N’-dimethylimidazolinium
N,N’'-dimethylimidazolinium ion de-
protonated at the 2-position
N.N-dimethylacetamide
dimethylcarbamoyl dihydroquinidine
1,2-dimethoxyethane
N.,N-dimethylformamide
1,2-bis(dimethylphosphino)ethane
2,3-dimercaptopropanesulfonate(3 —)
dimethyl sulfoxide
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dpae
dpb

dpp
dppe
dppene
dppm
dppmO

dppm$S

dpq
ehba
en
en-H
enim
EPR
Etpz
Fe

Fe*

thp

gn

glyc
H2Chba
H,chba-dcb

Hschba-Et
Hschba-ethylene
Hychba-£-1,2-diEtO-Et
Hychba-2-1,2-diHO-Et

Hychba-£-1-OH-2-MeO-Et

hhch

hmt
hp

1,2-bis(diphenylarsino)ethane
1,8-bis{5-(2,8,13,17-tetraethyl-3,7,12,
18-tetramethyl)porphyrinato(2-)]
biphenylene
2,3-bis(2'-pyridyl)pyrazine
1,2-bis(diphenylphosphino)ethane
cis-1,2-bis(diphenylphosphino)ethene
bis(diphenylphosphino)methane
(diphenylphosphinomethyl)diphe-
nylphosphine oxide
(diphenylphosphinomethyl)diphe-
nylphosphine sulfide
2,3-bis(2'-pyridyl)quinoxaline
2-ethyl-2-hydroxybutanoato(2—)
1,2-ethanediamine
1,2-ethanediaminato(1—)
2-aminoethan-1-imine
electron paramagnetic resonance
N-ethylpyrazinium
ferrocene
ferricenium
6-fluoro-2-hydroxypyridinato(1-)
glutaronitrile
glycolate(2—)
3,5-dichloro-2-hydroxybenzamide
1,2-bis(2-hydroxy-3,5-dichlorobenza-
mido)-4,5-dichlorobenzene
1,2-bis(2-hydroxy-3,5-dichlorobenza-
mido)ethane
cis-1,2-bis(2-hydroxy-3,5-dichlorobenz-
amido)ethylene
1,2-bis(2-hydroxy-3,5-dichlorobenzami-
do)-trans-1,2-diethoxyethane
1,2-bis(2-hydroxy-3,5-dichlorobenzami-
do)-trans-1,2-dihydroxyethane
1,2-bis(2-hydroxy-3,5-dichlorobenzami-
do)-trans-1-hydroxy-2-
methoxyethane
cis,cis,cis,cis,trans,trans-1,2,3,4,5,6-
hexahydroxycyclohexanate(6—)
hexamethylenetetraamine
2-hydroxypyridinate(1—)
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Hpy
HpyS
H,dpd

H4dpd

H,fo-chba

Hshba-b
im

impy
isn

4-lutdm
malt

Mb

MCD
4,4'-Mezbpy
5,5'-Megbpy
Me,bpy
MeOdhqd
4,7-Megphen
3,5,6,8-Me4phen

3,4,7,8-Me4sphen

Mepy
MesPymS
MePymSH
Mepz

mes

mix

mix-dme

MO

m.p.
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pyridinium

pyridinium-2-thiolate

1-[5-(2,8,13,17-tetraethyl-3,7,12,18-
tetramethyl)porphyrinato(2—)1-8-[5-
(2,8,13,17-tetraethyl-3,7,12,18-tetra-
methyl)porphyrinlbiphenylene

1,8-bis{5-(2,8,13,17-tetraethyl-3,7,12,
18-tetramethyl)porphyrin]bi-
phenylene

N-formyl-3,5-dichloro-2-hydroxyben-
zamide

1,2-bis(2-hydroxybenzamido}benzene

imidazole

2-(carboxyimine)pyridine

iso-nicotinamide = 4-(carboamide)
pyridine

4-(2,6-lutidinium)

maltolato(1—) = 3-hydroxy-2-methyl-
1-oxacyclohexa-2,5-dien-4-onato(1—)

myoglobin

magnetic circular dichroism

4,4'-dimethyl-2,2'-bipyridine

5,5'-dimethyl-2,2'-bipyridine

4,4',5,5'-tetramethyl-2,2'-bipyridine

methoxydihydroquinidine

4,7-dimethyl-1,10-phenanthroline

3,5,6,8-tetramethyl-1,10-
phenanthroline

3,4,7,8-tetramethyl-1,10-
phenanthroline

N-methylpyridinium(1 +)

4,6-dimethylpyrimidine-2-thiolato(1-)

4,6-dimethylpyrimidine-2-thiol

N-methylpyrazinium

mesityl = 2,4,6-trimethylphenyl

meso-porphyrinato(2—) IX-dicarboxylic
acid

meso-porphyrinato(2—) IX-dimethy!l
ester

molecular orbital

melting point



mv2+

NBu*

nd

(NEY) szy
neopentyl
NIR

nmp

NQR
Ntmen

oep
oep”

oep”

OTf

Pc

pda

Ph
phen
phenba

4-pic
picstien

picstiendii

Prf
Pro
ptz
pvp
|
pyca
pycaH
pyO
pyr
pyS
pySH
pySSpy
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methyl viologen = N,N'-dimethyl-4,4’-
bipyridinium(2+)
tert-butylimide = 2-methylpropan-2-
imide
2,3-naphthalenediolato(2—)
4,4'-bis(diethylamino)-2,2’-bipyridine
2,2-dimethylpropyl
near-infrared
N-methylpyrrolidine
nuclear quadrapole resonance
N,N.N',N'-tetramethyl-1,2-
ethanediamine
octaethylporphyrinato(2—)
octaethylporphyrinato(1-)
radical
octaethylporphyrinato(3—)
radical
triflate = trifluoromethanesulfonate
phthalocyanato(2—)
1,2-phenylenediaminato(2—)
phenyl
1,10-phenanthroline
N,N'-1,2-phenylenebis{2-acetyl-1-
amino-1-buten-3-onato(1—)]
4-picoline = 4-methylpyridine
3,4-diphenyl-1,6-bis(2'-pyridyl)-2,5-
diazahexane
3,4-diphenyl-1,6-bis(2’-pyridyl)-2,5-
diazahexan-1,5-diene
iso-propyl = 2-propyl
proline
phenothiazine
polyvinyl pyridine
pyridine
pyridine-2-carboxylato(1—)
pyridine-2-carboxylic acid
pyridine N-oxide
pyrimidine
pyridine-2-thiolato(1—-)
pyridine-2-thiol
2,2'-bis(pyridyl) disulfide
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pz pyrazine

pzH pyrazinium(1l+)

gned quinuclidine

salen N,N'-ethylenebis(salicylideneami-
nato)(2-)

5-S03™ -bpy 2,2’-bipyridine-5-sulfonate(1~)

tatd 1,3,5,7-tetraazatri-
cyclo[3.3.1.1%7]decane

tcne tetracyanoethene

teta C-mes0-5,5,7,12,12,14-hexamethyl-1,4,
8,11-tetraazacyclotetradecane

tetraphos 3,6-diphenyl-1,8-bis(diphenylphos-
phino)-3,6-diphosphaoctane

thch cis,trans,trans-3,4,5,6-tetrahydroxycyc-
lohex-1-enato(4—)

thf tetrahydrofuran

thio thiourea

ththa cis,trans,trans-1,2,3,4-tetrahydro-1,2,
3,4-tetrahydroxyanthracenate(4—)

14-tme 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane

15-tme 1,4,8,12-tetramethyl-1,4,8,12-tetraaza-
cyclopentadecane

16-tmce 1,5,9,13-tetramethyl-1,5,9,13-tetraaza-
cyclohexadecane

tmp meso-tetramesitylporphyrinato(2-)

o-tolyl 2-tolyl = 2-methylphenyl

tpp meso-tetraphenylporphyrinato(2-)

triflate trifluoromethanesulfonate

triflato trifluoromethanesulfonato

trop tropolonato(—)

trpy 2,2":6' 2"-terpyridine

tterpy 4'-phenyl-2,2":6',2"-terpyridine

vbpy 4-vinyl-4’-methyl-2,2’-bipyridine

vpy 4-vinylpyridine

XPS X-ray photoelectron spectroscopy

p-Xtpp meso-tetra(4-Xphenyl)porphyri-
nato(2—)

X-tterpy 4'-(4"-Xphenyl)-2,2':6' 2"-terpyridine

2-xylyl 2,6-dimethylphenyl
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